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Abstract

The importance of the vestibular system usually goes ioedoin our daily lives and its
significance is only experienced by patients suffeniognfvestibular diseases. The vestibular
system is essential for orientation in space, and perceptiomotion, as well as keeping

balance, and maintaining stable visual perception while movinghmrea-dimensional world.

Functional imaging has long been used to study the ew#sy vestibular network in
healthy subjects, as well as in patients with diseabt® vestibular system. The majority of
these previous studies sought to associate brain areasvestibular processing, by
evaluating increases or decreases in blood-oxygen-level digesignal (BOLD-signal)

during application of artificial vestibular stimulations.

However, many basic network properties of the multisensorybwéer cortical network still
remain unknown. Since it is now possible to infer netwdrksn functional connectivity
analysis, that associates areas into networks basee@iorsplatiotemporal signal behavia,
few of the remaining questions can be addressed.

The dynamics of the vestibular networks and other co-aetlvaetworks in regard to the
processing of a multisensory stimulation remain largelgnown. Do subjects of different
ages respond differently to a vestibular challenge? Fuontve, a new form of vestibular
stimulation, termed magnetic vestibular stimulation (MV&s recently been discovered. It
occurs inVWURQJ PDJQHWLF , lthatl @e5cémmonly udeH W @uiztional magnetic
resonance imaging (fMRI), and raises questions about abjmssodulation of vestibular

networks during fMRI, potentially biasing functional neunaging results.

The purpose of this thesis is to develop suggestions foriggutihe multisensory vestibular
network and the influence of vestibular modulations onngsttate networks with fMRI. The

focus lies on basic scientific investigations of

(1) the influence of aging on the ability of subjects &spond to a challenge of the
multisensory vestibular network and

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

and resting-state networks in general. To this end, weedaout two studies.



The first study was a cross-sectional aging study igastg the modulation of vestibular,
somatosensory and motor networks in healthy adults (N=39 of #fai, age 20 to 70 years,
17 mdes). We used galvanic vestibular stimulation (GVS) to dateuall afferences of the
peripheral vestibular end organs or vestibular nerve in ordetiv@aigcthe entire multisensory
vestibular network, as age-associated changes might lodicspe sensory processing. eV
also controlled for changes of the motor network, structfiter integrity (fractional

anisotropy +FA), and volume changes to simultaneously compare thetefié aging across

structure and function.

The second study investigated the influence of the stakgnetic field of the MR
environment in a group of healthy subjects (N=27 of 30 in,tatgé 21 to 38 years, 19

females), as it was recently shown that a strong ragfield produces a vestibular
imbalance in healthy subjects. We examined MVS at faddngths of 1.5 tesla and 3 tesla.

The associated spontaneous nystagmus, the scaling ofy/dtagmus] VORZ SKDVH YHOF
(SPV) across field strengths, the between subject va@inthe SPV were analysed, and the
analogous scaling relationship was identified in the mdduaof resting-state network
amplitudes, like the default mode network (DMKetween 1.5 tesla and 3 tesla to reveal its

effect on fMRI results.

Aging and MVS modulated networks associated with vestibiulaction and resting-state

networks known for vestibular interactions.

The results from our aging study imply that the dynaroifcgestibular networks is limited by
the influence of aging even in healthy adulvithout any noticeable vestibular deficit.
Vestibular networks show a decline of functional connegtiwiith age and an increase of
temporal variability (in excess of stimulation induced desh with age. In contrast
somatosensory and motor networks did not show any significeatr relationship with age
or any significant changes between the youngest andstofuiticipants. ge-associated
structural changes (gray matter volume changes oct@tall connectivity changes) did not
explain the decline in functional connectivity or increas temporal variability. Furthermore,
stimulation thresholds did not change with age (nor did dwyelate with the functional
connectivity amplitudes or temporal variability), indicatitgttthe age-associated changes
that were found for the vestibular network, were not depermdeperipheral decline, as GVS

Is thought to directly stimulate the vestibular nerve.



The results from our study of the influence of the stadagnetic field of the MR environment
showed that MVS was already present at a field stresigth5 tesla, as evident from the
induced nystagmus, indicating a state of vestibular imbelafurthermore, MVS scaled
linearly with field strength between 1.5 tesla and 3 {emtd identified the effects of MVS in
the scaling of functional resting-state network flatitons, showing that MVS does indeed
influence resting-state networks due to vestibular inmu&la Specifically, MVS does

influence DMN resting-state network dynamics in accocdawith the predicted scaling of
MVS based on the Lorentz-force model for MVS. These retalken together not only imply

that subjects were in a vestibular state of imbalancealbatthat the extent and direction of

the state of imbalance showed more variance between subjétiaoneasing field strength.

In summary, the following suggestions for vestibular reseaan be delineated to extend the
kind of questions that can be answered by functional MBéments and to improve these

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

Regarding the influence of age, we suggest that relse@r comparing patients with
vestibular deficits and healthy controls should separatagbematched group into age-strata
(non-overlapping subgroups with different age spans, e.g. 20-4€ ¥r60 years and above
60 years of age). Each stratum should be compared and iredreparately given that
different age-groups have different levels of vestibulawodt dynamics available for
compensation (or responding to a challenge). This is patigukelevant when patients show

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

With respect to the influence of magnetic fields, wegssagthat MVS should be seen as a
new way of manipulating networks that either processitugat information or show
YHVWLEXODU LQWHUDFWLRQV B\ XWKHVODWUBQJIJFRPPRRW®OL
MRI. The potential of modulating vestibular influences otwoeks via MVS lies in being
able to induce or manipulate vestibular imbalances. Ingh#éhy this can be used to create
states that are similar to the diseased state, but wigenpheral or central lesions. In
patients this will allow to extend or reduce vestibular ilmbees. In both cases this can be
done while performing functional MRI simply by using thagmetic field of the MRI scanner
and adjusting the head position of the subject in questiostublies that need to avoid
vestibular perturbations MVS should be controlled by adjustieghiead position of the
subject and measuring the resulting eye movements.shoigdd then be seen as an effort to
remove unwanted variance, i.e., as an effort to homogenizgralp, and achieve better



statistical results due to less (uncontrolled) MVS fatence that increases bias and variance

with increasing field strength.

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

themselves when thinking about vestibular research projettts future.
Age-grouping:

8,V WKH UHVSRQVH WR D FKDOOWQJIWK®IQIROBEW DREXORV
eachagedURXS FRPSHQVDWH GLIIHUHQWO\"’

MVS modulation:

3&DQ D PDQLSXODWLRQ RI WKH L PEDMDKD lHblus WowdveslH R1 R>
PRUH DERXW WKH YHVWLEXODU QHWRAR UWKIR/X QJG1 VAR (DWH
LOQWHUIHUHQFH E\ 096 LQ WKH LPEDODQFH VWDWH RI RXU

Sensitivity:

3s the measure that | want to use sensitive enoughdw she differences that | am
looking for?” Connectivity and temporal variability might be sensitiveugh, but many

clinical tests might not be sufficient.



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 SWN - 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 ioedoin our daily lives and its

significance is only experienced by people suffering frormaiges to one or several
components of the vestibular system (Brandt et al., 2005; Catigrsadeghi, 2008; Dieterich
and Brandt, 2008). The vestibular system is essential fortatiwmin space, and perception
of motion, as well as keeping balance, and maintainingestablial perception while moving
in a three-dimensional world (Cullen and Sadeghi, 2008; Golditealy, 2012). Considering
that these functions are essential for any anfmal V X Uitvid noDOrprising that vestibular
structures are one of the oldest structures that havdogede during evolution, and are
EDVLFDOO\ DVKiRyda $\ PWIOH D*° iGEIMWGraR R009). Evidence for

peripheral vestibular structures has been found in fosgtsare over 400 million years old
(Graf, 2009). For our purposes, we will distinguish the vestibgyatem into two parts, the
peripheral vestibular end organs and the central nervousnsywith its multisensory

vestibular network.

The peripheral vestibular system

The peripheral vestibular end organs are located inthigot@l bone in direct vicinity of the
cochlea, and are believed to be evolutionarily older than tHdeao¢Graf, 2009). They are
contained within a structure called the membranous ilethyof the inner ear, (see figure 1A).
The membranous labyrinth consists of five parts, the thesdicircular canals and the two
otolith organs, the utricle and the saccule (see fi@Be The semicircular canals detect
rotations while utricle and saccule detect translatairthe 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 ineld\al (i.e., opposite to the head
rotation) of endolymph fluid leading to deflections of the lu&lisin the ampullary cupula of
eachrespective semicircular canal (figure 1B). The mendrainthe ampullary cupuless a
gelatinous structure containing hair cells (i.e. callth mechanosensitive ion channels) that
influence the bipolar cells of the eighth cranial ngn@rvus vestibulocochlearis) in response
to a deformation induced by inertial flow of the endolymph duhead rotations (see detail

inlays in figure 1B). The ion-channels of the hairl€ere opead when the cells are bent in



one direction and closed when bent in the opposite directiodiniedo an increase or

decrease of their firing rate, respectively.

Anatomy of the Ear B Membranous labyrinth

Ampulla of semicircular canal

Stapes Cupula e Sensory nerve fibers

Temporal bone

Incus | -'\_ ‘o
\\ y Sericircular ducts = Hair cell
Malleus %, %

Westibular nerve

Awricle

Eardrum "\ Otoliths - ?n[:rll;tl:?ri:rle
| Auditory canal . i . ;
\ Tympanic ; Hair !
Earlobe —'—'—"T\ ity Auditory tube cell ﬂi‘@!ﬂ Merve fibers
Outer ear Middle ear Inner ear Structure of otolith organ

Figure 1. The anatomy of the ear (A) and the anatomy of the membranous labyrinth (B). [Images

used (and modified) under license from Shutterstock.d@n Alila Medical Media/Shutterstock.com,

and (B) Designua/Shutterstock.com]

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

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

canal is paired with the posterior canal of the oppasate This means that rotations can be
VHQVHG ZLWK 3GRXEOH™ SUHFLVLRQ QGRH WWKH VBOH. UM F,IL SAHR
occurs in a plane specific to a pair of canals, flow incam@al will lead to excitation while

flow in the opposite paired canal will lead to inhibition.

In general, firing rate changes transmitted through dighth cranial nerve are the way
vestibular sensations are transmitted to the centrabugrsystem. Note that the firing rate of
the hair cells is reported to be near 100 Hz at rest, al{pwema wide range of modulation
and the whole apparatus is sensitive to angular acdeleraif >0.1°/s? (Shumway-Cook and
Woollacott, 2007). However, during continuous rotations a steady-statero flow can be
reached and the cupula returns to its resting positiontheecells go back to the resting firing

rate, analogous to keeping the head still.

Translations and the orientation of the head relativeduity are detected by the utricle and

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

the horizontal plane. Analogously, the saccule is senditiveertical plane movements and

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

3SOLWKRV" PHDQLQJ 3VWRQH~ WFHROWDURXQS KO LE\ BHIDHIOWD W
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with embedded calcium carbonate stones that by virtue dfaihacceleration allow sensing
of the direction of gravitation or translation during movemefoldberg and Hudspeth,
2004).

The multisensory central vestibular network

The multisensory vestibular cortical network interprégeads from the vestibular end organs,
but it also does far more than just interpretation of tisgg®als. Our sense of self motion and
orientation in space, as well asstable visual perception, and the control of posture and
balance is dependent on a proper functioning of the multisengestibular network
(Goldberg and Hudspeth, 2004; Shumway-Cook and Woollacott, 2007; CotleSaaleghi,
2008; Goldberg et al., 2012). To achieve these feats of perceptionaod control, the
multisensory vestibular cortical network has to engagmtagration of information coming
not only from the peripheral vestibular sensory end organsalsat from the visual, the

proprioceptive, the somatosensory and the auditory systemerf@uitl Sadeghi, 2008).

The central multisensory vestibular network consists hef fespective brain stem nuclei
(mainly the medial (MVN), superior (SVN), lateral (LVNgnd descending vestibular nuclei
(DVN)), as well as cerebellar regions (nodulus, uvula, fllusgland paraflocculus, as well as
vermis, and fastigial deep cerebellar nugle and several cortical areas (e.g., the medial
superior temporal (MST) area, posterior insula, parietal opencwentral intraparietal (VIP)
area, anterior cingulum, and cingulate sulcus visualvYGBea) which receive secondary
input from the brain stem and cerebellum via the dorsolataral presumable the ventral
anterior thalamus (Goldberg et al., 2012). It was recently stbat there might also be a
direct ipsilateral connection bypassing the thalamus ctingethe brain stem via the

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

The brain stem regions receive direct primary afferieats the vestibular periphery, as well
as modulatory secondary inputs from the cerebellum, visaalatesensory, proprioceptive
and oculomotor regions of the cortex, making its processuhg mnultisensory even at the

early stage (Goldberg et al., 2012).

The cerebellar regions receive direct afferents fromvétsibular periphery and secondary
inputs from the vestibular nuclei of the brain stem and peogin integrated signal back to the
brain stem. One example of this feedback signal is é¢hective encoding of translational
motion that remains relatively insensitive to changeleiad orientation relative to gravity. It

is generated via the processing in cerebellar regionsudad uvula as well as the fastigial

3



nucleus that provide an integration of signals from caffafents which are activated during
head tilt but not during pure translation. This signathen combined with otolith signals to
subtract out the influence of gravity from inertial mofigrelding a signal that selectively
encodes translational motion (Cullen and Sadeghi, 2008; Goldbaig2212).

The nodulus and uvula play a critical role in controlling three-dimensional dynamics of
the velocity storage system. In particular the integratif both canal and otolith inputs at the
level of individual neurons facilitates the computation aichenotion relative to space. The
flocculus and adjacent paraflocculus are involved in thergdion of ocular-visual following
responses (i.e., optokinetic nystagmus (OKN) and pursuithdtition, these regions ara
critical component of the neural substrate underlyingpllaesticity of the optokinetic reflex
and the VOR. The oculomotor vermis and anterior lobes makefusxtra-vestibulamputs
(visual and proprioceptive information, respectively) to ensbhe¢ the motor responses
produced by vestibular pathways remain appropriately calibratestlyl the deep nuclei,
most notably the fastigial nucleus, play an important mokbe generation of postural reflexes
and orienting behaviors. Projections from the anterior lobéhefvermis and most medial
zones of the nodulus and ventral uvula converge in thégifdshucleus, which in turn
projects to the brain stem structures (including theilwglatr nuclei) to control and modulate
behaviors (Cullen and Sadeghi, 2008; Goldberg et al., 2012).

Cortical processing of vestibular input is important for getieg appropriate modulations of
motor responses and the subjective sense of movement anétarem three-dimensional
space (Cullen and Sadeghi, 2008; Goldberg et al., 2012). The middteostemporal area
(MST) responds to optic flow and provides a signal for the timeof the visual signal or
heading direction of the animal that allows smooth purggponses to follow and stay on
target, but it does not respond to multiple patches of optioal that are inconsistent with
egomotion (Wall and Smith, 2008). The areas VIP (ventral patiatal sulcus) and CSv
(cingulate sulcus visual) are believed to be further psiogstations in regard to egomotion,
i.e., self-induced (visual) motion of the environment (Walil &mith, 2008; Fischer et al.,
2012). The posterior insula and the parietal operculum arevbdli®® be multisensory
integration hubs that receive strong vestibular input. Be&yn to act as the central vestibular
relay regions in the cortex, i.e., all vestibular inputsgo®o these regions and is integrated
ZLWK DOO RWKHU VHQVRU\ PRGAD QHWLREY 1UQRPNVWIK$&LK ®YHL
inputs (zu Eulenburg et al. 2012; Lopez et al. 2012). All thesasaproject back to the



vestibular nuclei and modulate the motor response dependitige obehavioral context
(Goldberg et al., 2012).

The functioning of the vestibular system as a wholehésefore based on the meaningful
fusion of sensors. Vertigo and dizziness may occur if tmgisensory interactions are

disturbed, either at the periphery sensory end organs aetiteal level (Brandt et al., 2005;
Dieterich and Brandt, 2008).

Thus, one main feature of the vestibular system igntgration of multisensory information
and @n best be understood in terms of interconnectivity of distaainbregions, i.e.,
networks in the brain.



Vestibular stimulation methods and their neural correlate S

The functioning of the vestibular end organs and the heunaelates of the multisensory
vestibular system have previously been studied using stiomgeof the vestibular end organs
during neuroimaging (e.g. see (Dieterich and Brandt, 2008; Lepak, 2012; zu Eulenburg
et al., 2012; Wiest, 2015)). The most common forms of vestibular Iatiom are caloric
irrigation (CVS) of the horizontal semicircular canaithwwater or air, galvanic vestibular
stimulation (GVS) of the irregular and to a lesser mktalso regular afferents in the
vestibular nerve, orr & O L HOUY short tone burst (STB) vestibular stimulation, i.e., sound
pressure induced otolith stimulation (for an overview seeE(#anburg et al. 2012; Lopez et
al. 2012)). A more recent variant of stimulating the vestibwdad organs with strong
magnetic fields (>1 T), termed magnetic vestibular @ation (MVS) has recently emerged
(Roberts et al., 2011), although it was long known that stremetic fields cause dizziness
(Schenck, 1992). Due to the multisensory nature of the vkstibetwork and the interaction
with other sensory systems different sensory stimuli loa used to create vestibular (e.qg.
dizziness) or self-motion sensations. Optokinetic stinamafOKS) for example can be
applied to elicit nystagmus and induce a vection sensatenféeling of self-motion), by
exploiting visual-vestibular interactions (Brandt et al., 199@terich et al., 1998; Bense et
al., 2006; Dieterich, 2007).

It is important to note here, that all these stimulatibage confounding effects but they have
to be used during functional neuroimaging, because moreahatimulation of the vestibular
periphery via actual head movements will lead to severtadstiin MRI and correction

methods for free movement are still under development (for awve@e Zaitsev et al. 2015).

Caloric vestibular stimulation

It is mostly believed that caloric vestibular stimulati€d®Vvg) acts upon the semicircular
canals by inducing a convective flow caused by temperataages relative to the body
temperature (Barany, 1906; Friberg et al., 1985; Aw et al., 2000; 208il; Maes et al.,

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

microgravity, suggesting that there might also be anatiehanism of stimulation, possibly
shifting discharge rates of hair cells (Scherer aratkgl 1987)The stimulation can be done
by using hot (>4 & RU FROG " (aff)dirrigatiombHdme (monothermal stimulation)
or both ears (bithermal stimulation). A maximal stimdatof the horizontal canal with CVS

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

a horizontal-rotatory nystagmus and a profound rotatory vertigo.

The confounding effects of CVS are the simultaneousukdiran of the vagal nerve, the
somatosensory (tactile, thermal, pain), and auditory systentodtine injection of water into

the external ear canal.

Galvanic vestibular stimulation

Galvanic vestibular stimulation uses electrical curflemt (>1 mA) with an electrode placed
over the mastoid bone. It was suggested that it stimulléesntire vestibular nerve (eighth
cranial nerve) at the axon hillock, where the eledtnxdential needed for generating action
potentials is lowest (Goldberg et al., 1982, 1984; Zink et al., 1998gi8ennet al., 2002;
Fitzpatrick and Day, 2004; Curthoys and MacDougall, 2012). Thisisn&&/S influences the
firing rate at the eighths nerve to cause vestibulasag®ns. Note that this can result in a
stimulation of all afferents of the vestibular end orgaasials and otolith organs alike, as the
whole nerve is stimulated. It is believed that GVS inaeake firing rate at the side of the
cathode and decreases the firing rate at the side @nthde at those time intervals of the
stimulation when the stimulation current is chandi@gldberg et al., 1984). This implies that
a constant or direct current stimulation will change fining rate only during the onset (or
offset) of the direct current galvanic vestibular stimala (DC-GVS), but not during the
phase of the stimulation when the current is constamts @lso means that the firing rate
changes continuously during an alternating currentaged vestibular stimulation (AC-GVS),
e.g., when applying a sinusoidal stimulation current (Golylbeal., 1982, 1984; Schneider et
al., 2002; Fitzpatrick and Day, 2004; Stephan et al., 2005, 2009; Lopez 2014), GVS
modulates and excites all aspects of the vestibular netaerk stimulates the whole nerve
and leads to vertigo, ocular torsion and rotatory nystagmiieirtase of AC stimulation
(Schneider et al., 2002; Fitzpatrick and Day, 2004; Stephan €08b). In the case of DC
stimulation, GVS leads to a feeling of head tilt, and torssbrihe eyes around the gaze
direction (Zink et al., 1997, 1998)7KH SHUFHSWXDO HIIHFW LV DNLQ
SQXGJIJHG ™ D p@e pRsEtxadbdvoffset phase of the stimulation, and dedbsiver the
course of the constant stimulation when the current cdmeschange (Zink et al., 1998;
Schneider et al., 2002; Stephan et al., 2009).

The confounding effects of GVS are the stimulation ofski@ around the electrodes leading

to tactile and nociceptive sensations activating the soemdosy system and possibly a



stimulation of the vagus nerve, metallic taste on theumrand increased saliva production
due to stimulation of the chorda tympani, as well as thenpaleelicitation of phosphenes

due to the electrode placement in the vicinity of theriofeoccipital cortex. Using sustained
DC-GVS it was possible to distinguish the vestibular and sms®eatory response in fMRI

(Stephan et al., 2009). This is possible due to the differest ¢timurses of the vestibular

sensation, occurring especially at the onset and offsstirofilation, in contradistinction to

the somatosensory sensations that are continuously présenighout the stimulation

(Stephan et al., 2009).

Short tone burst ( 3Clicks ") vestibular stimulation

7RQH E XUV Wusddhyy 500 NHZ "sounds of 110 dB-SPL or louder) are believed to
influence mainly the otolith organ saccule, (probably &bsa smakkr amount the utricle), due

to the differential pressure of the sound waves leadingtmmof the otoliths (Colebatch et

al., 1994; Rosengren et al., 2005)7RQH EXUVW 3FOLFNV" GR QRW LQIO
semicircular canals of the labyrinth, but the stimalatof the otoliths have been shown to

create interactions with signals from the seml-UFXODU FDQDOV 7KLV PHDQV V
only interfere with signals from semi-circular canbisvirtue of stimulating the otoliths, but

do not stimulate the canals themselves (Miyamoto et al., 208@zen et al., 2008;
Schlindwein et al., 2008; Lopez et al., 2012).

7TRQH EXUVWY DQG FOLFNV® DUH KRQDROCGCQRGHG \EV \W WHH B B\Q

enough, may be experienced as a painful sensation.

Magnetic vestibular stimulation

Magnetic vestibular stimulation (MVS), has recently rbggroposed as another form of
vestibular stimulation that occurs in the presence ohgtmagnetic fields (>1 tesla). MVS

might potentially be present during all fMRI experimeRblerts et al., 2011; Antunes et al.,

2012; Glover et al., 2014; Ward et al., 2014a, 2015; Boegle et al., 2016). $hoas that

healthy subjects exposed to the static magnetic fieldMRascanner developed a persistent
nystagmus (in total darkness), while patients with éikdtperipheral vestibular failure did not

show any nystagmus (Roberts et al., 2011). This supports thendsrsothat MVS actually

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

the inner ear are diverted by a Lorentz-force (Roberts,2@L1). This creates an endolymph

flow diverting the cupula *WKH URWDWRU\ PRWIeR €ar,\tébQ@tWgRld 'a R1 WKI

nystagmus akin to an accelerating rotatory stimulat®lover et al., 2014; Jareonsettasin et

8



al., 2016). The orientation-dependency of the Lorentz-force imtmgnetic field of an MRI

scanner also explains K\ WKH Q\VWDJPXVY VORZ SKDVH YWKXERIFHPRW \6
head orientation within the magnetic field (Robertsaket 2011). This model was further
supported by several studies (Antunes et al., 2012; Glover et al., \2@td;et al., 2014a;
Jareonsettasin et al.,, 2016). Analogous behavioral and neuealtseffiere reported for

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

Consequently, it was speculated that this magnetic véstigtimulation (MVS) might
influence fMRI results (Roberts et al., 2011), as nystagswsdicative of an imbalance in
the vestibular system, potentially influencing also othgstems 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 ewdisy vestibular network in
healthy subjects, as well as diseases of the vestilydtans (e.g. for review seBieterich &
Brandt 2008; zu Eulenburg et al. 2012; Lopez et al. 2012; Besnar@ei5).

While neural correlates due to MVS had not been invdastigantil our study (Boegle et al.,
2016), there are a many stuslieith respect to the other three stimulation methods CVS
(Bottini et al., 1994, 2001; Suzuki et al., 2001; Becker-Bense, 2003¥rbietet al., 2003;
Marcelli et al.,, 2009), GVS (Lobel et al., 1998; Bense et al., 200ph&teet al., 2005;
Eickhoff et al., 2006; Cyran and Boegle et al., 2016), and S®BO4. KNMiyamoto et al.,
2007; Janzen et al., 2008; Schlindwein et al., 2008).

These show a convergence of activated areas over a latgark with activations mainly in
the insular, and retroinsular cortex, parietal operculin, superior temporal gyrus, the
supramarginal gyrus, the inferior parietal lobe, the iofefrontal gyrus, the anterior cingulate
gyrus, the thalamus, the cerebellum, the basal ganghd, the hippocampusn both
hemispheres, with a particular preponderance of activatidheoright hemisphere for right-
handed individuals, and on the left hemisphere for left-hamdéididuals (Bottini et al.,
1994; Lobel et al., 1998; Brandt and Dieterich, 1999; Bense et al., 208tkribh et al.,
2003; Stephan et al., 2005; Schlindwein et al., 2008; Lopez and Blanke,L2p&Y; et al.,
2012; zu Eulenburg et al., 2012).



The state of knowledge with respect to the cortical
vestibular network

Many basic network properties of the multisensory vestibdartical network remain
unknown, despite multiple studies researching the neagaklates of stimulations of the
vestibular end organs. This is mainly due to the facttti®tareas that have been found in
terms of Fnalysis ofco-activation” 7 Knedhs that the areas were identified with vestibular
processing by evaluating increases or decreases in awtil@tel during application of CVS,
GVS, and STBs {F O L)F ¢ “association of these areas into networks was prévious
inferred by considering other sources, e.g. animal resedoetever, it is now also possible
to infer networks from fMRI functional connectivity analysthat associates areas into
networks based on their spatiotemporal signal behavior (Beckread Smith, 2004;
Beckmann et al., 2005; Smith et al., 2009; Garrett et al., 2010, 2011).

Open questions

The network relationship of the aforementioned co-activaieds is not established. The
dynamics of the networks in regard to the progression ofstimulation remain largely
unknown. Furthermore, the confounding effect the stimulation methods (see above) make
a distinction of vestibular and other influences difficult.
Therefore, the following questions were addressed:
3s it possible to distinguish networks associated with dbefounding effed from
networks associated with the vestibular respohse?
dVhich areas overlap between these networks, i.e., whichs aege potentially
multisensory, or integration areas?
3,V WKHUH D SXUHO\ YHV WL E>O@IDU FRWAMO. FEQOWXWHHBPR/UWHH F
input multisensory, i.e., mixed with other sensory sighéls

The dynamics of the networks over the lifespan remainawk. Note that any effects that
occur during healthy aging can have important implicationsthe various studies that have
investigated responses for patient versus controls. Most opatents involved in such
studies have already reached a stage of advanced age peostiorai(>50 years of age), but
patients suffering from an acute vestibular failure.(eegtibular neuritis) can be of any age
and the status of their network dynamics may be an imypdgator in how they respond to

this challenge during rehabilitation.
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The associated questions here were
jV WKH UHVSRQVH IURP WKH QHWDRFWUWRWXQ GHKH O IFIKD/GO KC
Poes the compensation in response to disease change ovagethebased on the
XQGHUO\LQJ SURSHUWLHY RI WKH QHWZRUN DFURVV WKH

For almost 25 years dizziness in MR-scanners has beere@@ord linked with the strong
magnetic fields used in MRI (e.g. Schenck 1992), but itiik wiclear how this affects the
vestibular system and BOLD-responses in functional ingadirhas recently been shown that
healthy subjects develop a persistent nystagmus in tgeetia field of a MR environment
(Roberts et al., 2011). The presence of a spontaneous nystagmdscative of a vestibular
imbalance and it was speculated that this magneticoubastistimulation (MVS) might lead to
modulations of fMRI results, given that modulations of resstate networks have been
shown in response to vestibular imbalances caused by petiplestibular dysfunctions
(Roberts et al., 2011; Gottlich et al., 2014; Helmchen et al., 2014; Klingaér 2014).
Therefore, the question remains

PDoes MVS influence network dynamics via an interactiom uvestibular imbalance as

LQGLFDWHG E\ WKH VSRQWDQHRXV Q\WVWDJPXV"’
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Aim of the thesis

The thesis focuses on the study of vestibular functionvastibular interaction with an array
of brain areas, and sensory systems by means of functiemadimaging. We have conducted
basic scientific research to fill some of the knowledgesgwith regard to network properties,
the influence of aging, and strong magnetic fields emeoed in a MR environment upon

these network properties.

The purpose of this doctoral thesis is to derive suggestwnse$earchers interested in the
vestibular system, to extend the kind of questions thatbeaanswered by functional MRI
experiments and improve these investigations for the bexfaflinically relevant research of

patients and healthy controls.

The effects of aging on the vestibular network

A cross-sectional aging study of 45 mature subjects (>asy& age to 70 years of ageas
performed withDC-GVS (Cyran and Boegle et al., 2016). The aim was to explae th
changes of the connectivity and temporal variability of br@fvorks that are available to the
average healthy adult throughout their post-adolesceregpédifh. This is based on the idea
that connectivity can be interpreted as the foundationefgpanding to challenges, be it either
to an artificial stimulation or compensatiagperipheral vestibular disease. The study used
DC-GVS to activate all afferents of the vestibular end agamd employs a square-shape
time course for the stimulation, i.e., a sustained curfBms stimulation shape allows the
differentiation of vestibular and somatosensory respomsaswas previously shown that the
perceived vestibular sensations occur at the onset and offskt the somatosensory
sensations occur continuously during the stimulationpffate et al., 2009). We set out to
characterize the stimulated networks across the lifedpar this we went beyond the usual
examination of response amplitudes, and included analysisabb®mporal correlatedness,
as well as temporal dispersion of the responses (Beckmman®raith, 2005; Garrett et al.,
2010; Cyran and Boegle et al.,, 2016). The study also included a taskorcontrol
experiment, as well as analysis of anatomical changegeyn matter volume, and structural
fiber integrity using diffusion tensor imaging (DTI) &xcount 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 moolylaffects of magnetic vestibular

stimulation (MVS) on resting-state network fluctuatiasls30 healthy adults (Boegle et al.,
12



2016). This study also wanted to verify the effects of previtudies suggesting a Lorentz-
force model as the cause for the nystagmus slow phasetyalb@ magnetic environment
(Roberts et al., 2011) and established that MVS does scaléyineth field strength giving
further support to the Lorentz-force model of MVS (Boeglalet2016). We recorded eye
movements as well as resting-state fMRI of 30 healtbyests in darkness at 1.5 tesla and
3.0 tesla magnetic field strength. We hypothesized thasdhéing of MVS, as established
from the nystagmu§ 6 3 Should be identifiable in the scaling of the restingestsetwork
fluctuations, indicating modulations due to a varying vesibalousal. We demonstrated that
this is indeed the case, focusing on the default mode ret{@VvIN). This network was
previously shown to be modulated in patients with peripheraibutsr dysfunction, i.e., the
DMN was indicated to be modulated due to vestibular imbalaswésherefore MVS was
also expected to have a similar effect on this networktl{&det al., 2014; Helmchen et al.,
2014; Klingner et al., 2014; Boegle et al., 2016).

13



Cumulative Thesis

This cumulative thesis consists of two articles publishepeer-reviewed journals.hé title
and abstract ofachpublication are presented together with the author cotititsu The full
publications with the copyright forms can be found in the apgesfdhis thesis.
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Abstract

In the elderly, major complaints include dizziness andnareasing number of falls, possibly
related to an altered processing of vestibular sensory imputhis study, we therefore
investigate age-related changes induced by processing tbulas sensory stimulation.
While previous functional imaging studies of healthy gdmave investigated brain function
during task performance or at rest, we used galvanic vistibtimulation during functional
MRI in a task-free sensory stimulation paradigm to sttigy effect of healthy aging on
central vestibular processing, which might only become appadering stimulation
processing. Since aging may affect signatures of braotibn beyond the BOLD-signal
amplitude -such as functional connectivity or temporal aigrariability- we employed
independent component analysis and partial least squardgsignaf temporal signal
variability. We tested for age-associated changes undetateestibular processing, using a
motor paradigm, voxel-based morphometry and diffusion tensor igiagms allows us to
control for general age-related modifications, possibly origiggdrom vascular, atrophic or
structural connectivity changes. Age-correlated decrea$efinctional connectivity and
increases of BOLD-signal variability were associatedhwitiltisensory vestibular networks.

In contrast, no age-related functional connectivity chengere detected in somatosensory
15



networks or during the motor paradigm. The functional coiigctlecrease was not due to
structural changes but to a decrease in response amplitusigopsis, our data suggest that
both the age-dependent functional connectivity decreasehandatiability increase may be
due to deteriorating reciprocal cortico-cortical inhibitioithwage and related to multimodal

vestibular integration of sensory inputs. (Cyran and Boeigi., 2016)

Author contribution

The Author of this thesis participated in measuring shbjects, analyzed the functional
imaging data for functional connectivity and performed th& d&noising for the analysis of
temporal variability, as well as writing substantial paftthe manuscript, and created figures

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

Strong magnetic fields (>1 Tesla) can cause dizzinedstavas recently shown that healthy
subjects (resting in total darkness) developed a persisgstagmus even when remaining
completely motionless within a MR tomograph. Consequentlyyas speculated that this
magnetic vestibular stimulation (MVS) might influendMRI results, as nystagmus is
indicative of an imbalance in the vestibular system, patiéntiinfluencing other systems via
multisensory vestibular interactions. The objective of oudystvas to investigate whether
MVS does indeed modulate BOLD signal fluctuations. We recbeje movements, as well
as, resting-state fMRI of 30 volunteers in darkness at 1a&dT3.0 T to answer the question
whether MVS modulated parts of the default mode restirtg-stetwork (DMN) in
accordance with the Lorentz-force model for MVS, while dgstishing this from the known
signal increase due to field strength related imagifigcts. Our results showed that
modulation of the default mode network occurred mainly iRsu@ssociated with vestibular
and ocular motor function, and was in accordance with dneriz-force model, i.e., double
than the expected signal scaling due to field streadgiie. We discuss the implications of our
findings for the interpretation of studies using resstafe fMRI, especially those concerning
vestibular research. We conclude that MVS needs to be coedidevestibular research to
avoid biased results, but it might also offer the possibilitynahipulating network dynamics

and may thus help in studying the brain as a dynamica¢rey¢Boegle et al., 2016)
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General Discussion

Purpose of this thesis

The purpose of this thesis is to develop suggestions forisguthe multisensory vestibular
network and the influence of vestibular modulations onmgsitate networks with functional
magnetic resonance imaging (fMRI). The focus lies osidbacientific investigations of (1)
the influence of aging on the ability of subjects to redpna challenge of the multisensory
vestibular network, and (2) the modulatory influence of magnfields (the MR
environment) on functional imaging and resting-statevos in general. To this end, two
studies were carried out, one focusing on the effectslefiga vestibular stimulation (GVS)
on the multisensory vestibular network across the lifesaiath another study focusing on the
effects of magnetic vestibular stimulation (MVS) on irgsstate networks, in particular the
default mode network (DMN).

Summary of the studies performed

The first study was a cross-sectional aging study imgastg the modulation of vestibular,
somatosensory and motor networks in healthy adults (N=39 of #$al, age 20 to 70 years,
17 males; of the total N=14 with age 20 to 40 years, mean ageZ24 Jears, 6 males; N=12
with age 40 to 60 years, mean age=52.31£5.0 years, 5 males, andviilrEgle >60 years,
mean age= 67.1+2.4 years, 6 males). We used GVS to stimllatdfeaerces of the
peripheral vestibular end organs in order to activate thee entiltisensory vestibular network
as age-associated changes might be specific to sensossgirar (Goldberg et al., 1982,
1984; Zink et al., 1998; Schneider et al., 2002; Stephan et al., 2005, 2089;20g¢ Boegle
et al., 2016). The time course of stimulation was designedldw abr a separation of
vestibular and somatosensory processing based on the temporatigpsopesustainedC-
GVS (Stephan et al., 2009). In addition to vestibular and somatwgesisnulation, we also
controlled for changes of the motor network, structural fibtgrity (fractional anisotropyt
FA), and volume changes to simultaneously compare thetsfié@ging across structure and

function.

The second study investigated the influence of the staagnetic field of the MR
environment in a group of healthy subjects (N=27 of 30 in,teigé 21 to 38 years, mean
age= 26.5+4.6 years, lf@males), as it was recently shown that a strong magfietid
produces a vestibular imbalance in healthy subjects (Roéedts, 2011). It was speculated
19



that this magnetic vestibular stimulation (MVS) mighftuence fMRI results (Roberts et al.,

2011; Boegle et al., 2016). We examined MVS at field strengths5ofesla, and 3 tesla and

analyzd the associated spontaneous nystagmus, the scaling ofydtegmug] VORZ SKDVH
velocity (SPV) across field strengths, and identifiedahalogous scaling relationship in the
modulation of DMN amplitudes between 1.5 tesla, and 3 teslavieal its effect on fMRI

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

across field strengths was investigattth DQDO\]LQJ WKH Q\VWdfieReKtV ] 639 |

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 modulateoris associated with
vestibular function and resting-state networks known fatibelar interactions (Goéttlich et
al., 2014; Helmchen et al., 2014; Klingner et al., 2014; Boegle,&2G@l6; Cyran and Boegle
etal., 2016).

The results from our aging study imply that the dynamitsestibular networks are limited
by the influence of aging even in healthy adults withaoy noticeable vestibular deficit
(Cyran and Boegle et al.,, 2016). Vestibular networks show aindedf functional
connectivity with age and an increase of temporal varigilfith excess of stimulation induced
changes) with age (Cyran and Boegle et al., 2016). Most nptdplyg modulates vestibular
networks differently than somatosensory or motor networkema®sensory and motor
networks did not show any significant linear relationshigh age, or any significant changes
between the youngest and oldest participants, in contradisti to the vestibular networks
(Cyran and Boegle et al.,, 2016). We were also able to showththatomatosensory and
vestibular networks overlap in a region covering the posténgda, which we infer as an
indication of multisensory integration in this arear@yand Boegle et al., 2016). We were
able to demonstrate that age-associated structural shéggey matter volume changes or
structural connectivity changes) did not expldine decline in functional connectivity or
increase in temporal variability (Cyran and Boegle et 2016). Furthermore, stimulation
thresholds did not change with age (nor did they correlatie tvwe functional connectiwt
amplitudes or temporal variability), indicating that the-ageociated changes that were found
for the vestibular network, were not dependent on peripherdindeas 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 stadagnetic field of the MR environment
showed that MVS was already present at a field stresfgth5 tesla, as evident from the
induced nystagmus (Boegle et al., 2016). Furthermore, we aldeeo show that MVS scaled
linearly with field strength between 1.5 tesla, and JatéBbegle et al., 2016). We identified
the effects of MVS in the scaling of functional regtstate network fluctuations, showing
that MVS does indeed influence resting-state networkgaluestibular imbalance (Boegle et
al., 2016). Specifically, MVS does influence DMN resting-stagtwork dynamics in
accordance with the predicted scaling of MVS based on thentasforce model for MVS
(Roberts et al., 2011). The between subject variance in SPV waasedrwith magnetic field
strength, which further supports the Lorentz-force modl fbsits a multiplicative influence
of the magnetic field (Roberts et al., 2011). Taken togethesgetresults not only imply that
subjects were in a vestibular state of imbalance, battak the extent and direction of the
state of imbalance showed more variance between subjebtereasing field strength. This
Is in line with a multiplicative relationship with timeagnetic field strength, as expected for an
effect governed by a Lorentz-force relationship (Roberts et al., 20Ebi&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 organse lgkny other sensory organ,
deteriorate with age (for an overview see (Ishiyama, 2009aRdez et al., 2015; Maheu et
al., 2015)). Peripheral vestibular structures such as h#lirceants, the number of nerve
fibers, and the size of the otoconia have been demonstratedreasie with age (Bergstrom,
1973; Rosenhall, 1973; Ross et al., 1976; Igarashi et al., 1993; Lopez et al., 20b6&r, sval
Westhofen, 2007). Behavioral testing of physiology such as heast tlynamic visual acuity
testing, ocular and cervical vestibular evoked myogenic patsentis well as timed balance
tests show declining trends (in the case of timed bal@ste it is an increase in time needed
for stable execution) (Bohannon et al., 1984; Furman and Red861; Welgampola and
Colebatch, 2001; Agrawal et al., 2012; Wiesmeier et al., 2015). Howiév®interesting to
note that some clinical tests such as caloric testingdeo head impulse test (HIT) remain
relatively unaffected during aging, e.g., gain reducti@s wstimated to be 0.012 per decade
and significant gain difference has only been found frompe20s of age (Matifio-Soler et al.,
2015). In other words, the behavioral function of the overall sysemaintained until high
age. This means that central mechanisms have adaptedsteryw performance despite the

change in nerve cells at the periphery.

It is important to note here that most of what is known aabbompensation in the vestibular
system is known from studies regarding the response ay#item to vestibular disease, i.e.,
sudden and dramatic changes of vestibular input to thensystg., following unilateral
peripheral vestibular failure. The compensatory mechanmsaisly involve shifts towards
other sensory inputs as the system as a whole is emdtsy in nature (Bles et al., 1983,
1984; Moller and Odkvist, 1989; Cass and Goshgarian, 1991; Curthoysaémedyi, 1995;
Curthoys, 2000; Bense et al., 2004a, 2004b; Dieterich et al., 2007; nblget al., 2010;
McCall and Yates, 2011; Devéze et al., 2015; Micarelli et al., 20d&ur et al., 2016). Itis
therefore possible that such a shift, i.e., a reweightinghefinputs in the multisensory
processing may also occur during age-associated deteriooétioa vestibular end organs. In
the case of disease, if the vestibular nerve is sevenelyparmanently damaged, this shift
towards other sensory inputs is especially strong asnfhé from the vestibular system is
either permanently lacking or very noisy (Curthoys andmidgyi, 1995; Dieterich et al.,
2007; zu Eulenburg et al., 2010; Lacour et al., 2016). It has been shatmhis shift first
occurs towards visual inputs (Bense et al., 2004a, 2004b; Diet2@@h; zu Eulenburg et al.,
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2010; Becker-Bense et al., 2013) which are especially domimdminnans and other apes,
and that this can also a followed by a shift towards theagwm®nsory system (Bles et al.,
1983, 1984), and even the auditory system if special prosthetiassede(Hegeman et al.,
2005), that deliver meaningful input for the auditory systéwad motion transformed to
sound). In squirrel monkeys it has been shown that egersibeneficial for compensation
(Igarashi et al., 1979, 1989). For humans reweighting towardal\sggnals are the first and
fastest changes, as patients perform significantly roeiteeyes-open condition one month
after disease onset while eyes-closed performance hasyatved much at that point and
can be shown to need a longer time and depends strongbmatosensory input (Lacour et
al., 1997, 2016; Gauchard et al., 2001; Deveze et al., 2015).

There are two interpretations for these results intioglao our aging study. Either, these
results imply that the sensitivity of the system (aghale) is only slightly reduced, indicating
that an adaptation of vestibular gains or compensation vebigesubstitution has occurred
that has stabilized the overall sensitivity despite @a$|(Maheu et al., 2015). The alternative
interpretation is that the aforementioned measures moayhave ben sensitive enough to
detect early or subtle age-related changes that occorebdisease onset (Dowiasch et al.,
2015; Scheltinga et al., 2016). In other words, the function ésepved because central
adaptations, possibly by compensation via sensory substitutioncleasred that cannot be

detected in behavior.

What approach is necessary for detecting aging effe  cts?

The results from our neuroimaging aging study imply tteg dynamics of vestibular
networks were already limited by the influence of agimghealthy subjects (Cyran and
Boegle et al., 2016). The change in connectivity and temporelbiy might on one hand
be related to the preservation of the behavioral responseeading to a slow decline prior
to age 90 (Matifio-Soler et al., 2015). In other words our resigts mdicate that a form of
central vestibular compensation has taken place. Thist maye slowed the decline, but it
also cannot fully preserve the function of the balancéesyshence the slow decline in
functional connectivity. On the other hand, the decline connectivity (and temporal
variability increase) might be an early sign of a redughility to respond to a challenge when
clinical behavioral tests still show little to no defici(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 comnperitbat will eventually
lead to a state where further damage cannot be compermdéedately, and nonlinear

descent into chaos occurs, i.e. disease.

Two recent studies have shown that clinical laboratoris tés.g., head impulse test and
caloric stimulation test of canal paresis) are not asitee as real world tests such as free
gaze while walking or stance balance tests (Dowias@i.e2015; Scheltinga et al., 2016).
Subtle changes, specifically that older patients withateral peripheral deficits recover
balance control slower than younger patients, have beesednign previous studies
(Scheltinga et al., 2016). This corroborates our hypothesis bf asymptomatic vestibular
decline as indicated by the functional connectivity chan@éyran and Boegle et al., 2016;
Scheltinga et al., 2016). It is particularly noteworthy tBaheltinga and coauthors showed
that their patients did not recover peripheral functioncasal paresis could be shown to
persist while patients improved in stance balance tesonpeathce, indicating central
compensation (Scheltinga et al., 2016). In fact, younger patdowed almost no difference
from normal controls for stance balance tasks in the eonira unilateral peripheral failure.
This indicates that their balance control was very rogagy on while the balance control of
the middle-aged and elderly was strongly affected and needetstantial amount of time to
recover, and the time to recovery increased with the agmrtitipants (Scheltinga et al.,
2016).

As noted above, studies examining the same parametersessed in vestibular disease did
not find any significant changes during most of thespfan, although it is known that cell loss
occurs, suggesting that compensation must have happenedhatnthe changes founah
neuroimaging may be related to the reported longer recdiseyfor balance tests (Cyran
and Boegle et al., 2016; Scheltinga et al., 2016).

Does functional connectivity represent D 3 UHVHUYRLU R?P UHVLOLHQFH"
Thus, we interpret the vestibular network dynamics eséntral® U H V H UrgdRiernde RW KD W

is available for adjusting responses when fa@nggstibular challenge. The idea is that the
UHPDLQLQJ IXQFWLRQDO FRQQHFWILDYQ VEH RXIVWKEHDYHN W UEX/C
FRPSHQVDWLRQ DQG WKHUHIRUH RQ JYHHDWDHIW 3D MRB UK MQ JHV
does also imply that monitoring of the functional connegtigita subject could be used as a
predictor for how well that subject can respond to a vestibukdiecige.
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Patients with unilateral hypofunction or complete loss ef side (i.e., loss of 50% vestibular
sensory input) have the capability to adjust their cerpraicessing to respond to this
enormous change in peripheral sensory input (e.g. seeg(Be¢rd., 2004a; Becker-Bense et
al., 2014; Goattlich et al., 2014; Helmchen et al., 2014; Klingnel.,e2@14)). That is by faa
more extensive and sudden change that has to be adjusteth foentral adaptation and
sensory substitution than the age-related decline ofvéistibular end organs. This also
reinforces the view that the pattern of decline seeoumstudy is an early sign of central
compensation even when no behavioral effects are noticé2ayian and Boegle et al., 2016;
Scheltinga et al., 2016).

Based on this idea of functional connectivity strenptvv'- D 3 U H \webllienéel. we prédict

that younger patients that suffer from a peripheral belsti failure should also (on average)
recover better due to the (on average) higher functionalectiity of the vestibular system
and (on average) lower temporal variability, than older patiehb should have (on average)

lower functional connectivity and (on average) higher tenipaaability.

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

whether vestibular research is influenced by apeyld 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 biologisgdtems has a long history and
many significant advances have only been made in the2%agears since the advent of MRI
(Schenck, 1992). Even before MRI was available, effects of ragagmulation and
associated vertigo were described ever since the advent a$peiiRroscopy using high
magnetic field strengths (Schenck, 1992). However, MRI madeagiplication of strong
magnetic fields on a large area that humans can 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) hawealed signs of vestibular
imbalance and dizziness in magnetic fields above 1.5 té#tas$ et al., 1992). For rats and
mice in particular it has been shown that the behaviffatts in response to magnetic field
exposure depend on the intact labyrinth of the animals (Hewpt., 2007). Furthermore,
neuronalacivity in the brain stem due to the presenceaahagnetic field was indicated via
immunohistochemistry labeling of c-fos, (a protein assogiaiéh the generation of action
potentials), and it was shown that this signal was ataligly labyrinthectomy (Cason et al.,
2009). Motion seemed to intensify the effects, but the effeetise 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., 20lL#j)e behavioral and
neuronal correlates in animals can be explained moreoutioly (Houpt et al., 2013).
Specifically, the distribution of c-fos in the vestibulachei of the rats was shown to depend
on WKH DQJOH iRrerWwat Helddivz\Wbfthe field, and this was also cédié in the
behavior of the rats, i.e., they swam in circlesF LU FO L QJ d&ter KB vih &posure to
the magnetic field (Houpt et al., 2013). If the mice werented 90° relative to the field, no
significant c-fos induction (relative to sham treatngnatup) could be shown and these mice
did not show circling behaviors. In corgtaan orientation at 0° and 180° relative to the field
produced significant ées induction in the vestibular nuclei with a left-rigldymmetry. This
asymmetry was reverse for 180° vs 0° orientation and redleéatthe circling behavior which

was either clockwise or counter-clockwise, respectivebufi et al., 2013).
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In humans it was showwW KDW WKH WHPSRUDO G\QDPLFVPIRODVWKM RQ\V
those known from rotational stimulation or caloric irrigatistudies (Glover et al. 2014;
Jareonsettasin et al. 2016). A simulation study regardingndgneto-hydrodynamic forces
acting on the cupula showed that the expected Lorentz-&haald be strong enough to cause
nystagmus (Antunes et al., 2012). A study of patients witlatanal labyrinthine disorders
showed that the nystagmus direction is dependent on theacdtibn of signals from the
semicircular canals from both ears, further supportingdéa that the labyrinth is the part of
the inner ear that is mainly affected by the magnéetd (Ward et al. 2014). More
specifically, MVS stimulates all three canals of bottsghut due to the reciprocal interaction
of the anterior and posterior canals of opposite ears, onlihhesalbjects show a horizontal
nystagmus, while patients with unilateral loss showadditional vertical component in the
nystagmus because the inhibitory opposite side is lost (VWRoderts, et al. 2014). This
supports the idea that the labyrinth is the part of theriear 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 bel@\aad neural correlates showed that
magnetic fields influence the peripheral vestibular erghms, and that the central nervous
system is affected via the multisensory vestibular sygeg. (Weiss et al., 1992; Schenck,
1992; Snyder et al., 2000; Lockwood et al., 2003; Saunders, 2005; Glover et al2@DQ7,
Cason et al., 2009; Roberts et al., 2011; Houpt et al., 2013; Ward et al., 2014a, 2014b; Boeg
et al., 2016; Jareonsettasin et al., 20.16)

How neuroimaging studies of vestibular function might be affected by MVS

These results support that our approach for identifyingntbeulations due to MVS in
resting-state fMRI data, based on transferring theirgcaklationship of the Lorentz-force
model to fMRI modulations, was well justified (Triantafyllat al., 2005; Duyn, 2012;
Boegle et al., 2016).

Our results raise questions about the influence of MV3MBRI above 1.5T field strenig
and in particular about fMRI studies on the function ofwbstibular system and the influence
of vestibular deficits. It is important to keep in mind ttie effect of MVS is not like the
constant acoustic noise stimulation during fMRI. MVS imucan imbalance state with a
directional preponderance, i.e., has a signed difference, affdikte acoustic noise that can
be supposed to be equal and balanced for the auditory networlsacwohmections. Thus,

healthy subjects measured under MVS influence (i.e.,MRascanner) might be more like a
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central nervous system (Boegle et al., 2016).

Recent studies examining patients with vestibular defigsing resting-state fMRI showed
widespread changes in various networks that also inclugeBMN similar to our findings
for MVS (Gottlich et al., 2014; Helmchen et al., 2014; Klingnerlk, 2014; Boegle et al.,

2016). Our results suggest caution when interpreting sudiest

In the case of bilateral vestibular loss (Géttlich et 2014), it should be noted that the
patients will not show a MVS influence (Roberts et al., 20b) the healthy control group
will be under the influence of MVS (Boegle et al., 2016). Thight then lead to changes in
the comparison of differences between the two groups asiredmwith fMRI that are not
expected to appear in imaging methods without the useasfgstnagnetic fields. In this case,
the healthy controls might be more akin to patients adhte unilateral vestibular neuritis,
given that such patients also show a directional imbalantea horizontal nystagmus, not
unlike that evoked by MVS (Roberts et al., 2011; Ward et al., 2014a; Beieajle 2016).

For studies of vestibular neuritis patients versus heatihyrols (e.g. (Helmchen et al., 2014;
Klingner et al., 2014)), MVS effects should be expected for blathpatients and the healthy
controls (Ward et al., 2014a; Boegle et al., 2016). However, MVS f¥faittapatients with
unilateral vestibular deficits differently than healttgntrols (Ward et al. 2014), which will
then further obscure the real differences betweemthegtoups. This means that the reported
differences at every time interval during the compensgti@mnod relative to the healthy
control group will be obscured or biased by MVS (Boegle et al., 2H6)ever, the
trajectory of recovery of the patients and therefore thgedtory of associated relative
differences to the healthy controls might not be affebie®VS influence. Thus, the trend of
the change of the differences over the time intervalsooipensation should be unaffected by
MVS (Boegle et al., 2016). This requires, however, that the ctabgge imaged in, at least,
very similar head positions and field strength at everg fimterval of compensation to stay
comparable over the time intervals (Boegle et al., 2016). Inrdbéng-state study on
vestibular neuritis patients (Klingner et al., 2014) itnteiesting to note that no significant
correlations were found for the caloric testing covariathoagh this is usually a good
indicator of impairment or restoration of vestibular functi@me might speculate that MVS
had obscured this correlation, because MVS seems to shawdant characteristics in terms
of temporal dynamics with caloric stimulation (Glover et &014; Jareonsettasin et al.,

2016).
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In summary,LQ D VXIILFLHQW O tesligwhddrefid field, MVS will induce a state
of vestibular imbalance in each healthy subject. The b#itiabetween subjects will increase
with field strength due to the multiplicative nature loé Lorentz-force. These effects may
lead to biased results and reduced statistical signdie when testing for the statistical

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

We derive suggestions for studies of the vestibular syst#mfMRI in healthy controls and

patients from the results of our studies and the associttiedure.

Effects of age on vestibular research

In regard to the influence of age, we suggest thataresers comparing patients with
vestibular deficits and healthy controls should separatagkematched group into age-strata
(non-overlapping subgroups with different age spans, e.g. 20-4€), y¢r60 years and above
60 years of age). Each stratum should be compared and iredrgeparately given that
different age-groups have different levels of vestibulawogt dynamics available for
compensation (or responding to a challenge). This is patigukelevant when patients show

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

Further research should be directed towards uncoveringdawtated to the decline, and if
possible for improving network dynamics and its relationshigubject performance. This
may also include an exploration of questions we could nateansvith our cross-sectional
aging study. For example, by performing prospective agingestutticluding training or
interventions together with follow up examination. Possibl@stians which could be

addressed are:
AVhat prevents a connectivity or behavio@HFOLQH DW KLJKHU DJH"’

an network dynamics be elevated again by training andhiss related to balance

improvements atanp JH "~

The idea for an experiment would be to determine the cowitgcnd temporal variability
via fMRI during rest and vestibular stimulation (e.g. G\# then have the subjects train

and evaluate them again in several time intervals.

Furthermore, it is important to note that the sensitiaitybrain and behavioral measures
should be considered when planning a study. As discussed betatain behavioral
measures or clinical tests are not sensitive enougreweal age-related changes, while
functional neuroimaging is only sensitive enough wheasures of network dynamics are
considered (Garrett et al., 2010; Dowiasch et al., 2015; Cyran aadleBet 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 sugted MVS should be seen as a new
way of manipulating networks that either process vestikhofarmation or show vestibular
interactions, by using strong magnetic fieldsl.6 tesla), as commonly used in MRI. The
potential of modulating vestibular influences on networks MMS lies in being able to
induce or manipulate vestibular imbalances. In the hediite can be used to create states
that are similar to the diseased state, but without peapbe central lesions. In patients this
will allow to extend or reduce vestibular imbalances. In latbes this can be done while
performing functional MRI simply by using the magneiield of the MRI and adjusting the

head position of the subject.

In studies that need to avoid vestibular perturbations, MV&trokg considered a side effect
or nuisance during functional imaging and should be coettdbly adjusting the head position
and measuring the resulting eye movements. This shaahdbila seen as an effort to remove
unwanted variance, i.e., as an effort to homogenize thepgand achieve better statistical
results due to less (uncontrolled) MVS interference theteases bias and variance with
increasing field strength.

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

SWKH EUDLQ DV D TheQabshrpdtiolvharaMisHdimilar to the ideas regardjimg a

DQG WKH 3FRQ6IF WYDULWDEOH IRU UHVSRQGLQJ WAMRKHKDOC
EUDLQ KDV D YDVW FRPSOH[ G\QBIRQAFLWKBDOWHLXQQRPWWKB PR
challenge is examined. Given methods like MVS it is fimbssto exert influences on this
3LQYLVLEOH G\QDPLF DQG WKHQ HKDRRAQHQKRZLWKEL UHYVIS®RJ
Rl HIDPLQLQJ WKH 3 LsQirthevaysteHThiGwi) BIsdLpFesent an opportunity to

study the influences of vestibular imbalance on higheniteg functions and multisensory
interaction that has been raised previously as an impegaearch topic by various authors

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

One exemplary idea regarding the study of patients witlméalance state would be the
study of patients that show an upbeat nystagmus wheg tdomwn. MVS can be used to
compensate their nystagmus via an adjustment of the gesition (moving ear to shoulder
induces vertical, i.e., upbeat nystagmus in healthy sabjechile acquiring resting fMRI.
These subjects can then be compared with healthy comtitiigut the respective nystagmus.
Another interesting condition would be the comparison of Imeatbntrols that lie in a

position that produces a nystagmus akin to the patienthathe patients place in such a
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way that MVS have no influence on their nystagmus amdpare these states as well. With
these comparisons one could account for the effect of the ny@tagmus of patients and
controls to examine the residual differences that areatated 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 #iret questions that researchers
could ask themselves when thinking about vestibular respes@cts in the future.

Age-grouping:

3,V WKH UHVSRQVH WR D FKDOOWQIJWK®QIROBAW DREXORW
eachagedURXS FRPSHQVDWH GLIIHUHQWO\"’

MVS modulation:

3&DQ D PDQLSXODWLRQ RI WKH LPEADW®DKD Q&6 K-veEsV xiVRI R>
more about the vestiODU QHWZRUNYV UHVSRQVH WR D FKDOO
LQWHUIHUHQFH E\ 096 LQ WKH LPEDODQFH VWDWH RI RXU

Sensitivity:

3s the measure that | want to use sensitive enoughadw she differences that | am
looking for?” Connectivity and temporal variability might be sensitiveugh, but many

clinical tests might not be sufficient.
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Abstract In the elderly, major complaints include dizzi- variability. We tested for age-associated changes unrelated
ness and an increasing number of falls, possibly related tto vestibular processing, using a motor paradigm, voxel-
an altered processing of vestibular sensory input. In thidased morphometry and diffusion tensor imaging. This
study, we therefore investigate age-related changes inducedlows us to control for general age-related modi cations,
by processing of vestibular sensory stimulation. Whilepossibly originating from vascular, atrophic or structural
previous functional imaging studies of healthy aging haveconnectivity changes. Age-correlated decreases of func-
investigated brain function during task performance or ational connectivity and increases of BOLD-signal vari-
rest, we used galvanic vestibular stimulation during func-ability were associated with multisensory vestibular
tional MRI in a task-free sensory stimulation paradigm tonetworks. In contrast, no age-related functional connec-
study the effect of healthy aging on central vestibulartivity changes were detected in somatosensory networks or
processing, which might only become apparent duringduring the motor paradigm. The functional connectivity
stimulation processing. Since aging may affect signaturedecrease was not due to structural changes but to a decrease
of brain function beyond the BOLD-signal amplitude— in response amplitude. In synopsis, our data suggest that
such as functional connectivity or temporal signal vari-both the age-dependent functional connectivity decrease
ability—we employed independent component analysisand the variability increase may be due to deteriorating
and partial least squares analysis of temporal signaleciprocal cortico-cortical inhibition with age and related to
multimodal vestibular integration of sensory inputs.
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Keywords Aging Vestibular fMRI Functional processing of vestibular sensory input (Jahn et2803.
connectivity Independent component analysifemporal Besides many seniors suffering from peripheral vestibular
BOLD-signal variability de cits, their balance may be in uenced by various age-

dependent modi cations such as changes in the supraspinal

locomotor network (Zwergal et al2012. Given that
Introduction changes of sensory processing may be a key aspect in the

aforementioned de cits, possibly starting to occur prior to
Most fMRI studies examining the effects of healthy agingthe de cits, this study aimed to assess age-related modi -
on brain activity have so far focused on the traditionalcations of central vestibular sensory processing in healthy
analysis of the BOLD amplitude of task-related responseaging from a young age. Since several studies report that
(Aizenstein et al2004. More recently, however, imaging age-related brain changes vary in the context of more or
research has emphasized the importance of other aspectsle$s preserved function (Cabeza et 2002 Garrett et al.
brain activity like spontaneous uctuations of the BOLD 201Q 2011, 2013 Samanez-Larkin et aR01Q Wultte et al.
signal, expressed as functional connectivity (Fox and Rai2011), we recruited volunteers who had maintained a
chle 2007 or temporal variability (e.g. see Garrett et al. healthy vestibular function in their daily lives and had no
2010. Studies of age-related brain activity in particular history of vestibular dysfunction or falls. Furthermore, we
have demonstrated the importance of underlying dynamichose a task-free paradigm to activate brain networks
functional networks and of temporal BOLD-signal vari- speci cally devoted to the processing of vestibular sensory
ability to the performance of the aging brain (Grady andinput while avoiding confounds with task-related activa-
Garrett2014 Madhyastha and GrabowsRD14). Measures tions. Consequently, we used galvanic vestibular stimula-
of functional connectivity such as the independent compotion (GVS) (Schneider et aR002 Stephan et al2005
nent analysis (ICA) reveal the strength of relations betweemieterich and Brandt2008 inside the MRI scanner to
spatially distinct regions of the brain. Imaging of the rest-engage the vestibular system in sensory processing,
ing-state brain demonstrated spatially distinct, but tempofocusing our volunteers on the feeling of being “nudged”
rally correlated neural systems also called functionalor tilted. Vestibular stimulation in healthy volunteers has
connectivity maps, which have been shown to depend obeen shown to consistently activate a widespread cortical
age (Biswal et al2010. Balance and spatial orientation network including areas such as the insular cortex, the
have long been known to involve various sensory systemsuperior temporal gyrus, the supramarginal gyrus, the
integrating information from the visual, vestibular and inferior parietal lobe, the inferior frontal gyrus, the anterior
proprioceptive systems (Angelaki and Cull2A08. Con-  cingulate gyrus, and the hippocampus (Lobel et1898
sequently, cerebral vestibular processing seems predestinBandt and Dieterich1999 Stephan et al.2005 Sch-
to be examined in terms of functional network behavior.lindwein et al.2008 Lopez et al.2012.
Furthermore, increases and decreases of temporal variabil- Vestibular cerebral processing is fundamentally multi-
ity of the BOLD signal have been demonstrated to be anodal and dependent on the integration of several sets of
signature of the aging brain (Garrett et 2010. Notably, sensory information. Hence, we hypothesized that the
although temporal variability is increasing and decreasingffect of healthy aging on cortical processing of sensory
with age in different parts of the brain and can generally bénformation in the brain may not simply result in a change
used as a predictor of age (Garrett et2010, an interac- in relative amplitude of BOLD signal, but may affect
tion seems to exist between task performance and agin@inctional connectivity as well as temporal variability of
(Garrett et al.2011, 2013 Samanez-Larkin et al201Q  the BOLD signal (Biswal et al201Q Garrett et al.2013
Wautte et al. 2011). However, since task performance is Wutte et al.2011). Functional connectivity is a measure for
often confounded with age, it can be dif cult to disentangle the relationship of distinct areas interacting during multi-
task-related and age-related effects. Several studies, thengodal integration. Temporal variability is a measure for
fore, strove to avoid this confound altogether by investi-variations in either input-related noise or in noise associ-
gating resting-state activity (Allen et &011 Meier etal. ated with deteriorating neuronal processing of specic
2012 involving no task and only minimal sensory input. areas in the vestibular network. We therefore used, in
Nevertheless, many age-related problems in the elderly argddition to the standard GLM analysis of BOLD-signal
explicitly linked to the processing of sensory information amplitudes, ICA and partial least squares (PLS) analysis of
and may thus only become evident with stimulation. temporal BOLD-signal variability to investigate these sig-

In the elderly, major problems are complaints aboutnatures of brain function for age-related changes. To be

dizziness and the increasing number of falls with agemisled by age-related changes unrelated to vestibular pro-
(Sturnieks et al.2008§ Barin and Dodsor2011), which, cessing, we performed a simple motor paradigm, voxel-
among other reasons, may be related to changes in centighsed morphometry and diffusion tensor imaging as a
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control to detect age-related changes that might be unresix volunteers had to be excluded due to technical prob-
lated to vestibular processing, due to vascular modi calems or strong motion artefacts in the scanner, among them
tions, atrophy of brain structures or structural connectivityone from the young age group, three middle-aged volun-
changes. Jointly, these methods permitted us to characteleers and two over the age of 60. Thus, 39 volunteers (age
ize our networks more precisely, both locally and tempo-20-70) were included in the subsequent analysis. For the
rally. In combination with our experiment setup aimed atmotor paradigm, one additional female volunteer from the
creating a subjectively equal level of stimulation, ouryoung age group had to be excluded due to motion arte-
methods of temporal analysis in particular lead us to confacts, for this analysis a total of 38 datasets were taken into
sider the possibility of a peripheral vestibular or generalaccount.
cerebral effect as the reason for our ndings unlikely.

fMRI experimental design

Methods Tasks and stimuli

Volunteers Volunteers were stimulated by unilateral GVS with direct
current, i.e. rectangular sustained stimulation with constant
Forty- ve healthy right-handed Caucasian healthy volun-current over whole duration of a stimulation block. Two
teers aged 20-70 years were recruited by newspaper afairs of MRI-compatible cup electrodes (MRI-compatible
and word-of-mouth. All were screened by telephone toelectromyography-cup electrodes, Brain Products) with an
exclude health problems and/or medications that mighintegrated 5 K resistance for added safety were applied to
affect cognitive function and brain activity, such as strokesthe volunteer’s mastoid bone and neck after careful skin
previous balance problems, antihypertensive drugs angreparation and connected to custom-made stimulators
antidepressants. Only volunteers with no previous historplaced inside the Faraday cage to allow independent
of falls or dizziness were accepted to partake in the studystimulation of the right or left vestibular nerve. Simulta-
Due to the reasons stated below, 39 of these 45 volunteergeous timing of stimulation and MRI data acquisition was
aged 20-70 were included in the nal analysis. These wereontrolled from the control room via optical data trans-
divided into three age groups [Group 1 (20-40 years ofmission. The cathode was placed over the mastoid bone
age,n = 14, average age 278 4.4 years, 6 were male), and the anode on the neck paravertebrally of C7.
Group 2 (40-60 years of agen = 12, average age It is known that GVS induces both vestibular sensation
52.3% 5.0 years, 5 were male) and Group 3 (over 60 yearsnd cutaneous pain at the electrode site, both intensifying
of age,n= 13, average age 674 2.4 years, 6 were with increasing current amplitude (Lobel et 4P98 Bense
male)]. The average age of these participants wast al.2001). To maximize the vestibular stimulus intensity
48.3 years, 17 were male. The ethics committee of thén different individuals and minimize somatosensory sen-
medical faculty of the Ludwig-Maximilians University sation, thereby optimizing the vestibular/somatosensory
approved the investigation. All volunteers gave theirsensation ratio, volunteers were asked after demonstration
written informed consent. to choose the lowest amplitude that would still produce a
In addition to the fMRI examination of GVS-related distinct vestibular sensation of being tilted or “nudged”.
activity, volunteers were asked to complete a short-hand¥his individual current amplitude varied between 1.25 and
edness test (Salmaso and LongdsiBy and a Montreal 2.75 mA and was established while volunteers lay supine
Cognitive Assessment (MoCA) test (Nasreddine et alon the scanner bed before being transported into the MRI
2005 to investigate age-correlated cognitive impairment.bore. Current intensity was gradually increased in steps of
None of the volunteers had a known history of vestibular0.25 mA and volunteers were asked after every three steps
de cits; nonetheless, we additionally performed a head-f they had already experienced a feeling of being tilted. If
impulse test (Halmagyi and Curthoys988 Halmagyi the vestibular sensation felt comparable at two different
2005 to assure normal horizontal vestibular-ocular re ex amplitudes, the lower one was chosen for stimulation.
functioning. No further vestibular testing was performed,Before testing, all volunteers were informed that the ves-
since feeling “nudged” or tilted by switching on the tibular sensation was the one of interest and should be
stimulus was a prerequisite of taking part in the studymaximized, while cutaneous pain should be minimized.
thereby testing the peripheral function and assuring a sufVolunteers were therefore asked during demonstration to
cient level of stimulation. Volunteers were informed choose the amplitude that elicited a maximally intense
beforehand that the vestibular sensation was the subject édeling of being tilted while only causing a non-distracting
examination and one volunteer did not partake because @mount of pain. They were instructed to opt for the weaker
an insuf cient vestibular feeling even at higher amplitudes.current amplitude if two intensities were perceived as
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almost equal in terms of vestibular and cutaneous sens®ata analysis

tions. While the actual current intensity differed between

individuals, this procedure ensured that a comparabléMRI data pre-processing
intensity of perception could be assumed.

A motor paradigm was employed to account for possibleData processing was performed in MATLAB (The Math-
general effects of aging in our group of volunteers. Vol-Works Inc., Natick, MA) using the SPM5 toolbox (revision
unteers were rst shown a cross ashing at 1 Hz and ther3381, http://www. l.ion.ucl.ac.uk/spm). For each volun-
asked during scanning to reproduce the speed tapping theger, all functional images from all runs were realigned to
right index nger when instructed to do so by visual verbal the rst image of the rst run. The anatomical image was
cues (“Go” and “Stop”). Data from the motor paradigm coregistered to the mean image of the functional images.
were then analyzed for age-dependent changes in BOLDFhe coregistered anatomical and functional MRI data were
signal amplitude, in functional connectivity and in tem- normalized to MNI space using the uni ed segmentation
poral variability. As explained below, general cerebraland normalization method (Ashburner and Fris005
volume changes as well as changes in fractional anisotropynplemented in SPM5. The voxel size after normalization
were controlled by the analysis of the anatomical images oivas 29 29 2 mnt for the functional, and ® 19
all volunteers. All of these may possibly be affected byl mn? for the anatomical image. The functional images
vascular aging. In this case, this should have become evivere spatially smoothed by convolving the voxel values of
dent in both, the control motor paradigm and the vestibulathe images with an isotropic Gaussian kernel of 8 mm
stimulation paradigm. FWHM. Statistical analysis included high-pass Itering of

Hearing protection was provided and volunteers’ headeach voxel's time course with a cutoff frequency of
were xated by means of adhesive tape and cushions t6.009 Hz (i.e. a cutoff period of 108.8 s). We determined

keep head movements to a minimum. the cutoff period in consideration of the Nyquist-Shannon
sampling theorem as the double of the longest time interval
fMRI data acquisition (i.e. the lowest frequency) between the onsets of two

identical stimulation or task conditions. The principle at the

MRI scans were acquired on a 3-Tesla scanner using amase of this approach is that any variation that is based on
eight-channel standard head coil (Signa Hdx platform; GHonger cycles than this can be assumed not to be stimula-
Medical Systems, Milwaukee, WI, USA). Functional MRI tion or task related and hence can be removed by the high-
images were obtained by a ™ weighted echo-planar pass lter.
imaging (EPI) sequence (TE 40 ms, TR= 2,800 ms,
ip angle 90, FOV = 200 mm, matrix 649 649 44, General linear model-based analysis
voxel size 3.12% 3.1259 3.5 mm). Additionally, we
used a FSPGR sequence (TE out of phase, preparation tirfk@inctional MRI data The data were analyzed using the
500 ms, ip angle 15 ms, FOV 22 cm, Locs per Slap 128,general linear model (GLM) as implemented in SPM5 with
matrix 2569 256, voxel size 0.8® 0.869 0.7 mm) to all updates installed (revision 3381). In the rst-level
obtain a high resolution T1 weighted whole brain ana-analysis, effects of DC-GVS were modeled separately with
tomical scan of all volunteers. Diffusion tensor imaginga combination of event- and block-regressors as described
(DTI) data were acquired using a diffusion-weighted singlein (Stephan et al.2009. Periods of stimulation were
shot spin echo sequence (15 diffusion directions, matrixmodeled as block regressors convolved with the canonical
2569 2569 39, b value= 1,000 s/mm, FOV 240 mm, HRF, separately for blocks of left and right stimulation
slice thickness 3 mm). (Left block, Right block). In addition to that, the phases of

Two GVS runs of 120 functional images each wereswitching the DC-GVS on and off were modeled as events
acquired for each volunteer. An alternating block designconvolved with the canonical HRF, separately for left and
of stimulation and rest was used. Block lengths for bothright-sided stimulation and switching on and off (Left on,
stimulation and rest were randomized in the range fronRight on, Left off, and Right off). Therefore, the rst-level
two to ve scans of 2.8 s lengths starting with a block design matrix contained 6 regressors for the stimulation
of GVS after six scans. Two runs were acquired eactand one constant regressor per imaging run. Linear con-
with 18 stimulation blocks (9 left and 9 right-sided trasts were de ned to compute representative maps (con-
stimulations). trast images) for the effects of: Left on, Right on, Left off,

For the motor paradigm, 84 functional images wereRight off, Left block, Right block, Left on and Right on for
acquired in a single run, while volunteers tapped in blocksach subject.
of six scans of 2.8 s each, interjected with six scans of rest. The contrast images from the rst-level analysis were
Seven blocks of nger tapping were performed. entered into the second-level analysis to test for group
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effects on a between subject basis (Frison and PococBoftware Library FSL, version 4.1.81p://www.fmrib.ox.
1992 Woods 1996. We used an ANOVA (analysis of ac.uk/fsl) following the protocol described in (Smith et al.
variance) and included the factors “stimulation side” (Left 2007). Diffusion data from every subject were corrected for
or Right) and “stimulation phase” (on, block, and off), as head motion and eddy current effects using af ne regis-
well as the factor “subject” and the covariates “age” and tration to a brain extracted b0 volume (without diffusion
“current amplitude”. Data were evaluated with regard to weighting). Voxelwise statistical analysis of the fractional
localization of BOLD effect increases and decreases, aanisotropy (FA) data was carried out using TBSS [Tract-
well as their linear correlations with age or amplitude.  Based Spatial Statistics, (Smith et aD06)], part of FSL

In addition, we tested for differences between age(Smith et al.2004. First, FA images were created by tting
groups in the conditions Left on and Right on using two-a tensor model to the raw diffusion data using FDT
samplet tests. Separate second-level models were con+MRIB’s diffusion toolbox, part of FSL), and then brain
structed for each comparison (Group 1 vs Group 2, Group &xtracted using BET (SmitR002. All subjects’ FA data
vs Group 3, Group 2 vs Group 3) and for the stimuluswere then aligned into a common space (de ned by the
conditions Left on and Right on. FMRIB58_FA template included in FSL) using the non-

For all analyses, results exceeding a threshold ofinear registration tool FNIRT (Andersson et aD07a b)
p B 0.05, corrected for multiple comparisons (FWE) werethat uses a b-spline representation of the registration warp
considered signi cant. eld (Rueckert et al.1999. Next, the mean FA image was

created and thresholded at 0.3 to create a mean FA skele-

Voxel-based morphometryThe VBM8 toolbox fttp://  ton, which represents the centers of all tracts common to
dbm.neuro.uni-jena.de/vbinivas used to test for changes the group. Each subject’s aligned FA data were then pro-
in the local amount of gray matter with age. The highjected onto this skeleton and the resulting data fed into
resolution T1-weighted images (FSPGR) of all subjectssoxelwise cross-subject statistics.
were analyzed using the default parameters of the VBM8 Hypothesis testing for the DTI data was performed using
toolbox. To ensure a good starting point for the spatialpermutation testing in Randomize (part of FSL) with 5,000
normalization and segmentation procedures, we manuallgermutations. A model containing age as a covariate of
set the origin (i.e. the coordinatey, z= 0, 0, 0 mm) to interest was used to test for changes of skeletonized FA with
the anterior commissure. Then, images were segmentedge. Maps of the statistical results were generatgrvatue
registered to the MNI space, followed by a non-linearstatistical images using threshold-free cluster enhancement
normalization to the MNI template space using the high-(p\ 0.05, FWE corrected) (Smith and Nichd809.
dimensional DARTEL algorithm (Ashburn@007) and the
DARTEL templates included in the toolbox. The normal- Model-free analysis
ized and bias-corrected gray matter images were modulated
using the non-linear components of the applied spatiaFunctional connectivity analysis (Tensor independent
transformations. This modulation step changes the voxetomponent analysis)We analyzed our multi-volunteer
values in the images based on the amount of expansion &Rl data using TICA, the tensorial extension of proba-
contraction applied during normalization. Modulation bilistic independent component analysis as described by
using the non-linear components only (without the af ne Beckmann and Smitt2004 2005 and implemented in the
components) allows to analyse the absolute amount dfSL toolbox MELODIC fttp://www.fmrib.ox.ac.uk/fsl/
tissue corrected for individual brain sizes. Prior to statis-melodic). Before TICA was conducted, a voxelwise
tical analysis, the images were smoothed with a 12-mmdemeaning and normalization of the voxelwise variance
FWHM Gaussian kernel (Ashburner and Frist@@0Q  were performed. Pre-processed data were whitened and
2005 Good et al.2001). Age-associated local changes in projected into a subspace using probabilistic principal
gray matter volume were tested for by multiple regressiorcomponent analysis. The number of dimensions for the
using the SPM implementation of the GLM. Using a designsubspace was estimated using the Laplace approximation
matrix that contained age, sex, and MoCA test resultgo the Bayesian evidence of the model order (Mir2Q0Q
(compare Behavioral data in Results) as covariates, wBeckmann and Smitl2004. Component maps were then
tested for increases and decreases in the local amount estimated and afterwards normalized using the residual
tissue associated with age. Results exceeding a threshold mbise standard deviation. These normalized component
p\ 0.05 corrected for multiple comparisons (FWE) weremaps were then thresholded by tting a mixture model to

considered signi cant. the histogram of intensity values (Beckmann et 2003
Beckmann and SmitR004).
Diffusion tensor imaging data analysisDTI data pre- Tensor-independent component analysis allows us to

processing and analyses were performed using the FMRIBxtract functional networks from the data, as well as
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associated relative weighting factors for the volunteers irERA). Furthermore, we applied ERA on the time courses
the group which enable us to evaluate general trends aif each single volunteer taken from the mixing matrix of
increase or decrease of this functional network weightinghe ICA. We used these ERA to calculate the representative
(and therefore a change in functional connectivity) withresponses of each age group by assigning subjects to the
age (or other covariates) via correlation testing. age groups Group 1 (20-40 years of age), Group 2
A functional network is de ned here as “multi-voxel (40-60 years of age) and Group 3 (over 60 years of age)
structured responses with one shared time course’, i.e. thend calculating the mean and standard deviation of the
spatial-independent component maps (ICs) in combinatioERAs for all subjects of each group, respectively. This
with their associated time courses called temporal modesesulted in one average ERA per age group for displaying.
It is important to note here that based on this analysidVe also used the single volunteer ERA amplitudes in two-
alone, it cannot be distinguished if every voxel in thesamplet tests between the age groups Group 1 and Group 3
network is driven in the same way by the periphery sensoryo test for signicant differences between age group
inputs or if they all communicate with each other and onlyresponse amplitudes, as a demonstration that a signi cant
one receives input from the periphery sensory inputs. The@egative correlation of age with volunteer modes does
collection of the relative weighting factors for all volun- correspond to a decline in response amplitudes. All time
teers per IC is called volunteer modes. It should be notedourses were shifted prior to averaging to set the onset
that the functional networks (ICs and temporal modes) arealues to zero.
representative for the group and that the variation over the
group is captured in the volunteer modes (the relativeCriteria for selection of independent components
weighting factors), due to the formulation of the tensor ICA of interest
model for trilinear expansion of the multi-volunteer fMRI
data. Selection of ICs proceeded in three steps. First, all ICs
were selected which individually describe more than 1 %
Determination of covariate-related variations in functional of the total variance. In the second step, all ICs corre-
network responses sponding to head motion, head motion and magnetic eld
inhomogeneity interaction, physiological artefacts (e.g.
We can, therefore, test for (linear) changes in the functiongpulsation), registration error or CSF uctuations were
network responses with respect to volunteer covariates byemoved from the list generated in the rst step. In the third
correlating the volunteer modes with covariate values (e.gstep, those ICs were selected which show spatial overlap
correlation of the volunteer modes with the age of thewith vestibular, somatosensory or motor areas corre-
volunteers). All volunteer-wise covariates were tested foisponding with the respective experiment (GVS or motor
signi cant correlation between each other using SPSS 16paradigm). In the case of the GVS experiment, this resulted
in eight ICs. In the case of the motor paradigm this resulted
Analysis of temporal modes via event-related averaging in one IC.
(ERA)
IC residual analysis
We will show in the results section that the volunteer modes
(the relative weighting factors for functional connectivity) So as to test if ICA suf ciently modeled all age depen-
obtained from the tensor ICA correlate with age for certaindency in the fMRI data, we adopted the partial least
networks and will visualize the cause of this correlation insquares (PLS) method introduced by Garrett et 2010
terms of temporal stimulus responses. Furthermore, we withnd Mcintosh et al. 1996 to investigate IC residuals for
demonstrate that the statistical signi cance of this correla-eventual age dependence, beyond the aging effects found in
tion with age (or absence thereof, depending on the IC), i$CA. We calculated the single volunteer time course for
caused by a statistically signi cant decline in averageeach voxel from the group-average tensor ICA results via
temporal stimulus response amplitudes (or absence thereafual regression (Beckmarg909 Filippini et al. 2009 and
depending on the IC) from the youngest (Group 1) to thesubtracted each IC of interest from the volunteer’s raw data
oldest volunteers (Group 3) in our sample. to get the residual time series per volunteer. We then
The temporal responses of a functional network (IC)determined regions of interest using the thresholded spatial
associated with stimulation (e.g. GVS) or task executiormaps of each IC of interest (see above). For each of these
(e.g. nger tapping) were evaluated, via averaging the timeeight ROIs, we calculated the voxelwise residual temporal
courses of the respective temporal mode taken from aariability as standard deviation of the residual time series.
window of 1 TR before and 10 TRs after the onset of eachlThe correlation of this residual variability to age was
event, respectively (also known as event-related averagingletermined using the PLS analysis. For none of the ROIs
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we found any signi cant age dependence (permutation tesswitched on; this feeling subsided gradually over the
1,000 permutations). stimulation period. Statements concerning the turning
direction differed and were generally inconsistent. Cuta-
Temporal variability analysis We also used the partial neous pain was reported to be sharp, pinpoint like at the
least squares (PLS) method (Mcintosh etl896 Garrett  beginning of stimulation, but then continued as a slightly
et al. 2010 with a slight modi cation to investigate pos- burning sensation. Current amplitude did not generally
sible age-related changes of BOLD signal variability. As aincrease with age and no correlation between age and
rst step, we removed extra variability, that we consideredamplitude could be observedR & 0.04; p = 0.79). Vol-
noise, from the fMRI data of each individual run of eachunteers had an average current amplitude of 1.6 mA
individual volunteer. This was done using the results of thg1.64 mA with standard deviation of 0.4 mA), in Group 1
group ICA and performing a dual regression analysighe average current amplitude was 1.7 mA (1.67 mA with
(Beckmann CF2009 Filippini et al. 2009 to obtain the standard deviation of 0.47 mA), in Group 2 it was 1.5 mA
individual time courses and residuals of the ICA associatedl.5 mA with standard deviation of 0.31 mA) and in Group
with each functional imaging run of each volunteer corre-3 it was 1.7 mA (1.73 mA with standard deviation of
sponding to all group ICs and subtracting the residual®.37 mA).
artefacts, judged as noise. Additionally, instead of using the Volunteers averaged 27 (26.97 with standard deviation
block normalization procedure introduced by Garrett et alof 2.5) points in the MoCA test. In Group 1 the average
(2010 to remove stimulus-related variability, we adopted anumber of points scored in the MoCA was 28 (28.29 with
different method. In contrast to block normalization, which standard deviation of 1.8), in Group 2 27 (26.7 with stan-
relies on block design with BOLD responses mirroring thedard deviation of 3) and in Group 3 26 (25.85 with standard
block design, our group-mean normalization method isdeviation of 2.1). MoCA showed a signi cant negative
hypothesis free and only requires identical stimulation timdinear correlation with age, as expected, but the relationship
courses for all subjects, as in the present study. For theas only weakly presen= - 0.36;p = 0.02).
group-mean normalization, we rst masked the spatially
aligned functional images using a gray matter mask [grayGeneral linear model analysis
matter de nition from the Talairach daemon database
(www.talairach.oryy as a binary mask, dilated by smooth- The following BOLD signal increases could be found
ing with a Gaussian kernel (FWHM 2 mm) and thres-during GVS. Only the subjectively more intense effects of
holding at 0.2], then normalized the voxel time series byswitching the current on or off induced signi cant BOLD
subtracting the individual voxel means, and determined thaignal changes, bilaterally in the posterior insula, the cer-
average time course of each voxel over the whole groupebellum, the hippocampus, the thalamus, the cingulus and
We then regressed these group-mean time courses into thiee inferior and superior parietal lobe (see Tabjd-ig. 1
individual time series to get a residual time series for eaclior more detail). Both switching the current on and off
voxel and participant. The variability of these residual timeinduced a similar activation pattern involving the typical
series was then analyzed using the PLS method for agmultisensory areas.
dependence as described in Garrett et 201(). The sig- More speci cally, for the contrast “Left On”, activations
ni cance of the correlation between the resulting brainincluded the right middle frontal gyrus, the right middle
scores and age was determined by permutation analysismporal gyrus, the right and left premotor cortex, the right
(1,000 permutations). To further investigate which voxelssecondary somatosensory cortex in the parietal operculum,
contributed most to the age dependence, we thresholded tittee right insula, the right inferior parietal lobule, the right
brain saliences resulting from the PLS analysis by aanterior intra-parietal sulcus, as well as the left Broca's
bootstrap ratio of 3 corresponding approximately to a 99 %area, the left middle frontal gyrus, left cerebellar culmen,
con dence interval (Garrett et aR010. 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.

Results The contrast “Right On” showed activations in the left
superior frontal gyrus, the left premotor cortex, the left sec-

Unilateral galvanic vestibular stimulation ondary somatosensory cortex in the parietal operculum OP1,
OP2, OP3 and OP4, the left superior (7M, 7L) and inferior

Behavioral data (PFop) parietal lobule, the left inferior occipito-frontal fas-

cicle, the left Insula (Ig2, Id1), left Cuneus, the callosal body,
After the experiment, the volunteers reported a feeling othe right middle temporal gyrus, the right temporal lobe, as
their head being nudged every time the current wasvell as the right cerebellar uvula, tonsil and pyramis.
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Table 1 Signi cant increases in BOLD signal induced by GVS and detected by GLM analysis

MNI coordinates Voxel p (FWE Anatomical location BA
X, ¥, Z (mm) corrected)

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 3ab
somatosensory cortex/parietal operculum OP1 and OP4

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 40
OP1, left inferior parietal lobule PFop

-38,-2,-14 0.000 Insula 1d1

- 38- 18, 16 0.000 Left Insula Igl and 1g2, left secondary somatosensory cortex/parietal 13
operculum OP3, OP2, OP41

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 FWE\ 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 FWE\ 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

Among the other contrasts, only “right off” showed a signi cant effects could be found. Furthermore, no nega-
signi cant activation in the right primary somatosensory tive BOLD signal changes could be detected at any time
cortex, and the right primary motor cortex in the precentralduring GVS. BOLD signal changes were not correlated
gyrus. signi cantly to age or amplitude.

The BOLD signal increases induced by switching the In the following text, BOLD signal increases will be
current on either on the left (A) or on the right (B) hand denominated as “activations”, while BOLD signal
side are shown in Figl. During the block stimulation, no decreases will be denominated as “deactivations”.
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Fig. 1 Signi cant activations in the GLM analysis induced by signicant activations induced by tapping of the right index nger at
switching on the direct current mediating the galvanic vestibularapprox. 1 Hz €). Signi cant negative correlation of brain volume
stimulation on theleft (a) and right (b) hand side, as well as with increasing aged). All results FWE correctedp\ 0.05

Functional connectivity analysis (Tensor ICA) respective left or right somatosensory areas, whereas the
“rst six” ICs of interest were bilateral and largely sym-
The nal estimated dimensionality for the tensor ICA metric, i.e. the right somatosensory cortex (responding with
expansion was 44 retaining 83.99 % of total variance. Of positive block-like response associated with direct cur-
these 44 ICs, 13 ICs described less than 1 % of total varent stimulation of the left side and negative block-like
iance and 14 were identi ed as artefacts, i.e. noise sourcesesponse associated with direct current stimulation of the
The artefacts included ten ICs, which were identi ed asright side) was represented solely in IC-9 whereas the left
head motion or head motion and magnetic eld inhomo-somatosensory cortex (responding with a positive block-
geneity interaction artefacts, two ICs were identi ed aslike response associated with direct current stimulation of
pulsation artefacts and two ICs were identied as CSFthe right side and negative block-like response associated
uctuations. From the remaining 17 ICs, we chose eightwith direct current stimulation of the left side) was solely
ICs for further study, which collectively explained 32.83 % represented in IC-12. Details on the retained ICs are shown
of the total variance of the group data (the other nine ICsn Table3. All volunteer modes of the “rst six” ICs
were labeled as “not interpretable” in the above sense)showed signi cant negative correlations with age, while
The rst six of these eight ICs of interest (all eight in order neither of the other two exhibited a signi cant correlation
of their respective percentage of variance explainedyvith age. Consistent with this nding, the ERAs for the age
overlapped with vestibular areas (also identi ed by meangyroups Group 1 and Group 3 differed signi cantly in their
of the GLM analysis) and furthermore showed an eventamplitudes for all of the “ rst six” ICs, while neither of the
like transient response associated with switching of thdast two ICs showed a signicant difference of ERA
current, collectively explaining 26.88 % of the total vari- amplitudes between age groups Group 1 and Group 3.
ance. The remaining last two ICs of interest, collectivelyFigure2 shows two ICs from the “rst six” ICs with a
explaining 5.95 % of the total variance, overlapped mainlysigni cant correlation with age R(IC-2) =- 0.64,
with somatosensory areas. Each of these two ICs showgsh 0.001 andR(IC-3) = - 0.57,p\ 0.001] in their vol-
block-like, (i.e. sustained) reciprocal responses in thainteer modes, displayed in Fig.parts d and @ as well as
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a signi cant difference between ERA amplitudes of ageTemporal variability analysis
groups Group 1 and Group ®(C-2)\ 0.001 andp(IC-
3)\ 0.001], displayed in Fig2 partsc, andc,. Figure3  As demonstrated by the PLS analysis, the temporal vari-
shows the last two ICs which show no signi cant correla- ability of the BOLD signal expressed as PLS brain scores
tion with age R(IC-9) =- 0.072, p= 0.66 andR(IC- derived from the voxelwise standard deviation of the
12)=- 0.19, p\ 0.22] in their volunteer modes, dis- group-mean normalized BOLD signal time series exhibited
played in Fig.3 parts D and D, as well as no signi cant a signi cant correlation with ageR = 0.68, p = 0.034).
differences between age groups Group 1 and Group Burther analysis of the PLS brain saliences revealed that
[p(IC-9) = 0.85 andp(IC-12) = 0.31] displayed in Fig3  local BOLD variability increased with age bilaterally in the
parts G and G. The other four of the “rst six” ICs (not  thalamus and the posterior insula (see Hig.Decreases in
shown) all had signi cant negative correlations with age variability were observed in regions of the frontal cortex.
for their volunteer mode$R (IC-1) = - 0.50 p = 0.0011), The regions with increasing variability partly overlap with
R(IC-4) =- 0.54 @\ 0.001), R(IC-5)=- 0.58 the ROIs of the “rst six” ICs described above, which
(p\ 0.001), andrR (IC-6) = - 0.53 f\ 0.001), the dif- showed signi cant age dependence of the associated ICs.
ferences in ERA amplitudes between age groups Group Regions of interest are detailed in Taldle To further
and Group 3 were all signi cantp{IC-1)\ 0.001,p(IC- investigate whether age-dependent variability was associ-
4)\ 0.001, p(IC-5)\ 0.001 andp(IC-6) = 0.0016]. All  ated with the stimulus, we separated the time series into
statistical tests were multiple comparison correctedstimulation periods and rest periods. Temporal variability
according to the number of ICs tested using the Bonferronanalysis of these separated time series showed a signi cant
correction method. effect for stimulation R= 0.71, p = 0.016) but not for

In the two ICs representing the “ rst six” networks (IC- rest R = 0.58, p = 0.082), although it should be noted
2 and IC-3), increased BOLD-signal activity could be that this result for the rest periods was near signi cance. To
detected in IC-2 bilaterally in the superior temporal gyrus,further illustrate the temporal variability of the BOLD
the middle temporal gyrus, the thalamus (right medialsignal, we extracted the BOLD time course of a voxel in
dorsal nucleus, left ventral posterior lateral nucleus, ventrathe insula (which also coincides with the networks of the
lateral nucleus bilaterally, left ventral posterior lateral “ rst six” ICs described above) that contributed strongly to
nucleus) and the posterior insula, as well as in the lefthe correlation between age and temporal variability (see
inferior parietal lobe, the midbrain bilaterally, the left Fig. 5). While the group-mean time series of this exem-
cuneus, the right superior frontal gyrus and the right cauplary voxel resembles the event-like response of the * rst
date body. In IC-3, activated areas comprised the righsix” ICs (Fig. 5a, cf. Fig.2), the group-mean normalized
inferior frontal gyrus, the complete insula bilaterally, the BOLD signal (Fig.5b, ¢) suggests that temporal BOLD-
thalamus (including the right and left ventral lateral, medialvariability is neither time locked to stimulus onset nor does
dorsal nuclei) bilaterally and parts of the midbrain down toit shows a direct relation to the IC time series, suggesting
the substantia nigra and subthalamic nucleus, the parahiphat the effect of increasing temporal variability occurs
pocampal gyrus bilaterally (left more than right), the lin- over the whole time course equally and is not very different
gual gyrus bilaterally, the right middle temporal gyrus, theduring rest periods than it is during stimulation periods.
left superior temporal gyrus, the inferior parietal lobe
bilaterally and the posterior cingulate gyrus. Motor paradigm

In the ICs exemplifying the remaining two networks
(IC-9 and IC-12), increased BOLD-signal activity could be General linear model analysisThe GLM analysis of the
detected in IC-9 in the left postcentral gyrus and in the left nger tapping motor paradigm showed BOLD signal increa-
paracentral lobule, as well as in IC-12 in the right pre-ses in the corresponding motor cortex (left precentral gyrus),
central gyrus, the right postcentral gyrus, the right superiothe anterior lobe of the right cerebellum, in the left medial
parietal lobe, the right inferior parietal lobe and the rightfrontal gyrus, left medial insula, the right inferior frontal gyrus
posterior insula. and the left ventral posterior medial thalamic nucleus.

Analysis of the residual time series (se&éthods)
showed that the residual BOLD variability unexplained by Functional connectivity analysis (Tensor ICAA tensor
the tensor ICA was not signi cantly related to age, thusICA of the “ nger tapping data” conducted in the same
corroborating that the ICs modeled BOLD variability for manner as for the GVS experiment showed similar activa-
young and old subjects equally well. Consequently, ittions in the spatial components as in the GLM results and a
appears implausible that analysis-related factors such as d@focked response associated with blocks of nger tapping,
insuf cient number of ICs could be the reason for the but no signicant linear age correlationsRE - 0.01;
described age dependence. p = 0.96) could be found in the respective volunteer modes.
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Fig. 2 Two exemplary ICs (IC-2 and IC-3, shown iy and a, ERA of the temporal mode revealing the temporal response charac-
respectively) showing a signi cant age-related decrease in theiteristics of these ICs with respect to left- and right-GVS (shown in
respective volunteer mode (showndp andd,, respectively) as well  purple and orange, respectively) are displayedingndb,) together

as a signi cant difference of the amplitudes of the event-relatedwith simulated BOLD-response curves (showrblack). The BOLD-
average (ERA) (shown i, and c,, respectively) between the age response curves are simulated under the assumption of an event-like
groups Group 1 and Group $(JC-2)\ 0.001 andp(IC-3)\ 0.001]. response to switching the direct current GVS ON convolved with the
In c; andc,, the ERA for the age groups Group 1, Group 2 and Groupcanonical hemodynamic response function. The amplitudes of the
3 are marked irred, blue and gray, respectively. Inc; and c,, the peaks of the ERA of the BOLD simulation have been manually
ERA is shown for left- and right-GVS averaged. The correlation adjusted to match the peak amplitude of the ERA of the Elsmaded
coef cient between the volunteer mode and age was determined to bareasin ERA plots indicate the standard error of the mean interval
(dy) R(IC-2)=- 0.64 @\ 0.001) and ¢,) R(IC-3)=- 0.57 around the mean. All amplitudes are given in arbitrary units, time is
(p\ 0.001). Ind; andd, the volunteer mode amplitudes are plotted given in seconds relative to the onset of stimulation and age is given
asblack crosseand the least squares regression line is plotta@dh in years since birth
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Fig. 3 Two exemplary ICs (IC-9 and IC-12, shown & and a, ERA of the temporal mode revealing the temporal response charac-
respectively) without a signicant age-related change in theirteristics of these ICs with respect to left- and right-GVS (shown in
respective volunteer mode (showndp andd,, respectively) as well  purpleandorange respectively) are displayed ib{andb,) together

as no signi cant difference of the amplitudes of the event-relatedwith simulated BOLD-response curves (showrblack). The BOLD-
average (ERA) (shown i, and c,, respectively) between the age response curves are simulated under the assumption of a block-like
groups Group 1 and Group (JC-9)\ 0.85 andp(IC-12)\ 0.31]. response to sustained continuous direct current stimulation of the
In c; andc,, the ERA for the age groups Group 1, Group 2 and Groupskin, with a reciprocal relationship between left- and right-GVS. The
3 are marked imed, blue andgray, respectively. Irc; only the ERA  amplitudes of the peaks of the ERA of the BOLD simulation have
for left-GVSis shown and irc, only the ERA forright-GVSis shown  been manually adjusted to match the peak amplitude of the ERA of
(the positive response for the respective IC). The correlationthe ICs.Shaded areas1 ERA plots indicate the standard error of the
coef cient between the volunteer mode and age was determined tanean interval around the mean. All amplitudes are given in arbitrary
be d,) R(IC-9)=- 0.072 ¢ = 0.66) and ¢,) R(IC-12)=- 0.19 units, time is given in seconds relative to the onset of stimulation and
(p = 0.22). Ind; andd; the volunteer mode amplitudes are plotted as age is given in years since birth

black crossesand the least squares regression line is plottetedh
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Fig. 4 Overlay of functional brain mapping results on a template of total variance of the ICs of interest) are shown for comparison.
brain for the resulting brain scores of the PLS temporal variability Color bars indicate activity in terms of PLS brain scores for the
analysis method applied to the group-mean normalized data for theemporal variability analysis or statistic values of the alternative
galvanic vestibular stimulation periods onlR € 0.71,p = 0.016). hypothesis test of the probabilistic ICA

Additionally IC-1, IC-2 and IC-3 (the ICs describing the most amount

Temporal variability analysis The variability of the intra-parietal sulcus, in the right operculum, in the left
BOLD signal, calculated as PLS brain scores in the sameectal and fusiform gyrus, in the left amygdala, the right
manner as for the GVS experiment, presented no signi middle and bilaterally in the inferior frontal gyrus, in the
cant correlation with agep( 0.5). This demonstrates that left entorhinal cortex, in the cingulate gyrus bilaterally, as
the age-related changes in temporal BOLD-signal variwell as bilaterally in the superior and in the right middle
ability revealed in the GVS experiment are not due totemporal gyri. For more detail, see Talfle
generalized age-related changes affecting, i.e. the motor
system.
Discussion
Structural MRI data
In the present study, galvanic vestibular stimulation (GVS)
Diffusion tensor imaging analysis induced BOLD signal increases bilaterally in the posterior
insula, the cerebellum, the hippocampus, the thalamus, the
We detected a generalized decrease of fractional anisotromyngulus and the inferior and superior parietal lobe. This is
with age across our sample of volunteers, but no correlaeonsistent with previous studies, which found activity in
tions with the covariates from our behavioral data. this bihemispheric network induced by vestibular stimula-
tion (Schneider et aR002 Stephan et al2005 Dieterich
Voxel-based Morphometry: Age-related cerebral changesand Brandt2008 Lopez et al.2012. Balance and orien-
in volume tation being primarily multimodal, they seem destined for a
network analysis. Furthermore, previous studies have
Cerebral volume decreased linearly with age, particularlyshown the importance of investigating temporal variability
in the primary somatosensory cortex, inferior parietalin healthy aging (Garrett et 82010 2011, 2013 Samanez-
lobule and postcentral gyrus bilaterally. Furthermore,Larkin et al.2010. We focused on whether the aging of
decreases in volume could be detected in the left anteriovestibular processing would affect the BOLD-signal
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Table 2 Signi cant decreases in cerebral volume with age as detected by Voxel-based morphometry analysis

MNI coordinates Voxel p (FWE Anatomical location BA
(%, ¥, z (mm)) corrected)
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 cortek, 2
anterior intra-parietal sulcus hlP2
- 46,- 37, 46 0.012 Left anterior intra-parietal sulcus hIP2 and hIP3, primary somatosensory cogex,
inferior parietal lobule PFt, PF and PFm
- 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 padétal
lobule PFt, PF and PFop right postcentral gyrus
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 1,2,3b4a,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

amplitude, functional connectivity or temporal variability. “vestibular” feeling of being tilted was represented by the
In the general linear model (GLM) analysis, we found no* rst six” ICs of interest, ICs 1-6, while the cutaneous pain
age-correlated changes in BOLD-signal amplitude. Tensomwas represented by the “last two” ICs of interest, IC 9 and
independent component analysis (ICA) (Beckmann andC 12, as could be inferred from the ICs time courses and
Smith 2005, however, identi ed an age-related pattern of the areas covered by their spatial maps. The “rst six”
functional connectivity associated with vestibular net-were labeled the “multisensory vestibular networks” since
works. Furthermore, age-related changes in BOLD-signathey showed an event-like, transient temporal response
variability were also associated with these vestibularcharacteristic associated with switching of the currents and
networks. thus corresponded best with the time course of the feeling
The eight selected independent components (ICs) off being tilted. These components included multisensory
interest could be separated into two groups, which wer@estibular cerebral areas. The “last two” were labeled the
related to the two GVS-induced sensations. The'multisensory somatosensory networks”, because they
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Fig. 5 In a, an overlay of functional brain mapping results on a participants\( 50 years of ageed) and for old volunteers@50 years
template brain is displayed. It presents the resulting brain scores dff age,light gray) present a similar event-related averaging increase
the PLS temporal variability analysis method applied to the group-or decrease relative to the overall mean, as suggested by the
mean normalized data for the galvanic vestibular stimulation periodsvestibular” ICs. In c, the event-related average residual time series
only, without threshold. In addition, an exemplary BOLD signal time (after group-mean normalization) is shown separately for young and
series ) and the variability ¢) for a voxel in the posterior insula at elderly (shaded areaSD). The complete residual time series in D
MNI coordinate [42,- 6, - 12] are shown. This voxel contributes demonstrates that variability (shaded areas show SD over subjects) is
signi cantly and positively to the relation between variability and larger for young than for elderly volunteers. As presented, this
age. Inb, the event-related average (ERA) group-mean time seriesncrease in variability occurs over the whole experiment, leading to an
(dark gray, shaded areaSEM) is depicted, which displays a clear increased variability value over time for this voxel in older as
similarity to the “vestibular” ICs' transient, event-like time course compared to young volunteers. This effect, however, does not seem to
(for comparison see Fi@). The group-mean time series for young be specic to GVS periods

showed a block-like, sustained temporal response charashowed a tonic time course and were divided into two
teristic associated with the constant stimulation of the skicomponents by lateralisation to the contralateral hemi-
during each block. These components were comprisedphere; they were not age correlated. Since the “vestibu-
predominantly of somatosensory areas. Thus, both netar” and “somatosensory” networks partially overlapped in
works overlapped but differed in their association withspace, we de ned them as multisensory, although they can
distinct phases of the time course governing networlkbe clearly separated by their distinct temporal character-
activation. The ICs constituting the multisensory vestibularistics; i.e. their event-like and block-like time courses,
network were bilateral, age correlated and associated withespectively.

the rapid BOLD signal changes induced by switching of Hence, age-related changes were found only in the
the stimulation currents to the states “on” and “off”. The “vestibular” network containing the superior, middle and
age correlation was negative for the rst six ICs, i.e. theirinferior frontal and temporal gyri, the lingual gyrus, the
relative weight decreased with age, indicating that thansula, the superior and inferior parietal lobe, the parietal
modulation of the “vestibular networks” by GVS declined operculum, the posterior cingulate gyrus, the cuneus, the
with age. The ICs constituting the somatosensory networkhalamus and the cerebellar tonsil. The “somatosensory
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network” encompassed the middle and inferior frontal andin temporal variability, connectivity or BOLD amplitude,

temporal gyrus, the post- and precentral gyri, the linguahllowing us to demonstrate age-related effects in our study
and fusiform gyrus, the paracentral lobule, the superior anthat are speci c to the vestibular system, and to distinguish
inferior parietal lobe, the posterior insula, the cingulatethem from generalized effects. Further studies should
gyrus and the thalamus. investigate the impact of task performance on the vestib-

The age dependency of the “vestibular” ICs was inde-ular system, e.g. with a perceptual vestibular task. The
pendent from anatomical changes: the decrease in fracationale for this is that our ndings here are for a vestib-
tional anisotropy demonstrated by DTl was global and noular sensory stimulation paradigm, which can be seen as
associated with any vestibular network in particular. Noroughly analogous in design to the rst study of Garrett and
signi cant changes of fractional anisotropy associated withco-authors (Garrett et a2010 which did not include task
GVS current amplitude could be detected. This might bgyerformance, and it would, therefore, be interesting to see
due to current amplitudes insuf ciently re ecting vestibu- if the inclusion of task performance in the study of aging
lar perception in the group analysis. In this case, a measumdfects might reveal a similar trend for the vestibular sys-
of the intensity of perception might have revealed a postem as was found in the further studies of Garrett et al.
sible correlation with anatomical measures. This has bee(2011, 2013 that included task performance.
shown previously in healthy individuals for an extensive While the actual current intensity employed for GVS
white matter network that strongly correlated with a mea-differed between individuals, the procedure to determine it
sure of vertigo perception (Nigmatullina et @013 and an  strove to achieve a comparable intensity of perception.
analogous approach might reveal similar correlations iMNotwithstanding, individually variable sensitivity to ves-
future studies. tibular stimuli and different levels of pain tolerance may

Changes in functional connectivity could also be due tohave affected standardization. However, behavioral data
changes in local gray matter volume or general vasculareported a brief vestibular sensation as opposed to an
deterioration. In our study, voxel-based morphometryenduring somatosensory pain sensation, which corre-
revealed an age-related decrease in volume in multiplsponded to the analysis of time courses associated with the
anatomical areas bilaterally as has been previouslyestibular and somatosensory multimodal networks,
described (Gonoi et aR010. Overlaps could be observed respectively, and permitted us to distinguish between the
with all ICs of interest, whether age correlated or not. It is,two types of sensory input.
therefore, unlikely that the age dependency of the vestib- The observed age-dependehtestibular’ network
ular networks could be solely attributed to the anatomicakannot be attributed to the vestibular stimulation induced
change in volume. Likewise, the decrease in fractionaby the magnetic eld of the MRI as recently described
anisotropy with age was general and suggested that thegBoberts et al2011). The magnetic eld of the MRI is
changes were not due to age-related anatomical modi caactive also during rest periods. The main effect of mag-
tions. A simple motor paradigm ( nger tapping) induced no netic vestibular stimulation (MVS) should thus be a
age-related changes in functional connectivity, BOLD-constant activation level that is subtracted by Itering the
signal amplitude or temporal variability. Thus, the age-removal of the mean signal over time and voxelwise
dependent changes in functional connectivity appear to beariability normalization. Despite these common pre-
particular to vestibular processing. processing steps, it is poskitthat the additivity princi-

In the GVS experiment, we observed additional ageple of stimulus responses could be violated should the
dependent modi cations in temporal BOLD-signal vari- MVS effect be strong enough to cause non-linear effects
ability, which have recently also been described in healthyike saturation to occur. However, inspecting the IC time
volunteers (Garrett et al201Q 2011 2013 Samanez- courses and the event-related averages (ERA) plot
Larkin et al. 201Q Wutte et al.201J). In our study, we amplitudes (see Fig, 3), we conclude that this has not
speci cally chose a task-free paradigm focusing on vesbeen the case. Furthermore, during the motor paradigm
tibular sensory perception and stimulated volunteers amo vestibular activations could be observed with any of
low-level amplitudes. At this level, the level of perception the analysis methods, therefore MVS should be consid-
could be assumed to be roughly matched among volurered negligible in our case.
teers. Variability increased signi cantly with age in regions
associated with the “vestibular’ network (thalamus andDo the age-related changes re ect the aging
posterior insula bilaterally), mostly during stimulation. of peripheral vestibular structures?

Therefore, the spatial pattern of the variability associated

with the vestibular network did coincide with the “mean Peripheral vestibular structures such as hair cells, nerve
signal’, i.e. the amplitudes of BOLD-signal responses. We bers and otoconia have been demonstrated to decrease
added a motor experiment to control generalized change®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  Anatomical location BA
X, ¥, Z (mm)

Independent component 2: positive clusters

904 756 -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, 467 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 parietdD
lobule PFop, PFcm; primary auditory cortex TE1.0 L
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
32 275 - 26,- 42,80 Left primary somatosensory cortex, superior parietal lobule 5L, 7PC, 7A, primary mbt&, 3b,
cortex 4p, 4a
27 3.19 10- 14,- 4 Right thalamic medial dorsal nucleus
23 299 -10,- 14,0 Left thalamus
Independent component 3: negative clusters
897 - 4.43 30, 34, 32 Right middle frontal gyrus
598 - 345 46,- 78,- 12 Right visual cortex V4, V3V, 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 -281 - 38, 38,- 28 Left middle frontal gyrus
188 -353 -66,-18,-8 Left middle temporal gyrus 21
174 -3 - 62,- 6,20 Left primary somatosensory cortex, secondary somatosensory cortex/parietal oper&hbiufn 6,
OP4, Premotor cortex, inferior parietal lobule Pfop 44, 43
84 - 294 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 -238 -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, 6, 4a, 31

paracentral lobule
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 parietd, 1, 3b,
lobule 5L, 7PC; 40
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Table 3 continued

Voxels Z MAX MNI coordinates  Anatomical location BA
X, ¥, z (mm)

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 1d1, 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 hlP2

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 1g2; primary auditory cortex TE1.1; insdla
1g1; Insula Id1

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

deteriorate with age as demonstrated by physiologicavestibular sensory signal due to ber loss should also affect
testing (head thrust dynamic visual acuity testing, oculathe perceptual threshold (Cousins et 2013 and require
and cervical vestibular evoked myogenic potentials) (Furan increase of GVS amplitude with age. Interestingly, this
man and Redfer200% Welgampola and Colebatc?001;, s in contrast to our behavioral data: volunteers’ age did not
Agrawal et al.2012. However, GVS is presumed to act correlate with self-chosen GVS amplitude. This might be
directly on the vestibular nerve within the spike trigger due to amplitudes being individually very variable (range
zone (Goldberg et all984 Fitzpatrick and Day2004), 1.25-2.75 mA), possibly masking age correlation. Alter-
bypassing the hair cells. The age-related changes in vesatively, the elderly may rely more on multimodal mech-
tibular processing observed in our study are thus unlikelanisms than the young (Mozolic et a2012, possibly

to be related to a loss of hair cells or otoconia, but could becausing a preservation of the threshold level with age
associated with nerve ber deterioration. Letting everydespite a decline of unimodal pathways.

volunteer choose their own amplitude assured a suf ciently

perceptible stimulation in all subjects. If the number of Differences between “vestibular”

nerve bers decreases, the variability of the peripheraland “somatosensory” components

signal increases and could inuence the BOLD-signal

variability, possibly explaining why we found a stimula- Previous studies suggest a common processing of
tion-related increase in BOLD-signal variability in the somatosensory and vestibular sensations in the posterior
thalamus and the posterior insula bilaterally, but not in thensula (Pen eld and Faulk 955 Bottini et al. 1995 2001,
somatosensory areas. An increase in variability of thévicGeoch et al2009 Baier et al.2013 Ferre et al2012),

123



Brain Struct Funct (2016) 221:1443-1463 1461

while others describe a functional vestibular network cenamplitude undetected by GLM analysis. In parallel, we
tered on the posterior insula and posterior parietal operdiscovered an increase in the temporal variability of the
culum (Eickhoff et al.2006 zu Eulenburg et al2012. To  BOLD signal in central areas of this vestibular network,
our knowledge, age-related changes of functional conneawvhich was predominantly linked to periods of stimulation,
tivity have neither been described in the vestibular nor théout without strongly re ecting stimulus-related aspects of
somatosensory system. In the present study, the GVShe BOLD response. An increase in temporal BOLD-signal
induced brain activity displayed no age-dependent changesriability due to propagation of stimulus-induced sensory
in the somatosensory network, but revealed an ageioise is possible, but does not t in with the observed
dependent decrease in functional connectivity for thepreservation of GVS current amplitudes over age and
cerebral processing of vestibular information. The vestib-cannot explain changes in functional connectivity. Con-
ular and the somatosensory systems give rise to partlgidering all these lines of evidence, another more likely
overlapping cerebral networks. Compared to the processingason for our results would be the deterioration of reci-
of the vestibular network, however, somatosensory proprocal cortico-cortical inhibition with age already observed
cessing is mostly unimodal, while the vestibular networkin other studies (Zwergal et aR012 Stefanova et al.
constantly integrates information from multiple sensory2013, which might cause both the decrease in functional
systems, i.e. visual, vestibular, and somatosensory inputonnectivity and the increase in variability observed in the
besides enabling transfer from sensory input to motocurrent study.

reactions. Inhibitory reciprocal interaction between sensory
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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
fMRI results, as nystagmus is indicative of an imbalance in the vestibular system, potentially in
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
mode resting-state network (DMN) in accordance with the Lorentz-force model for MVS, while distinguishing
this from the known signal increase due to
ulation of the default mode network occurred mainly in areas associated with vestibular and ocular
tion, and was in accordance with the Lorentz-force model, i.e., double than the expected signal sc

strength alone. We discuss the implications of our

uence
uencing other

the default

eld strength related imaging effects. Our results showed that mod-
motor func-

alingdueto eld

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.

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

Abbreviations: MVS, magnetic vestibular stimulation; fMRI, functional magnetic
resonance imaging; DMN, default mode resting-state network; BOLD, blood oxygen
level-dependent; SPV, slow phase velocity; ICA, independent component analysis; IC, in-
dependent component; CSF, cerebrospinal uid; AAL, automated anatomical labeling;
RO, region of interest.

Corresponding author at: German Center for Vertigo and Balance Disorders (DSGZ-
IFB-MY), Ludwig-Maximilians-University Munich, Germany Klinikum Grosshadern der
Universitaet Muenchen, Feodor-Lynen-Strasse 19, 81377 Munich, Germany.

E-mail address: Rainer.Boegle@googlemail.com(R. Boegle).
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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, ethe rotatory motion sensor Zof
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
thatisin 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 ( Goéttlich 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 eunmodulated Zparts 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, (i) the MVS  emodulated Z
parts should scale more strongly (twice as much as the eunmodulated Z
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 strengthsof 1.5Tand 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
thetwo 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 eonZand «offZ 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 o, pfrom 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 By, given that
the Lorentz-force is linear in By (Roberts et al., 2011), where B, denotes
the magnetic eld strength of the MRI. Therefore, peya = 3 T/
1.5 T=2whichweveri 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 By. More precisely, fMRI signal

uctuations should increase with By, if only imaging constants and
noise effects are affected by the magnetic  eld (Triantafyllou et al.,
2005; Duyn, 2012). Therefore, gop¥% 2% 3 T=1:5 T. Itis 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
2%3 T=15T 3 T=15T.

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

Y2 neua BOLDY42

constant neuronal effect, hewrar 1) then  should be equalto Y
oo 2. Inthe case of an additional MVS modulation should be
equalto ¥4 peuya BoLD¥22 2, if the Lorentz-force model is indeed

correct. We will only consider those areas as modulated by MVS that fol-

low 2 2 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 sExamination 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 (  Deraetal.,
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 Zposition, (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 elooking above oneself Zor «chin up Zwith 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 atthe 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 ( 10° # 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 subjectand  eld strength, i.e., a trend
of the SPVs. This trend is therefore «independent Zof a speci ¢ head po-
sition or the maximum angle that is covered between the most extreme
head positions and dependentonthe  eld strength only. The fraction of
these beta-values per subject between eld strengthsof 3.0 Tand 1.5 T
is de ned as the scaling parameter = betagt/beta; 51, i.€., 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 By 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- rstinto 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 acs.. 2005; Duyn, 2012 ), we assume here

that the approximation B2=B} 1/4p 3T=15TY P 2 for the fMRI

signal scaling holds, i.e., in our case we assume that the expected scaling
solely depends onthe eld strengths of the MRIs. The resolution of both
EPI sequences was 3.5 mm x 3.5 mm x 4.5 mm with a matrix of 64 x 64
and 36 slices without any gap, i.e., a volume of 224 mm x
224 mm x 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 ~ edummy scansZ,
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 x 1 x 1 mm voxel, ip angle =
15°, FOV = 256 x 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 x 256, with a res-
olution of 0.8 mm x 0.8 mm x 0.7 mm.
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Preprocessing of MRI data

All preprocessing was done with SPM8 ( www. lion.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 arelatively — smotion free Zpart 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 x 4 x 4 mm * for the functional,
and 1 x 1 x 1 mm * 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 [jttp://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 Itered 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  eglobal-

levelZ 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 MR, 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 sabsorbZ at least
some of these in uences on the amplitudes of the component of interest
(the DMN amplitudes), although any  snuisance removal Zwill 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., 1/‘1jmj, with  denoting the scaling
oM Arlitude Lo

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 HO( 2 2)).
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 Z(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 Z
areas of the DMN. All other parts of the DMN component (i.e., the signif-
icant voxels of the eglobalZgroup IC that was identi ed as the DMN)
that were not covered by these voxels (of the modulated parts) are
the candidate sunmodulated Zareas of the DMN. Here, sunmodulated Z
means not statistically signi cantatp 0.05 FWE-corrected in the anal-
ysis of differences in amplitudes, but signi  cant in the sglobal Zgroup IC
that was identi  ed as the DMN. This means that the eunmodulated Z
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 sunmod-
ulated Zand the *modulated Zareas were present in the data of both MRI
sessions.

Note thata *modulation Zat 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 akind of estandard analysis for nd-
ing amplitude differences Z 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 1/42p 2, 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 Z
and sunmodulated Zvoxels into smaller parts as labeled in the atlas (left
and right sides were combined). This means that the signi  cant voxels
fromthe modulated Zareas are assigned AAL atlas labels and the voxels
of the sunmodulated Zareas (the signi cant voxels of the DMN compo-
nent from the eglobalZgroup ICA without the voxel that are part of the
emodulated Zareas) 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.

ROl analysis step II: analysis and display of scaling values in ROIgVe 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 eaverage subjectZ i.e., the voxel-wise distribution of for the
emedian subject Z as well as, (ii) all scaling datai.e.,  of all voxels and
all subjects, in a given region ( *aggregate data?), 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 saggregateZdata, 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  emedian sub-
jectZaids 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 eaggregateZdata, for the saverageZ subject
in each region. Finally, the distribution of subjects for the  emedian
voxelZ (or eregion average?), aids in the understanding of the overall
scaling behavior in the caggregate dataZ by revealing the contribution
of the «between subject variability Zin and its central tendency, i.e.,
itis the distribution of scaling values between subjectin a given region
for an ~average voxelZin that region of interest (ROI).

Mapping of -statistics: searchlight based“ROIl 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 ROIls
which used the candidate *modulated Zand sunmodulated Zregions (de-
rived with the commonly used analysis for  estatistically signi cant dif-
ferences?), as well as the AAL atlas. Therefore we chose to employ a
searchlight analysis. This means that a ROl was created for each of the
N voxels in the brain. These N ROls, called searchlights, contain (usually)
27 voxels each, i.e., the nearest neighbors (3 x 3 x 3 voxels) around the
«center voxel Z If a *center voxel Zfalls 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 eaggregateZ scaling data, the voxel-
distribution of the emedian subject Zand the subject-distribution of the
emedian voxel Zas input data for calculating the statistical parameters
that are then assigned to the ecenter voxel Z such that they can be
emapped out Zover the whole brain. Mapping of the  eaggregateZ, »medi-
an subjectZas well as the *median voxel Zscaling 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 -).p

Given that we have a speci ¢ point-value prediction (i.e., Y2 2)
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 trbe null hypothesis HO for the Wilcoxon
signed-rank testto HO(  ¥42 2) 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 HO 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 HO( Y42 2) was not rejected and
those where it was rejected by plottinga  *deviation measure ZD as over-
lays on brain areas. D is de ned as D = log ,(CutOff/| z|) = log »(D*)
where | z| denotes the absolute value of the equivalent z-score obtained
from the Wilcoxon signed-rank test and the  «CutOffZde nes the mini-
mal (or larger) z-score value that amounts to a rejection, i.e., afalsi ca-
tion of our *MVS modulation Zhypothesis. Note that a small value for the
CutOff, rather than a large value will result in a more conservative
estimate, given that larger z-ﬁcores indicate greater deviations from
our null hypothesis HO( %2 2) and rejecting our *MVS modulation Z
hypothesis will thus be seasierZwhen 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 f 1f )tothe domain
(8§ f Of + )for Dthatis symmetric and centered (on the value
*D =0 2 around the «CutOffZ 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. p

We also display the overlap of all regions where HO( %2 2) was
retained (positive D) for all preparations of the scaling data, i.e., the eag-
gregateZ data, the voxel-distribution of the *median subject Zand the
subject-distribution of the  *median voxel Z, to indicate the most conser-
vative infeﬁence on the regions for which we retain the null hypothesis
HO( %2 2),i.e.,*MVS modulation is present Z 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 emap out Zthe 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 deteﬁmined from the interquartile range IQR by
Clwidth = 1 :57 IQR= N, with N being the number of samples in
the distribution. We plot overlays for the  saggregateZ scaling data, the
voxel-distribution of the scaling data of the  +median subject Zand the
subject-distribution of the scaling data for the  emedian voxel Zin 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 wasweak ( 0.1 Tat1.5T MR



414 R. Boegle et al. / Neurolmage 127 (2016) 409421

tomograph site or near the earth's magnetic  eld, i.e., 1054 T,at30T
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 asin  «driving around a curve Zor 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 Zposition (i.e., P2, P3 & P4; Fig. 1A). The SPVs were reduced
or zero for the chin down Zposition 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 Zposition (P1) to «chin up Zposition (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 By, as suggested by the Lorentz-model ( Roberts
etal, 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

A Slow phase velocities (SPVs)

four head orientaions in 1.5 tesla and 3.0 tesla

amplitudes of the DMN between
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 ROl analysis step |: Determination
of candidate Breas of emodulation Z. We hypothesized a speci ¢ scaling
value ( Y42 2)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 ROl analysis step I: Determination of
candidate areas of modulation Z and «Estimation and selection of
resting-state networks with group ICA ¢). The ROI analysis results of the
scaling  of the DMN amplitudes for the sunmodulated Z parts are
given in green and the *modulated Zparts in blue ( Fig. 2B). The three dif-
ferent boxplots for each part show different aspects of the scalingbe  hav-
ior ofthe fMRI data (voxel distribution of ~ eaverage subjectZ saggregate
dataZand subject distribution of eaverage voxelZin every given region)
as explained in the Methods section (the section 'ROI analysis step II:

nalysis and display of scaling values in ROIs'). The scaling factor of %

2, 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 ablack dotted line
overlaying all boxplots. The scaling factor of Y42 2, 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 sunmodulated Z parts of the DMng Fig. 2B indi-
cated in green) show a scaling behavior around the value 2 (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 emodulated Zparts ( Fig. 2B indicated in blue) we can show
that the ROIs eanterior cingulum Zﬁmd «cerebellar vermis Zshow a scal-
ing behavior around the value 2 ° 2. 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 By, i.e.,
resulting in a factor of 2 for 3.0 T relative to 1.5 T, while the fMRI signal
scaling dug to  eld strength contributes sub-linearly with an expected
factor of = 2. Furthermore, the areas eposterior cingLiI)um Zand the
eprecuneusZ show a scaling behavior near the value = 2 suggesting

eld strength (p 0.05 FWE-
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Fig. 1. A: Distribution of the median horizontal slow phase velocities (SPVs) of all subjects in both

indicated by P1 to P4 as a schematic drawing of the head and inner ear vestibular end-organ, including t

the orientation of the magnetic
head coll, i.e., only slightly lifted, (P3) the head lying
horizontal SPVs between the two

head positions per subject and MRI.

eld By (blue arrow). The positions ranged from (P1) subjects' bringing their jaw close their chest, i.e.,
at on the bed of the MRI and (P4) the head overstretched backwards, i.e.,
eld strengths for all subjects (3.0 T relative to 1.5 T). The SPV trend was determined as the slope for

MR tomographs (1.5 T and 3.0 T) and all four head positions (P1 to P4). Head positions are
he marking of Reid's plane (red line) that was used for recording the head angle and
«chin down Zposition, (P2) the head placed in the
echinupZ B: The scaling  of the trends of the median
the median SPVs over the head angle in all four
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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 an\é 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 ascalingvalu enear %2 2(see
text and scaling analysis in B). B: ROI analysis results for the scaling  of the DMN amplitudes for the sunmodulated Zparts (green) and the *modulated Zparts (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 ~ eaverage subjectZ, (middle) saggregate dataZand (bot-
tom) subject distribution of eaverage voxelZin every given region. The black dotted line overlaying all boxplots indicates the predicted scalingfa ~ ctorof % 2, 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 Y42 2, expected for the case of signal modulation due to MVSin  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 smodulated Zor sunmodulated Zparts of the DMN denote their spatial location as taken from the labels of the AAL atlas. The rstcolumnin 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  cantvoxels) of
the sunmodulated Zor *modulated Zparts of the DMN, respectively.
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Fig. 3. Spatial distribution of the deviation measure D indicating regions where the null hypothesis HO( %Zp 2) for the scaling values was retained ( D NO) and those where HO was
rejected ( D b 0) as colored overlays on a standard brain. The statistics for the voxel distribution of the ~median subject Zat 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 ( smedian searchlight 2) 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 Zareas (sinferior temporal gyrus 7,
elingual gyrus Z scuneusZ, *cerebelumZ, calcarineZ, *hippocampus Z,
emiddle temporal gyrus 7, ethalamusZ, +caudateZ emiddle occipital
gyrusZand -[Sniddle cingulum 2) showed a scaling that was signi  cantly
higherthan = 2, i.e., higher than expected for fMRI signal increase due to

eld strength without a MVS in  uence being present, but still lower
than2  2which 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.

Fig. 4. The conservative estimate of the presence of the MVS modulation, including inlays showing the distributio

retaining ( D NO) the null hypothesis HO(

Y2 2) *MVS modulation is present Zis shown as an additive color-mixing overlay, showing the results from the

Searchlight analysis results

The spatial distribution of the dev'@tion measures D that indicates
where the null hypothesis HO(  ¥42  2), *MVS modulation is present Z,
was retained ( D NO) and where HO 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 SLight2) are
depicted at the top, middle and bottom, respectively. p

The overlap of all statistics where the null hypothesis HO( Va2 2),
*MVS modulation is present Z, 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 HO( Ya

n of scaling values  for speci c locations. The overlap of all statistics

«median subject Zin green,

the aggregate data in blue and the +median searchlight Zin 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 donotreject HO (i.e., D NO). Inlays show boxplots of the scaling values  for four speci ¢

ROIs (upper and lower part of ecerebellar vermis Z santerior cingulum Zand scalcarine sulcus2) that were the main regions of the conservative estimate for the presence of the MVS effect.
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p ) e o 5 ) . ) . ) . .
2 2). These regions are the «cerebellar vermis Z the «anterior cingulum Z median-value, is depicted in Fig. 5on the left and right, respectively, as

and the ecalcarine sulcusZ colored overlays on a standard brain. The color bar was designed to
The spatial distribution of median-  values and the associated con - make the dist'wction of median-  values straightforward. The predicted
dence interval width, i.e., the range of uncertainty above and below  the value of ¥ 2,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% ClI), i.e., the range from the
uncertainty IirBit 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 mediﬁn— around the predicted
value of ¥ 2ingreen,i.e., no MVS effectand only eld strengb(h related fMRI sigBaI increases, and values of median- | around the predicted value of %2 2inred, i.e., a MVS effect
was present. The range of color display around the values ~ %2 2 (red)and Y% 2 (green)isin both cases ¥4 ! 4 2.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 colta
indicate the lower limit that a median- or Cl-width value at a certain voxel c&m have and still be plotted as the respective color. This meansth  at a voxel with a median-  value 2
will be plotted as light gre(?.p as long as it is not equal or larger than 5 4 2 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 are shown in white and considered outliers.
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signal increaseﬁ) is shown in green. A median-  around the predicted
value of %2 2, ie., *MVS effect was presentZ is shown in rﬁd.
Median-  scaling values that were signi cantly higher than 2,
i.e., higher than expected for fMRI signal increase due to  eld strength
alone without a MVS in  uence being present, but still lower than2 2,
which would ideally be expected when a MVS effect was present,
are shown in yellow and orang$ This means the rgnge of the color dis-
play around thq)values %2 2 (red)and Ya 2 (green)is in both
cases v» !, 2.

Itis interesting to Hote that the average scaling value over the whole
brainwas near % 2 (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 Bignals between eld strengths.
Local deviations from the yalue Y. 2 were mostly in accordance
with the prediction Y2 2, derived from the Lorentz-force model
(Roberts et al., 2011) and imaging physics ( Triantafyllou et al., 2005;
Duyn, 2012), e.g., *red regionsZ in slices at z = S 36 mm to
z= S18mmorz=+24mmin 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 strengttb These are therefore expected to have
scaling values lower than % 2, because signal reduction intensi  ed
at 3.0 T relative to the case at 1.5 T (e.g., *blue regions Zin slices at
z= S26mmandz= S 18 mmin 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

Table 1

Coordinates in MNI-space of cluster peaks [x,y,z] as well as center of gravity (CoG) for cluster (x,y,z),
scription of regions that are covered according to SUIT-, Harvard ..Oxford and Juelich Atlas. Statistic values are the estimated median
peak coordinate. Clusters 1 to 5 are part of the areas that are interpreted as MVS modulated, as all statistics (m
22" 2 (see Fig. 4). Clusters 6 to 15 are areas where the prediction is matched in at least one statistic and are not in

prediction for

the modulatory in
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; Duyp, 2012 ), which resulted in a speci ¢ point-value prediction,
i.e., %2 2. 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 MV'S 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 rBade on the basis of the
Lorentz model ( Roberts et al., 2011) ( Y2 2) 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 Zby MVS, but only those erelated to Zthe DMN. In
other words, only those (MVS modulated) areas that have a  «functional
connection Z(i.e., not effective connection) with the DMN can be detect-
ed, i.e., the relationship is correlative in nature (ICAidenti  es structured
components in the data). Conversely, the direct effect of MVS on all
areas that it «drivesZ cannot be estimated with fMRI, as possible for
other stimulations, e.g., visual stimulation, which can be switched

uence of MVS on the DMN due to changes in mag-

both in mm, as well as cluster sizes, statistic values for amplitude scaling and de-
and the con dence interval for the median at the
edian subject, aggregate data and median searchlight) overlap with the
terpreted as MVS modulated.

MNI-xyz in mm Cluster =Med £ CI

[Peak] & (CoG) No size +median subject Z «aggregate dataZ smedian SearchLightZ Regions (SUIT; Harvard..Oxford; Juelich Atlas)
[$2,562S 36] 1. 64 264+ 5027 258+ $0.26 242+ $0.86 Vermis VIlIb, Villa

(52,562,532

[$ 2,558,512 2. 190 2.63+ $0.39 2.75+ $0.34 3.02+ $0.69 Cerebellum Left V, Left|..lV
(52,558,512

[2, 46, 24] 3. 23 257+ $0.25 2.68+ $0.23 2.96 + $0.73 Paracingulate gyrus, cingulate gyrus,

(S 2,42,24) anterior division

[S 2,18, 24] 4. 80 2.80+ $0.34 2.66+ S0.32 299+ S 1.56 Cingulate gyrus, anterior division

(§ 2,18, 20) (partly into corpus callosum)

[S 10, S 74,12] 5. 74 2.81+ $0.20 2.69+ $0.21 2.76 + S 0.47 Intracalcarine cortex L, visual cortex V1 BA17 L
(S 10, S 74, 16)

[2, S 10, 36] 6. 27 229+ $017 254+ $0.25 2.72+ $0.98 Cingulate gyrus, anterior division, posterior division
(52,56,36)

[$2,558,S 48] 7. 31 254+ $0.26 241+ $024 2.69+ S 0.65 Cerebellum left IX, vermis X, VIIIb
(5$2,558,5 48)

[S 26,5 46, S 24] 8. 24 216+ $017 219+ $0.28 2.67+ $0.97 Cerebellum left VI, V

(522,550,532

[10, § 54, S 52] 9. 10 236+ 5017 253+ $0.23 2.64+ S 0.66 Cerebellum right IX, VIiIb

(10, $ 54,5 52)

[18, S 70, S 36] 10. 11 2.09+ $0.25 195+ $0.25 272+ $0.84 Cerebellum right crus 11, crus |

(18, $ 62,S 36)

[10, § 54, S 24] 11. 28 242+ $0.22 231+ $0.26 2.89+ $0.70 Cerebellum right V, | ..lV

(10, S 54, S 28)

[S 18, S 30,-36] 12. 4 210+ $0.37 1.99+ $0.33 2.69+ S 1.03 Cerebellum/brainstem

(5 22,5 34,S 36)

[S 38,6,S 32] 13. 7 2.26+ $0.27 194+ $0.27 259+ $0.95 Temporal pole, inferior temporal gyrus,
(S 42,10, S 32) anterior division

[58, S 6,S 36] 14. 32 275+ $0.24 2.64+ $0.32 2.88+ $0.53 Inferior temporal gyrus, anterior division
(54, 56,5 32)

[54, S 66, 8] 15. 26 2.28+ $0.23 214+ $0.22 2.80+ $0.77 Lateral occipital cortex, visual cortex V5 R

(50, $ 66, 8)

Middle temporal gyrus, temporooccipital part
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between sonZand offZstates 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 obthe DMN were not modulated by MVS as hypothe-
sized (i.e., %2 2)with most of them modulated as expected for a
constant neuronal effect under BOLD-signal scaling as desca'bed in the
literature ( Triantafyllou et al., 2005; Duyn, 2012 ), i.e., Y 2.

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 betwee,

eld strengths as determined from the eye movements ( Va2 2)
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 scalilag values that are other than predicted for the con-
stant fpse (i.e., ¥ 2;, noMVS modulation) or the MVS case (i.e.,

Ya2 2).

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 ~ Zbut 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 ( Gdttlich 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 ( Géttlich
etal., 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
underthein  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 MVSin 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 thatnosigni  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 Tto 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
svestibular variability Zbetween 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 usingitsin uence to shift the operation point of networks and exam-
ining the changes of these eshifted Znetworks 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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SHSURGXFWLRQ RI WKLV PDWHULDO LV FRQILQHG WR WKH
SHUPLVVLRQ LV KHUHE\ JLYHQ

$OWHULQJ ORGLI\LQJ ODWHULDO 1RW 3HUPLWWHG +RZHY
DOWHUHG DGDSWHG PLQLPDOO\ WR VHUYH \RXU ZRUN $Q\ R
DQG RU DQ\ RWKHU DOWHUDWLRQV VKDOO EH PDGH RQO\ ZL
I WG 30HDVH FRQWDFW (OVHYLHU DW SHUPLVVLRQV#HOVHY

.| WKH SHUPLVVLRQ IHH IRU WKH UHTXHVWHG XVH RI RXU
SOHDVH EH DGYLVHG WKDW \RXU IXWXUH UHTXHVWV IRU (OV

5HVHUYDWLRQ RI 5LJKWV 3XEOLVKHU UHVHUYHV DOO ULJ
FRPELQDWLRQ RI L WKH OLFHQVH GHWDLOV SURYLGHG E\ \
OLFHQVLQJ WUDQVDFWLRQ LL WKHVH WHUPV DQG FRQGLW
WHUPV DQG FRQGLWLRQV

ILFHQVH &RQWLQJHQW 8SRQ 3D\PHQW :KLOH \RX PD\ H[HU
LPPHGLDWHO\ XSRQ LVVXDQFH RI WKH OLFHQVH DW WKH HQ!
WUDQVDFWLRQ SURYLGHG WKDW \RX KDYH GLVFORVHG FRP!
XVH QR OLFHQVH LV ILQDOO\ HIIHFWLYH XQOHVV DQG XQWL
E\ SXEOLVKHU RU E\ &&& DV SURYLGHG LQ &&& V %LOOLQJ [
IXO0O SD\PHQW LV QRW UHFHLYHG RQ D WLPHO\ EDVLV WKHC
GHHPHG DXWRPDWLFDOO\ UHYRNHG DQG VKDOO EH YRLG DV
WKDW \RX EUHDFK DQ\ RI WKHVH WHUPV DQG FRQGLWLRQV F
WHUPV DQG FRQGLWLRQV WKH OLFHQVH LV DXWRPDWLFDOC
JUDQWHG 8VH RI PDWHULDOV DV GHVFULEHG LQ D UHYRNH!
PDWHULDOV EH\RQG WKH VFRSH RI DQ XQUHYRNHG OLFHQVH
DQG SXEOLVKHU UHVHUYHV WKH ULJKW WR WDNH DQ\ DQG D
PDWHULDOV

‘DUUDQWLHYV 3XEOLVKHU PDNHV QR UHSUHVHQWDWLRQV F
PDWHULDO

,QGHPQLW\ <RX KHUHE\ LQGHPQLI\ DQG DJUHH WR KROG
WKHLU UHVSHFWLYH RIILFHUV GLUHFWRUV HPSOR\HHV DQG
FODLPV DULVLQJ RXW RI \RXU XVH RI WKH OLFHQVHG PDWHU
SXUVXDQW WR WKLV OLFHQVH

1R 7UDQVIHU RI /LFHQVH 7KLV OLFHQVH LV SHUVRQDO W}
DVVLIJQHG RU WUDQVIHUUHG E\ \RX WR DQ\ RWKHU SHUVRQ

KWWSV VvV FRS\ULJKW FRP &XVWRPHE$B86LQ 3/)IM\DHUIHHGBE F
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1R $PHQGPHQW ([FHSW LQ :ULWLQJ 7KLV OLFHQVH PD\ QF
VLIQHG E\ ERWK SDUWLHV RU LQ WKH FDVH RI SXEOLVKHU

2EMHFWLRQ WR &RQWUDU\ 7THUPV 3XEOLVKHU KHUHE\ RE|
SXUFKDVH RUGHU DFNQRZOHGJPHQW FKHFN HQGRUVHPHQW
ZKLFK WHUPV DUH LQFRQVLVWHQW ZLWK WKHVH WHUPV DQG
WHUPV DQG FRQGLWLRQV 7KHVH WHUPV DQG FRQGLWLRQV
WHUPV DQG FRQGLWLRQV ZKLFK DUH LQFRUSRUDWHG KHUH
EHWZHHQ \RX DQG SXEOLVKHU DQG &&& FRQFHUQLQJ WKLYV
DQ\ FRQIOLFW EHWZHHQ \RXU REOLJDWLRQV HVWDEOLVKHG
HVWDEOLVKHG E\ &&& V %LOOLQJ DQG 3D\PHQW WHUPV DQG
VKDOO FRQWURO

5SHYRFDWLRQ (OVHYLHU RU &RS\ULJKW &OHDUDQFH &HQW
LQ WKLV /LFHQVH DW WKHLU VROH GLVFUHWLRQ IRU DQ\ UH
WR \RX 1RWLFH RI VXFK GHQLDO ZLOO EH PDGH XVLQJ WKH
)DLOXUH WR UHFHLYH VXFK QRWLFH ZLOO QRW DOWHU RU L(
RU &RS\ULJKW &0OHDUDQFH &HQWHU EH UHVSRQVLEOH RU OL
LQFXUUHG E\ \RX DV D UHVXOW RI D GHQLDO RI \RXU SHUPL\
DPRXQW V SDLG E\ \RX WR (OVHYLHU DQG RU &RS\ULJKW &O
SHUPLVVLRQV

/,0,7(" /,&(16(

7KH IROORZLQJ WHUPV DQG FRQGLWLRQV DSSO\ RQO\ WR VS

7UDQVODMLOROHUPLVVLRQ LV JUDQWB GOIRMKERY RFEOXVLY
XQOHVV \RXU OLFHQVH ZDV JUDQWHG IRU WUDQVODWLRQ UL
PD\ RQO\ WUDQVODWH WKLV FRQWHQW LQWR WKH ODQJXDJH
PXVW SHUIRUP DOO WUDQVODWLRQV DQG UHSURGXFH WKH F
LQWHJULW\ RI WKH DUWLFOH

3RVWLQJ OLFHQVHG FRQWKHIQWR ROREZDQ JHENURW DQG FRQG
IROORZV /LFHQVLQJ PDWHULDO IURP DQ (OVHYLHU MRXUQD!
PDLQWDLQ WKH FRS\ULJKW LQIRUPDWLRQ OLQH RQ WKH ERW
LQFOXGHG WR WKH +RPHSDJH Rl WKH MRXUQDO IURP ZKLFK
KWWS ZZZ VELHQFHGLUHFW RRPWKH HQWYH YM R X UKQRCPOH S[D[IH | F
KWWS 7Z7ZZ HOSHQMHIDPREWRUDJH 7KLV OLFHQVH GRHV QRV
VFDQQHG YHUVLRQ RI WKH PDWHULDO WR EH VWRUHG LQ D |
+HURQ :DQ(GX
JLFHQVLQJ PDWHULDO IURP DQ (OVHYLHU ERRN $ K\SHU WH]
KRPHSDKWWSY Z7Z HOVWOQ FRGEWP QW SRVWHG WR WKH ZHE )\
FRS\ULJKW LQIRUPDWLRQ OLQH RQ WKH ERWWRP Rl HDFK LP

3RVWLQJ OLFHQVHG FRQWH Q@ R®G(OMIFRURGLW KIHHDIERYH W k
FODXVHV DUH DSSOLFDEOH 7KH ZHE VLWH PXVW EH SDVVZR
ERQD ILGH VWXGHQWY UHJLVWHUHG RQ D UHOHYDQW FRXUYV
<RX PD\ REWDLQ D QHZ OLFHQVH IRU IXWXUH ZHEVLWH SRVW
YRU MRXUQD ® K WKRORZLQJ FODXVHYVY DUH DSSOLFDEOH L
3UHSULQWYV
$ SUHSULQW LV DQ DXWKRU V RZQ ZULWH XS RI UHVHDUFK U
UHYLHZHG QRU KDV LW KDG DQ\ RWKHU YDOXH DGGHG WR L
FRS\ULJKW WHFKQLFDO HQKDQFHPHQW HWF
$XWKRUV FDQ VKDUH WKHLU SUHSULQWY DQ\ZKHUH DW DQ\ !
HQKDQFHG LQ DQ\ ZD\ LQ RUGHU WR DSSHDU PRUH OLNH RU
DUWLFOHY KRZHYHU DXWKRUV FDQ XSGDWH WKHLU SUHSULC
$XWKRU ODQXVFULSW VHH EHORZ
.| DFFHSWHG IRU SXEOLFDWLRQ ZH HQFRXUDJH DXWKRUV W
SXEOLFDWLRQ YLD LWV '2, OLOOLRQV RI UHVHDUFKHUV KDY
6FLHQFH'LUHFW DQG VR OLQNV ZLOO KHOS XVHUV WR ILQG
YHUVLRQ 30OHDVH QRWH WKDW &HOO 3UHVV 7KH /DQFHW DC
SUHSULQW SROLFLHV ,QIRUPDWLRQ RQ WKHVH SROLFLHV L\
$FFHSWHG $XWKRUSEDDRNHESWSNEVDXWKRU PDQXVFULSW LV W
DUWLFOH WKDW KDV EHHQ DFFHSWHG IRU SXEOLFDWLRQ DQ

KWWSV VvV FRS\ULJKW FRP &XVWRPHE$B86LQ 3/)IM\DHUIHHGBE F
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LOQFRUSRUDWHG FKDQJHV VXJIJHVWHG GXULQJ VXEPLVVLRQ
FRPPXQLFDWLRQV
$XWKRUV FDQ VKDUH WKHLU DFFHSWHG DXWKRU PDQXVFULS

LPPHGLDWHO\
o YLD WKHLU QRQ FRPPHUFLDO SHUVRQ KRPHSDJH RL
o E\ XSGDWLQJ D SUHSULQW LQ DU;LY RU 5H3(F ZLWK
o YLD WKHLU UHVHDUFK LQVWLWXWH RU LQVWLWXWL
XVHV RU DV SDUW RI DQ LQYLWDWLRQ RQO\ UHVH
o GLUHFWO\ E\ SURYLGLQJ FRSLHV WR WKHLU VWXGH
WKHLU SHUVRQDO XVH
o IRU SULYDWH VFKRODUO\ VKDULQJ DV SDUW RI DQ |
FRPPHUFLDO VLWHV ZLWK ZKLFK (OVHYLHU KDV D
DIWHU WKH HPEDUJR SHULRG
o YLD QRQ FRPPHUFLDO KRVWLQJ SODWIRUPV VXFK D
o YLD FRPPHUFLDO VLWHV ZLWK ZKLFK (OVHYLHU KDYV

,Q DOO FDVHV DFFHSWHG PDQXVFULSWV VKRXOG

OLQN WR WKH IRUPDO SXEOLFDWLRQ YLD LWV '2,

EHDU D && %< 1& 1' OLFHQVH WKLV LV HDV\ WR GR

LI DJJUHJDWHG ZLWK RWKHU PDQXVFULSWV IRU H[DPSO
VKDUHG LQ DOLJQPHQW ZLWK RXU KRVWLQJ SROLF\ QRW
DSSHDU PRUH OLNH RU WR VXEVWLWXWH IRU WKH SXEO

3XEOLVKHG MRXUQI3OSRHEQ/ILVIOHG MRXUQDO DUWLFOH 3-$ L\
UHFRUG RI SXEOLVKHG UHVHDUFK WKDW DSSHDUV RU ZLOO |
YDOXH DGGLQJ SXEOLVKLQJ DFWLYLWLHV LOQFOXGLQJ SHHU
IRUPDWWLQJ LI UHOHYDQW SDJLQDWLRQ DQG RQOLQH HQL
3ROLFLHV IRU VKDULQJ SXEOLVKLQJ MRXUQDO DUWLFOHV GI
DUWLFOHYV
6XEVFULSWLR,Q \RXWVDBAHWQ DXWKRU SOHDVH VKDUH D OLQN
IXOO WH[W OLOOLRQV RI UHVHDUFKHUV KDYH DFFHVV WR W/
DQG VR OLQNV ZLOO KHOS \RXU XVHUV WR ILQG DFFHVV FL
7KHVHV DQG GLVVHUWDWLRQV ZKLFK FRQWDLQ HPEHGGHG 3
EH SRVWHG SXEOLFO\ E\ WKH DZDUGLQJ LQVWLWXWLRQ ZLW
SXEOLFDWLRQV RQ 6FLHQFH'LUHFW
I \RX DUH DIILOLDWHG ZLWK D OLEUDU\ WKDW VXEVFULEHYV
SULYDWH VKDULQJ ULJKWV IRU RWKHUV UHVHDUFK DFFHVV}
IRU FODVVURRP WHDFKLQJ DQG LQWHUQDO WUDLQLQJ DW W
DQG FRXUVHZDUH SURJUDPV DQG LQFOXVLRQ RI WKH DUWL
*ROG 2SHQ $FFH\WWD\$EMW VK@M G DFFRUGLQJ WR WKH DXWKRI
OLFHQVH DQG VEERYGODRMMIBRLERIE XVHU OLFHQVH DQG D '2
IRUPDO SXEOLFDWLRQ RQ BFLHQFH'LUHFW
30HDVH UHIHWBRARWVIOVHSERBYGWKHU LQIRUPDWLRQ

JRU ERRN BVKWKIROWRZLQJ FODXVHY DUH DSSOLFDEOH LQ
$XWKRUV DUH SHUPLWWHG WR SODFH D EULHI VXPPDU\ RI W
DOORZHG WR GRZQORDG DQG SRVW WKH SXEOLVKHG HOHFW
VFDQ WKH SULQWHG HGLWLRQ3RRWUGDWR DEXW 8 R ¥ MMIRIBIL F
SHUPLWWHG WR SRVW D VXPPDU\ Rl WKHLU FKDSWHU RQO\ L

7KHVLV 'LVVHUWBWIORGHQVH LV IRU XVH LQ D WKHVLV GL\
VXEPLWWHG WR \RXU LQVWLWXWLRQ LQ HLWKHU SULQW RU |
SXEOLVKHG FRPPHUFLDOO\ SOHDVH UHDSSO\ IRU SHUPLVVL
SHUPLVVLRQ IRU WKH /LEUDU\ DQG $UFKLYHV RI &DQDGD WR
WKH FRPSOHWH WKHVLY DQG LQFOXGH SHUPLVVLRQ IRU 3UR
GHPDQG RI WKH FRPSOHWH WKHVLV B6KRXOG \RXU WKHVLYV
UHDSSO\ IRU SHUPLVVLRQ 7KHVHV DQG GLVVHUWDWLRQV Zk

KWWSV VvV FRS\ULJKW FRP &XVWRPHE$B86LQ 3/)IM\DHUIHHGBE F
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WKH IRUPDO VXEPLVVLRQ FDQ EH SRVWHG SXEOLFO\ E\ WKH
EDFN WR WKH IRUPDO SXEOLFDWLRQV RQ 6FLHQFH'LUHFW

(OVHYLHU 2SHQ $FFHVV 7HUPV DQG &RQGLWLRQV
<RX FDQ SXEOLVK RSHQ DFFHVV ZLWK (OVHYLHU LQ KXQGUH
HVWDEOLVKHG VXEVFULSWLRQ MRXUQDOV WKDW VXSSRU
SDUW\ UH XVH Rl WKHVH RSHQ DFFHVV DUWLFOHV LV GHILQF
&RPPRQV XVHU OLEHOQY D FEHMN\RRIRAHPRBHS RQIRFUPDWLRQ
7HUPV &RQGLWLRQV DSSOLFDEOH WR DOO 2SHQ $FFHVV DU
$Q\ UHXVH RI WKH DUWLFOH PXVW QRW UHSUHVHQW WKH DX
DUWLFOH QRU VKRXOG WKH DUWLFOH EH PRGLILHG LQ VXFK
UHSXWDWLRQ ,I DQ\ FKDQJHV KDYH EHHQ PDGH VXFK FKDQ
7KH DXWKRU V PXVW EH DSSURSULDWHO\ FUHGLWHG DQG Z|I
OLFHQVH DQG D '2, OLQN WR WKH IRUPDO SXEOLFDWLRQ RQ
.| DQ\ SDUW Rl WKH PDWHULDO WR EH XVHG IRU H[DPSOH Il
ZLWK FUHGLW RU DENQRZOHGJHPHQW WR DQRWKHU VRXUFH
HQVXUH WKHLU UHXVH FRPSOLHV ZLWK WKH WHUPV DQG FRC
$GGLWLRQDO 7HUPV &RQGLWLRQV DSSOLFDEOH WR HDFK &
&& %<IKH && %< OLFHQVH DOORZV XVHUV WR FRS\ WR FUHD)
ZRUNV IURP WKH $UWLFOH WR DOWHU DQG UHYLVH WKH $U\
$UWLFOH LQFOXGLQJ UHXVH DQG RU UHVDOH RI WKH $UWLF
XVHU JLYHV DSSURSULDWH FUHGLW ZLWK D OLQN WR WKH |
'2, SURYLGHV D OLQN WR WKH OLFHQVH LQGLEDWHYV LI FKI
UHSUHVHQWHG DV HQGRUVLQJ WKH XVH PDGH RI WKH ZRUN
DYDLOBRGMHSDWUHDWLYHFRPPRQV RUJ OLFHQVHV E\
&& %< 1& GKH && %< 1& 63 OLFHQVH DOORZV XVHUV WR FRS\
DEVWUDFWY DQG QHZ ZRUNV IURP WKH $UWLFOH WR DOWHL
GRQH IRU FRPPHUFLDO SXUSRVHV DQG WKDW WKH XVHU JLY
IRUPDO SXEOLFDWLRQ WKURXJK WKH UHOHYDQW '2, SURYL
FKDQJHV ZHUH PDGH DQG WKH OLFHQVRU LV QRW UHSUHVHC
ZRUN )XUWKHU DQ\ QHZ ZRUNV PXVW EH PDGH DYDLODEOH
GHWDLOV RI WKH OLEW®ASH FWHI DWDYBPEPMROW RUJ OLFHQV
&8& %< 1& T'KH && %< 1& 1' OLFHQVH DOORZV XVHUV WR FRS\
SURYLGHG WKLV LV QRW GRQH IRU FRPPHUFLDO SXUSRVHV I
WKH $UWLFOH LI LW LV FKDQJHG RU HGLWHG LQ DQ\ zD\ DQ
FUHGLW ZLWK D OLQN WR WKH IRUPDO SXEOLFDWLRQ WKUR
OLFHQVH DQG WKDW WKH OLFHQVRU LV QRW UHSUHVHQWHC
IXO0 GHWDLOV RI WKHKOEH QVFH 1D DW LDHIFIRPIPRMY RWJ OLFH (
$Q\ FRPPHUFLDO UHXVH RI 2SHQ $FFHVV DUWLFOHV SXEOLV!
1& 1' OLFHQVH UHTXLUHV SHUPLVVLRQ IURP (OVHYLHU DQG ;
&RPPHUFLDO UHXVH LQFOXGHV

$VVRFLDWLQJ DGYHUWLVLQJ ZLWK WKH IXO0O WH[W Rl WEk
&KDUJLQJ IHHV IRU GRFXPHQW GHOLYHU\ RU DFFHVV
$UWLFOH DJJUHJDWLRQ

6\VWHPDWLF GLVWULEXWLRQ YLD H PDLO OLVWV RU VKD

SRVWLQJ RU OLQNLQJ E\ FRPPHUFLDO FRPSDQLHV IRU XVH E
2ZWKHU &RQGLWLRQV

Y

AXHVWLRRXVWRPHUFDUH#FRS\ULRKW FRP WROO IUHH LQ WKH 86 RU

KWWSV VvV FRS\ULJKW FRP &XVWRPHE$B86LQ 3/)IM\DHUIHHGBE F
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6KXWWHUVWRFN 7HUPV RI 6HUYLFH /LFHQVH $JUHHPHQWYV

6+877(5672&.
7HUPV RI 6HUYLFH
BKXWWHUVWRFN /LFHQVH $JUHHPHQW V

'"HDU 6KXWWHUVWRFN &XVWRPHU

7KH IROORZLQJ LV D OHJDO DJUHHPHO@WR \EWWZHRYKRX RQWKM\ RQ Z&R VB VER RADKALIV\ R

\RX RU &XVWRPHU DQG L LI \RNWRH D@HELFVYAN\PR FFXWVWER WKH &KW WG & VWD RFHW
'"HODZDUH FRUSRUDWLRQ ZLWK LWV R)LIRMK 3WHSQOKW W H/UW WORRFRWU , QFIZWHRG 8 WDWH V B
D QHZ FXVWRPHU QRW ORFDWHG LG W KoHK 38 Y MM I & Vé RNV HIVWRAH B D Q Q GAH @ DOZ VLRIFW K B
1IHWKHUODQGYV KDYLQJ LWV SULQFLWH ODSILIAH R E XMLEPHANVHD\G R RWK H UL H@N\K\WM D Q B
WR KHUHDIWHU DV 6KXWWHUVWRFHH P H6Q W Q\R M UYLHIUL L\QWWKRD WKIIRWK D JF R XHQDWU \ RRX UJ B V@
DGGUHVV

,PDIJH V PHDQV SKRWRJUDSKV YHAWRDYDGODEZORJINRD Q@& AHKH®UIURP WKH 6 KXWWH

JRRWDJH PHDQV DQ\ PRYLQJ LPDJHW\DRUPDWKRQ WY XIGEOR W LYX® UHS WPHDVHY WDRMAR
DQ\ IRUPDW WKDW DUH DYDLODEWHURWFRHAN ZOENLUWRP WKH 6 KXW

9LVXDO &RQWHQW VKDOO UHIHU RRAMAMFWLYHO\ WR ,PDJHV DQG )R

7KH IROORZLQJ 7THUPV RI 6HUYLFH HAPHQMRENWE WK BRX \DWQRFPHU D QG &KIXWW K WWVYWRY
REOLJDWLRQV ZLWK UHVSHFW WR DYRXILWXDOU&KRQYH QYR &/IKHH RQA6H GRE\FIRIQUW Bl RWD K\IR L
REOLJDWLRQV ZLWK UHVSHFW WR DI®RO W K VKHDIOH & R Q /RIY V. & KFVIDOVHSVLRD IR KRD V EEHVE X
WRGD\ 30HDVH UHYLVLW WKHVH 726 ZK&HRQWHKQIWUFKDVH DQ\ 9LVXDO

81/(66 <28 385&+$6(7$$0 68%6&5.37,2535(0.(5 /. &(16(7+,6 ,6 $ 6,1*/( 6($7 /,&(16( $87+25
21( 1$785%/ 3(5621 72 /,&(16( '2:1/2$' $1' 8@$9,86217(17 ,) <28 385&+$6( $ 7($0 68%6&%,:
5,%+7 72 /,&(16( '2:1/2$%$' $1' 86( 9,68%/ &21&(10,7(' 72 7+( 180% (5 2) 86(56 3(50,77(' %BE$D
68%6&5,37,21 7+( 35(0,(5 /,&(16( $1' 3/$7)25063B2(@®( $1' $'',7,21$/ 5,*+76 72 $1 81/,0,7("
$02817 2) 86(56 620( /,&(16(6 6(7 )257+ +(5(120%( $9$,/$%/( )25 7($0 68%6&5,37,21 3854
\RX UHTXLUH D PXOWL XVHU DFFRXQWUSQHID VHKRRGW DFW. &X\BBRPHU 6 2XWVLGH
(PDLOXVWRPHU 6R(S BRBWWLHU 7HDP

3DUW , 9LVXDO &RQWHQW /LFHQVHYV

D ,PDJH /LFHQVHYV
E )RRWDJH /LFHQVHYV
F 5SHVYWULFWLRQV RQ 8VH Rl 9LVXDO &RQWHQW

3DUW ,, :DUUDQWLHYV DQG 5HSUHVHQWDWLRQV
3DUW ,,, ,QGHPQLILFDWLRQ DQG /LDELOLW\

3DUW ,9 $GGLWLRQDO 7HUPV

3$57 , 9,68%/ &217(17 /,&(16(6

6KXWWHUVWRFN KHUHE\ JUDQWYV \RX D G)R QLHKMVD XWR. XN HQ R R GV U\DIRYGHWIDEO B G XG H 9l
SHUSHWXLW\ DV H[SUHVVO\ SHUPLWWHBG EXBEMHFMWS W@LWBRBOH PLWB@VYRQV VHW IRUYV

D,0$*( /,&(16(6
L $67$1'$5" 0$*( /. & (I8P QWV \RX WKH ULJKW WR XVH ,PDJHV
$V D GLILWDO UHSURGXFWLRQROQOQOEQXGL®YHRWIZHEYLWMHY VRELDD PRELOHL
VRIWZDUH H FDUGV H SXEOLFDWLRQW H\RRNIVQE PQJDQIOQIOWH EWRLDQLQF
VHUYLFHV VXFK DV <RX7XEH 'DLO\PRWWR® BDOX6BHRWHNPLWEBEMROW WHRW IRU
EHORZ
3ULQWHG LQ SK\VLFDO IRUP DV SO® \® RE HOQIRGIX FWH SHVFHNIKHDG D QG BB WIHUW




6KXWWHUVWRFN 7HUPV RI 6HUYLFH /LFHQVH $JUHHPHQWYV

ELOOERDUGY &' DQG '9' FRYHU DDWGRARBEQ RYKHDDQG YEHOM IPHGLD LQFOXELQ
ERRNV SURYLGHG QR ,PDJH LV UHSURVRFHWGL ®RMKHWKIDQ HJDWH
$V SDUW RI DQ 2XW RI +RPH D GRAYHUBMIG/ WKH FIDPBIBQ B GSDXGLHQFH IRU VXI
JURVV LPSUHVVLRQV
,QFRUSRUDWHG LQWR ILOP YL GWR/ HPHQMY LRAL R K H U LPHX\O WDIGPHER R § Q RGN |
PHGLXP QRZ NQRZQ RU KHUHDIWHU GH Y LAHGK RYOF K BJ BUG GWE W X L H QAWM NRL
DQ\ VXFK 3URGXFWLRQ GRHV QRW H[FHHG 86"
JRU \RXU RZQ SHUVRQDO QRQ FRMRHUFG&RDQORD G RO VRW WEHXWLR Q\ RUQDR'
LL $1 (1+$1&(' .0$*( /. &0V QWYV \RX WKH ULJKW WR XVH ,PDJHV

,Q DQ\ PDQQHU SHUPLWWHG X QBHIQVD 6IMDNXERXWG D PD DH PL WD W L FQVRRQW K H
LPSUHVVLRQV RU EXGJHW
,QFRUSRUDWHG LQWR PHUFKDQ®UVWDRW KRURE RWL B QDXOVILW B P ¥R O OLHORIW Z Y. W/
OLPLWDWLRQ WH[WLOHV DUWZRUM WRJIQ HWAWD DR QHNUY W URFDHOMLQDG FD UGV
UHSURGXFWLRQ IRU UHVDOH R UVEEXVWHIUFXWD IQREQ VS UIRYARSHSSR WB WYV ROD WO |
DSDUW IURP WKH ,PDJH V
,Q ZDOO DUW DQG ZLWKRXWHURT XK QE®.L RQDOKH O HRH®WAL R U BHFRLIDOW Y 3
RZQHG E\ \RX RU \RXU FOLHQW DQG QRW IRU VDOH
,QFRUSRUDWHG DV HOHPHQWYV RIRGLGLWDNO LVEXKRI®RODWHY IRU VDO

.l WKH 6WDQGDUG RU (QKDQFHG ,P DMKHOWIEHQW\H VRE RU €@ R WL UHDSAWHD VH KR QW DV L&

2XWVLGH 86 &XRMIWIRPHU 6XSSRUW

E)227$*( /,&(16(6
L_$)227$*( 86( /.&(IOOQWV \RX WKH ULJKW WR XVH )RRWDJH
LQ 3BURGXFWLRQV L H D ILOPDWGLYGHRVLWHOH W LRRUQ RMAKHH \P X O W LFPH G LD V8
WR WKH SXEOLF E\ DQ\ PHDQV QRZ NQRZQ RU KHUHDIWHU GHYLVHG
LQ FRQQHFWLRQ ZLWK D OLYH SHUIRUPDQFH
RQ ZHEVLWHYV
| WKH )RRWDJH 8VH /LFHQVH GRHWBRML UHID G WHDR/H FRIKMNVFVR X XVWRBHU 6HU
2XWVLGH 86 &XRDMRPHU 6XSSRUW
LL $)227$*( &203 /. &JUAQWYV \RX WKH ULJKW WR XVH ZPRRAINPIHUNK ® BORRIZS U MAKRIO
VROHO\ LQ WHVW VDPSOH FRPS RWLDRXJK RFRWDH W DECREBWI/ILF @ P\DHWH G RRQURG\L B ¥
WR WKH SXEOLF RU LQFRUSRUD®GVIXFW R RORQN DU & D & RPPSW)RRMIDIWH FDQQ RMW HIGHP
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QRW OLPLWHG WR GHSLFWLQJ DKORRSW@®R DU DLSK FR Q Q K O WLRLEG BIRW X HD\G XHOAR RHUOW
GDWLQJ VHUYLFHV RU WKH OLNHYBUMW FROHMF VRIUR URLPRKV WKG B IGWR E D BFRRS
VXFK DV WKH SURPRWLRQ DGYHUWLVEBHQW RDQHQGRWWH FRHQ MORIFDVGZE VIRK | DFL\
SROLWLFDO SROLF\ RU YLHZSRLBWL ED WIVQUXIRWUDQIKNYRFDRURR PH@MWID®D LIPLPARRA
FULPLQDO DFWLYLWLHYV
LLL 8VH DQ\ 9LVXDO &RQWHQW LQD BB BEHEHEDEKYLHF FROMRDW R U LQVDL CHROHG O
REVFHQH RU LOOHJDO
LY 8VH 9LVXDO &RQWHQW GHVLJQDWREPHUPLROLDOUSRYV 2QO\ IR
Y 5HVHOO UHGLVWULEXWH SURYL®K\DFFHVD/OWERR QW B QW RIUFWSWDOMHMSHFLILFL
YL 8VH 9LVXDO &RQWHQW LQ D PDQUQ WU VWD SDIUQV U ¥ QN B Y GX-BFRDQU N VR\WU RRW K R K OL@®) !
D FODLP RI GHFHSWLYH DGYHUWLVLQJ RU XQIDLU FRPSHWLWLRQ
YLL 8VH DQ\ 9LVXDO &RQWHQW UWMGHPRWH RWHIQ ISFOHJ WD DV M RJR LRU RW BN US DQ¢
YLLL 8VH VWLOOV GHULYHG IURP HRFRAWWRIDH ZH W K SWK M RL@HOR Q \§ H RVQFD HJ N\K MALLQQIJ
GHULYDWLYH ZRUNV LQFRUSRUDWLQJ )RRWDJH
L[ )DOVHO\ UHSUHVHQW H[SUHVVO\ RDWLRQ\ WK DWDNRQILEXD @ RFKIQAWH QW RZ® R
WKDQ WKH FRS\ULJKW KROGHU V Rl WKDW 9LVXDO &RQWHQW
J\RX UHTXLUH DQ\ Rl WKH IRUHJRWQIXVMWKRHW BBUDVAHFRIXWDH ,QVX®WNLIBH 86
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L 7KH XVH RI 9LVXDO &RQWHQWMUKDDQ EHGDWRRROMQ ER@EH PN DG MDWR OMW FRIGH
DQG WR 6KXWWHUVWRFN LQ VXEVWDQWLDOO\ WKH IROORZLQJ IRUP
1DPH RI $SUWLVW 6KXWWHUVWRFN FRP
LL ,1 DQG ZKHUH FRPPHUFLDOO\ UH D VERRXDEDGW W IQHO KUK KO @G UXH RU DDRURIGXE)
FUHGLW WR 6KXWWHUVWRFN LQ VXEVWDQWLDOO\ WKH IROORZLQJ IRUP
,PDJH V RU )RRWDJH DV DSSOLFDERP 6XXMWKQGWRFNLFRP VH
LLL &UHGLW DWWULEXWLRQV QU @R VD QH R WIKHUGXIVG RR QBMHIFWL R Q ®BIR/Y/L @l WK
FUHGLW LQ FRQQHFWLRQ ZLWK WKH VDPH XVH
LY ,Q DOO FDVHV WKH FUHGLW DF®&G/DWWER &R W LIRAWG VKDRORL @ H RAHY X R HDDVG\D B CGEHH E
XQDLGHG H\H
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6KXWWHUVWRFN ZDUUDQWY DQG UHSUHVHQWYV WKDW

L 6KXWWHUVWRFN V FRQWULEXWRUQ HFHWH D UD Q MWIHKGV & KDQV VGG WWARR W IKHHDUSLKVKAINDVO
LQ 3DUW , DV DSSOLFDEOH

LL 9LVXDO &RQWHQW LQ LWV RULHGODOIXQDODRRREBGDREIR DIQVEK WK ZLID G 2@ RD/D C
DQ\ FRS\ULJKW WUDGHPDUN RU RWKMU LLIQ WH & O B AW XD@\ SMKR.IHGSKEWW EH W\ ULLL
DQ\ 86 ODZ VWDWXWH RUGLQDG®FEHRWPDWRUG DOMLERHO RAWLBSREQRIJUDSKLF RU
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6KXWWHUVWRFN ZLOO GHIHQG LQHWHPREIWD Q& K PGS QR K DKEIDUHP OE IR OW ZR 16 XLAKE L O L
LQGHPQLILFDWLRQ LV VROHO\ OL P DWH\G DAUR \&IXQ IV RIARHPU DV WEKLLULHGF \§/ DAOM\ W @ DSLKPX & ML
EUHDFK RI WKH H[SUHVV ZDUUD QWL HLIVQDZDAJ WH,S W H U H & W DWRLIRIQWK A D GZH. W IG IDQV R F L
UHDVRQDEOH DWWRUQH\V IHHV ,GQGXHSFRIL NRPD /R R/Q I LIVQ B REA & MMLHRUQHER DN PLRUZ U
WKUHDWHQHG FODLP QR ODWHU WKWRHLYBIWH ERX NQRZVRE&DUY DWR Q D E OF /KR @ C
WKUHDWHQHG FODLP 6XFK QRWL DLIFOWRR @ X \F\® D IQFF Q/XGII) NQ®R TWMIRO\RR Q M/ H Q W
WKH QDPH DQG FRQWDFW LQIRUP BI\WMRQ RP IVNKIHQ S HAUKHR @ ODAL® RARSLHV R D@G RRIU
FRQQHFWLRQ ZLWK WKH FODLP 7KBHRWUILFDMVELWR BXKXWWHUNRMRFN DW FRXQVH

ZLWK D KDUG FRS\ WR 6KXWWHUYWRERRU 1WEK $RHRXHHZ <RUN DO SSRKQNG\W
FHUWLILHG PDLO UHWXUQ UHFHUS W RMUDXH WHHGE L B UHLQW R/Y WA IUIGID KADKQUG! KUDIYTEK MUKHH
DVVXPH WKH KDQGOLQJ VHWWOHP HDQWLRW IDHNVH R @ HWRI DIQA\FKOW K PVRIDQGHA QURLFR |
ZLWK 6KXWWHUVWRFN LQ WKH GHIHQ¥B YR V& HVXIFX WOWR PSD QW VAL ISCRE B HQSBIQ\V ¢
DJUHH WKDW 6KXWWHUVWRFN LVDQRGVRALRWEHURARDW YV QQFXO UH IBVE WHR % KRUN RVG! UP
KDYLQJ D UHDVRQDEOH RSSRUWXQLWLWAR DQDO\]H VXFK FODLP V YDOLG

6KXWWHUVWRFN VKDOO QRW EH OLDRONHRLW DRYLEDIPDV HV URRXWW RU VRFDGL BLAEQ W
GXH WR WKH FROQWH[W LQ ZKLFK WKRIX9LVXDO &RQWHQW LV XVHG E\

/[LPLWV RI /LDELOLW\ 6KXWWHU\WMRF R EVOW RDWDICR R D) QREX B LA UEDJWAY MCKIHR XIWP IRW |
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G <RX ZLOO LQGHPQLI\ DQG KR O GHRPKXOVRWHHIW W/RMBNJ HKARVO B HIUFVH WBM. U H F WRXIY/'S ® DDV
KDUPOHVY DJDLQVW DQ\ GDPDJHV RU WIRPEDQLWVRIRD QWKNH QIGV B D DV& R\Q W FSQW \RWDI
SHUPLWWHG E\ WKHVH 726 <RX IXBWKWWBUVWRMRIRQ ®HRQERVWY DQG W [LSH QYKH\
WKDW \RX EUHDFK DQ\ RI WKH WHUPWHRQ W KILW R W OXQW \R /KWW ROFINJ
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D ([FHSW ZKHQ UHTXLUHG E\ ODZ 6K XOMRWRIE MWMPRMNL RIQDVOR [EVHV X B GJHH I X Q G W K G M H Q
6KXWWHUVWRFN GHWHUPLQHV WK®\WRI\R® ® RH I$QWWWRI HGK W RHH U NRMQBD GE  XAKLRXJ
SD\PHQW PHWKRG RULJLQDOO\ XVHG E\,IRRXWBRHVLIGH \RX WISH {RKKBSHDQ 8QERRXMD
ZLWKLQ VHYHQ GD\V RI PDNLQJ SD\RPHQDWER 6% 0W\VBHRYWRHAS WKDKY \RHX KB E
&RQWHQW 6KXWWHUVWRFN 1HWHKHYD\PEGW PDS HZE\O\®R X H X 6 B QK FW L R QWZ LARKFD.
\RXU DFFRXQWX FRRWWDHPAM X WWHUVWRFN FRP

E 1RQ WUDQVIHUDEOH DV XVHG KHASHLRQ IRF D Q @ \WSKLLRA HG FIESMQ DWVK H V HO RD6G \ B X YRHL
VXEOLFHQVH RU RWKHUZLVH WUDQWI RW WK H QLREMW WRVXDD RR/QX\D B ORGWIH @ O H <
WUDQVIHU Rl 9LVXDO &RQWHQW B8R DS RKH (RG BDXYWAQ R IV XFKKHWKRLQ G| [SBW XY VR & U L
LQFRUSRUDWLQJ 9LVXDO &RQWHQWGUWE R 8 FW WRHW® H, WHRXP & HIF® ® H R D ¥ E VW WBI W
DQ\ 9LVXDO &RQWHQW LQ D PDQQHU WK R QGH B HHRXVDRXHWHOW RHOHARKH D ®OV G B |
&RQWHQW IURP VXFK 6RFLDO OHGLWLEL WKXW®BUVRBER RS WMOWFR R/ X FK 6R FOLIUMN B HW
DOO FRPPHUFLDOO\ UHDVRQDEOH VIWRB\GWROIFBWHQW DVK\L 9IGV % D O VEIRHIAV HD@W | \
XQDXWKRUL]JHG GXSOLFDWLRQ RI DWL 19 LYK ¥ DD& R BB\EHOQMMNSIOHDW H LQRVR FN FR P

F ,\RX XVH DQ\ 9LVXDO &RQWHQW DW FE® URWRR Z B U ISXURRWGKG W R IDHE DV HQRW R UNKX\
VXFK FOLHQWY RU FXVWRPHUV WR 6KXWWRQDW8 HANU KSRV XWWHUVWRFEN V UH

G 7KH YDOLGLW\ LQWHUSUHWBIWHR/QE @6 WWHUVFEBHQW) R IRWK RIURW KUHH. © DRADHNG QI
RU EUHDFK DQG UHODWHG P DWW HUQMHKIDD® EHD Z R YR WQKIHG 6BV DIWKHH ® F H FAZR<RKJRIL FZ!
GRFWULQH $Q\ OHJDO DFWLRQ RUYBORBH WG LIQIWHRIQFHUDD @ I RAK E2@ G PRW WE LIRW B
RI RU UHODWHG WR WKHVH 726 RUWLBNMVHPBKLRU SHOQDRWUP® 6@ BMW R H UV ¥ KMKGHO6 BVHD \& H
JHGHUDO FRXUWV ORFDWHG LQ WKRHUBW B WG HDGWE RIXQRVRIQR/IHIHE WR WKH FHRIFOW VL
DQ\ REMHFWLRQ WR WKH SURSULHW)\ RAK F FB@Y.MQILH QB W LRR QAX BR @ ¥ IDQ W HRUQ B QY 18R
RI *RRGV GRHV QRW DSSO\ WR RU RWR D2 UWHH DV KHDRW WHIUN\LIF HZ Bl SURFH W DQGD Q'
GLVSXWHV DULVLQJ IURP RU UHODWEW B GV E \WKOH.\DH. @ 2 6DPBR F\HWHKIH U HGR P B\L O H RLLV I/(
VXEVWDQWLDOO\ VLPLODU IRUP RW R [RW K B R VSDIUMA KR SIIY HG @ R W KULQ K WHURI HQ! |
SURFHVV LQ DQ\ RWKHU PDQQHU SHUPLWWHG E\ ODZ

H ,I\RX DUH HQWHULQJ LQWR WHKH\WS GREHROQDREHRWEHRIHRX LW\ WD XWD\WRWXKD KM B Q\G
DQG DXWKRULW\ WR GR VR ,Q WKH MXHKQ W XWKIRV L VX GRXQIRIW KD W KD EOWHR W R L6AKX \
DQ\ EUHDFKHV RI WKH WHUPV RI WKHVH 726

| 7KH QXPEHU RI 9LVXDO &RQWHQWRGRAQGRW B ¥ FLYIH.G® B E &K W R U R G X B %/R\RKKVSKIUW
726 D GD\ LV GHILQHG DV WKH WRISQEHJIIRXQLQJ BRXWKFHHWLPH \RXU © WK GLVF &HU Y Q
WKLUW\ FRQVHFXWLYH GD\V EHIJLGRWRIIWKD VQB X SROKKBDYH WRKXHJ SURGXFW

J ,IDQ\LQGLYLGXDO WHUP RI VOKHD\CH. G2R W X QRDQQRBUWR CEBOH E\ DQV G RBB B VRHQWH W)
VXFK ILQGLQJ ZLOO EH OLPLWHG @ RROUFGI\DWER W B WQ YD WK®R RW DNQHRAEWXEG K W& 8 LY
RU DQ\ RWKHU SDUW RI WKH 726 WRHMUEKDWHWMKHPVIHL 026 Q/ KXOWM® IRUFH DQG HIIHFW

K,W LV H[SUHVVO\ XQGHUVWRRG D QG&/ HIXQUVM H IGHWS KIDQW R/ K/IRO AZB\ | R Kl HW KB URNKLVIA X/ D KOH EJHH(



6KXWWHUVWRFN 7HUPV RI 6HUYLFH /LFHQVH $JUHHPHQWYV
QR EHQHILWY ULJKWV GXWLHWQRBH REOWRMLRRDY MWWRQWWKLUG SDUWLHYV

L,Q WKH HYHQW WKDW \RX EUHDFKVDRU RIQW RMW KHWU PYURIHPK QW ZLWK WRXW WHKD QW R
ULJKW WR WHUPLQDWH \RXU D F FIRFRHQ W @ IDVGIGRXWL R B UMRK I K XQRWHOIIVZVR B8 R LR W RKXLUA
6KXWWHUVWRFN VKDOO EH XQGHW QRIREOLID WG EQ WRR UG IWRIB HYWQW WKDWLQRXW
RI D EUHDFK

M([FHSW DV H[SUHVVO\ VHW IRUWKJ KB QWNQQ B KXW WMV \DWQRFRDNHV QB & DRI R M/ XA
SHUVRQDOO\ LGHQWLILDEOH LQIRE®D WQRRQKWM KDLW XFDI0. & ROWEN QW | R R WIDFJ IR UVRWDKGHLF
GUHVV RU FRS\ULJKWHG GHVLJQVKRWHRWXVHRGBSMW WH® UG DQ\ 9 RFXDRQER QDN QP
SURSHUW\ UHOHDVHV ZKHUH H[S UBKXNOWN i Q & WRIFWM HZGH R'QLW KIH

N6KXWWHUVWREN V OLDELOLW\ X\Q-5 BXUF®D VRIGL K HG XXQ GH.B H/XK D O & IQ/R I EHL [FLHWH\ G Sk
WKH OLFHQVH LQ HIITHFW DW WKH WKLRPX-D 6 XXDAYRIP N Q REQRR N WVRKUH F O IDLLPG IVGRGWLR/H ZQ WH
WLPHV WKH VXEMHFW 9LVXDO &RGEHQRK LV OLFHQVHG RU XVH

O([FHSW DV VSHFLILFDOO\ SURYLG®M @R M SEQW ,ZLIOMUGKRIW W H U \LW R EGIL W WWR R/ DFOX DRIU
SDUW\ FODLPLQJ WKURXJK \RX RQHFMOLURRXIL\WKRRBXLDXRH RI R KXW /ELOLWR FANR ZX\E
9LVXDO &RQWHQW FRQWDLQHG W KHN HRRU WKRIW R WK H.QZER @W H [F H H G WXBIOROR QHHVE Bl
6KXWWHUVWRFN IURP \RX IRU WKKMBQBOQEPEQWHILVXDO &RQ

P1IHLWKHU 6KXWWHUVWRFN QRU D\@HRI PWQ RIHUFH UVH HEPHSIO\R V K D U H KRYOSSSHOULW UG/L U
OLDEOH WR \RX RU WR DQ\ RWKBHQ\ SHOQWRQ® ®RUSKQUWW WX HRY SHFLIQD DO/ WD F WG Q1
ORVW SURILWY RU DQ\ RWKHU G DIPWDLNHLN JFRXWY \R IRVR OBR KWHIVR | W K W 19 UV XVRF & R/QBVHH
DJUHHPHQW RU RWKHUZLVH XQOHRY KHSUHH QV @Y 8 @QRLY LEKXW W H U V W RANH KIRW ¥ HEILQ
VXFK GDPDJHV FRVWV RU ORVVHYV

Q([FHSW DV H[SUHVVO\ VHW IRUWIKRQWEHQW LV BORWVLENG DV L\D\ ALWDIGR XHN \Z R M U DA
LPSOLHG LQFOXGLQJ EXW QR DIDWLEPDWWGHVRRWRRQ RYOUHGIH P H QLW QRHHAVF KROUQ IV (3B L
SXUSRVH 6RPH 9LVXDO &RQWHQW RKD\WF R @ WXLLOH HIDGHEIHADWYRY) VO F O HHDQWD Q@ ¥ HP RIGW IKLH
LQ D SDUWLFXODU FRQWH[W ,I \RRKQPRM KW PK \PRIGL I&ERQWHQW L RGHAR\FROWSR QN
REWDLQLQJ DQ\ DGGLWLRQDO FOHDUDQFHYV WKHUHE\ UHTXLUH

R6KXWWHUVWRFN GRHV QRW ZDUU QOW 6KKDWW WHEKWWRF X G R\RIQOWHHY P R H VR WROHUW UPHDTVX |
RU WKDW XVH ZLOO EH XQLQWHMH UHWXBWHGE RIL \HN DR UWIR AWK H7 K X D 8 LRV \ WEKH U9 RWUPID@ Rl
VROHO\ ZLWK \RX

S,Q WKH HYHQW WKDW \RX XVH IURKNGRPOHRYW WERHRESMQFIDQ 6 AR XQW RQ\RPWKR U@ DOHD
DIIHFWLQJ 6 KXWWHUVWREN 6KXW\®H UV WRFE SIOZVAMWSUIRRIKEW Q\QWHUQHW FULPH FRP
SDUWQHUVKLS EMVBHHI® Wkt HD X R1 , QY B Q& MDRMLIRRD O %KLWH &ROODU &ULPH &HC

(ITHFWLYH $XJIXVW

KWWS z2z2Z VKXWWHUVWRFN FRP OLFHQVH
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