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Abstract Sensory input from the semicircular canals
(SCC) and otolith organs is centrally combined with sig-
nals from other sensory modalities to continuously update
the internal estimate of self-motion. Constant veloc-
ity vertical on-axis rotation leads to decay of the nystag-
mus response from the horizontal SCC and of perceived
angular velocity (PAV), and when the rotation stops, a
similar oppositely directed post-rotatory response occurs.
Case reports and electrical stimulation studies suggest an
involvement of the temporo-peri-Sylvian vestibular cortex
in generating the PAV. Here, we transiently inhibited the
right superior temporal gyrus (STG) by use of continuous
theta-burst stimulation (cTBS) and predicted an accelerated
decay of PAV compared to controls (n = 5 control session
first, n = 1 cTBS session first). Constant velocity (100°/s)
vertical on-axis rotations were applied over 75 s before (1
block) and after (3 blocks) cTBS over the right STG in six
subjects. Breaks between the rotations (75 s) were initiated
by abrupt stops. By use of a rotating potentiometer, sub-
jects indicated the PAV during and after the chair rotations.
Simultaneously eye positions were recorded using a scleral
search coil. One subject was excluded for per-rotary analy-
sis. Early after cTBS, the post-rotary PAV decay time con-
stant (DTC) was significantly (9.4 £ 5.7 vs. 13.6 £ 5.9 s;
p = 0.049) reduced (no directionality to this effect
observed). Overall, post-rotary PAV showed a trend toward
shortened DTC compared to the control trials (p = 0.086)
in the first 25 min after cTBS, while per-rotary PAV was
not significantly changed. Per-rotary and post-rotary aVOR
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DTC were not significantly changed after cTBS (p > 0.05).
These findings support the hypothesis that the right STG is
involved in mediating self-motion perception and can be
modulated by cTBS.
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Introduction

Self-motion in space is continuously monitored by the
central nervous system and strongly depends on vestibular
input from both the semicircular canals (SCC, for detec-
tion of rotations) and the otolith organs (for detection of
translations and tilt). These sensory estimates are processed
within the brainstem vestibular nuclei and the cerebellum.
Being forwarded to the cerebral cortex, vestibular input is
then combined with other sensory signals (vision, proprio-
ception), contributing to a unified and continuously updated
internal estimate of self-motion (Straube and Brandt 1987,
Kahane et al. 2003; Angelaki et al. 2009). On-axis rotation
along an earth-vertical axis (=yaw) evokes a vestibulo-
perceptual response and a vestibulo-ocular response, the
angular vestibulo-ocular reflex (aVOR), resulting in com-
pensatory SCC-driven horizontal eye movements, which
aim at stabilizing the eyes in space. During prolonged con-
stant velocity rotations, both responses decay approximately
exponentially. When the subject is then abruptly stopped,
the aVOR and the percept of self-rotation immediately re-
emerge, however, now pointing in the opposite direction.
Subsequently, the post-rotary vestibulo-ocular (Benson
1968; Buttner and Waespe 1981; Cohen et al. 1981) and
vestibulo-perceptual (Okada et al. 1999; Sinha et al. 2008)
responses again decay exponentially with a decay time
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constant (DTC) of approximately 15-20 s. However, at the
same time, it has been shown in non-human primates that
the DTC of the head velocity signal in the vestibular nerve
is only 7-10 s (Buttner and Waespe 1981). Thus, the head
velocity signal is stored centrally (Buettner et al. 1978) and
released to ocular motor neurons and to cerebral cortical
areas involved in vestibular perception (Okada et al. 1999).
A so-called velocity storage mechanism carries out this
integration of the head velocity signal (Raphan et al. 1979)
and is regulated by midline cerebellar structures capable of
modifying the vestibulo-ocular DTC (Cohen et al. 1992,
2002). For the percept of self-motion, additional neural
processing beyond the velocity storage mechanism of the
aVOR—probably located within the cerebral cortex—has
been proposed (Sinha et al. 2008).

Clinical findings in epileptic patients (Penfield and
Jasper 1954; Smith 1960; Wieser 1991; Fish et al. 1993;
Munari et al. 1995; Galimberti et al. 1998; Kluge et al.
2000; Erbayat Altay et al. 2005) and observations derived
from cortical lesions (Brandt et al. 1994, 1995; Israel et al.
1995), from caloric and galvanic stimulation (Friberg et al.
1985; Bottini et al. 1994; Bucher et al. 1998; Lobel et al.
1998; Bense et al. 2001; Suzuki et al. 2001; Deutschlander
et al. 2002; Fasold et al. 2002; Eickhoff et al. 2006; Lopez
et al. 2012) and from evoked potentials (de Waele et al.
2001), suggest a widely distributed bilateral multisensory
cortical vestibular system. Based on functional imaging
(Dieterich and Brandt 2008) and electrical stimulation stud-
ies (Penfield and Jasper 1954; Wieser 1991; Kahane et al.
2003), this network seems to be centered bilaterally around
the Sylvian fissure in the posterior insula, the superior tem-
poral gyrus (STG), the inferior parietal lobule, the pre- and
post-central gyrus, the adjacent inferior frontal gyrus and
the anterior cingulate gyrus (Eickhoff et al. 2006). Kahane
et al. (2003) coined the term “temporo-peri-Sylvian ves-
tibular cortex (TPSVC)” to describe this area based on its
functional and anatomical properties. Electrical stimulation
within the TPSVC evoked illusions of rotation, translation
or indefinable feelings of body motion (Penfield and Jas-
per 1954; Kahane et al. 2003) and vertigo accompanied by
nausea was described in a patient with a ganglioma in the
right STG (Paduch et al. 1999). According to PET studies
during caloric irrigation and functional MRI (fMRI) studies
with galvanic and optokinetic stimulation in healthy human
subjects and in patients with vestibular lesions, there is evi-
dence that the vestibular cortical network is activated more
strongly in the non-dominant hemisphere (Dieterich and
Brandt 2008).

Based on these studies, a significant contribution of
the TPSVC including the STG to self-motion perception
is predicted, with the vestibular cortical network being
more active on the right side than on the left side. How-
ever, electrical stimulation is invasive and limited in its

@ Springer

availability and lesion-based case series often report on
diverse patient populations with heterogeneous and non-
focal lesion locations. Furthermore, these patients typi-
cally can only be examined in the subacute or chronic
state. Noteworthy, adaptation in response to such lesions
gradually evolves and makes a distinction between the
effects of lesions and of central compensation in these
patients difficult.

To overcome these limitations and to study the func-
tional implications of circumscribed areas of the brain,
transcranial magnetic stimulation (TMS) has increasingly
been used, as transient inhibition or excitation of targeted
areas of the brain can be achieved non-invasively [for an
extensive review of TMS see (Rossi et al. 2009)], creating
a “virtual lesion” in the first case. We hypothesized that
transiently inhibiting those cortical areas related to gen-
erating the internal estimate of angular velocity by use of
repetitive TMS (rTMS) applying a continuous theta-burst
stimulation (cTBS) protocol may lead to altered vestibulo-
perceptual, but not vestibulo-ocular responses, as the roles
of the cerebral cortex in vestibular perception and control
of the vestibulo-ocular reflex are not identical (Brandt
et al. 1994). In this study, we aimed to temporally inhibit
the right STG to determine the effect of vestibular cortical
c¢TBS on per- and post-rotary (i) self-motion perception
and (ii) aVOR, at a time point when adaptation is evolv-
ing or even before it starts. We expected attenuated self-
motion perception (as reflected in a reduced DTC) when
temporarily inhibiting vestibular cortical areas involved in
head velocity perception. Vestibulo-ocular responses, at
the same time, should be unchanged or modulated inde-
pendently since they are likely mediated by mechanisms
distinct from those involved in generating the percept of
self-motion (Brandt et al. 1994; Merfeld et al. 2005; Palla
et al. 2008; Seemungal et al. 2011; Haburcakova et al.
2012).

Materials and methods
Subjects

Six right-handed healthy human subjects aged between
26 and 65 years (mean £ 1 SD: 43 £ 19 years) were
studied. Handedness was determined by a 13-item ques-
tionnaire (Chapman and Chapman 1987), and all subjects
studied were right-handed according to this question-
naire. Informed written consent of all participants was
obtained after full explanation of the experimental pro-
cedure. The protocol was approved by the Johns Hopkins
Institutional Review Board and was in accordance with
the Declaration of Helsinki for research involving human
subjects.
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Fig. 1 TIllustration of the individually selected cTBS stimulation site
(white circles) based on the surface reconstruction of the MRI scan
provided by the neuronavigation software (Brainsight 2.0.7; The
Rogue Company, Canada). While the panel on the left provides an

Experimental setup

All participants obtained a structural MRI scan (sagittal
MPRAGE-sequence, 3T). All MRI scans were evaluated by
a board-certified neuroradiologist to identify any patholo-
gies which may exclude subjects from participation in
the study. Target selection and TMS coil positioning were
based on neuronavigation (Brainsight 2.0.7; The Rogue
Company, Canada). We used a Magstim Superrapid TMS
device (The Magstim Company Ltd, Whitland, UK) and a
first generation Magstim double coil (70 mm diameter; The
Magstim Company Ltd) for all experiments.

The active motor threshold (AMT) of the left first digi-
tal interosseous muscle (FDI) using biphasic single-pulse
TMS over the contralateral motor cortex was determined
in each subject according to internationally accepted crite-
ria (>5 out of 10 responses with a peak-to-peak compound
muscle activity potential [CMAP] of 200 wV or more dur-
ing slight voluntary contraction of the contralateral FDI).
We used a Bagnoli 2-channel EMG-system (DelSys Inc.,
Boston, USA) and interactive programs written in MAT-
LAB 7 (The MathWorks, Natick, USA) to record and dis-
play the CMAP:s elicited by single-pulse TMS.

For continuous theta-burst stimulation (cTBS), we used
the protocol by Huang and colleagues [200 bursts at a fre-
quency of 5 Hz with 3 pulses per burst at a frequency of
50 Hz, 600 pulses in total (Huang et al. 2005)], which lasts
approximately 40 s at a power of 80 % of the individual’s
AMT. For motor evoked potentials, this protocol has been
shown to result in a pronounced and prolonged suppression
that reaches a maximum about 5-10 min after the end of
the protocol and that may last 30 or even 60 min. The TMS

overview of the selected right temporo-parietal area, the smaller pan-
els on the right indicate the individual stimulation sites, being posi-
tioned over the right STG in all subjects

coil handle was positioned in such a way that it was point-
ing upwards and that the flow of current was perpendicular
to the orientation of the right STG. The coil was positioned
in this way based on previous observations that single-pulse
TMS over the primary motor cortex yielded larger CMAPs
when the current flow was perpendicular to the orienta-
tion of the precentral gyrus (Brasil-Neto et al. 1992; Mills
et al. 1992). Based on preliminary data from our laboratory,
case reports (Paduch et al. 1999; Hegemann et al. 2004)
and electric cortical stimulation studies (Kahane et al.
2003; Best et al. 2010), we selected the right posterior STG
(approximately 1-2 cm posterior to the central sulcus) as
stimulation site (see Fig. 1) in all subjects. The location of
the coil during the 40-s cTBS run was monitored by neuro-
navigation; drifts of the TMS coil off target were less than
3 mm in all subjects.

All experiments were collected in darkness with the sub-
ject sitting upright in a rotating chair with the head fixed in
an upright and straight ahead position by use of an individ-
ually molded bite bar. The head was horizontal by defini-
tion when a horizontal laser line was parallel to both lower
lids. Subjects indicated the sensed direction and speed of
chair and body rotation (termed “perceived angular veloc-
ity” or PAV) by turning a handle that was connected to a
potentiometer recording the handle position. This poten-
tiometer was built according to the potentiometer used in
the Zurich vestibulo-oculomotor laboratory, Switzerland,
for all self-motion perception studies. Its reliability had
been demonstrated in various studies (Bertolini et al. 2011,
2012). The potentiometer was attached to the subjects’
right thigh using Velcro strap, and subjects were asked to
hold the box with their left hand while moving the handle
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with their dominant right hand. Subjects used the hand ipsi-
lateral to the side of cTBS for indicating the direction and
speed of self-motion. Therefore, potential modulations of
right-hemispheric areas related to motor control (e.g., pri-
mary motor cortex) should not influence the motor per-
formance of the behavioral task. Three dimensional eye
movements were recorded using a single scleral search coil
(Chronos Vision, Berlin, Germany). The search coil was
calibrated beforehand. Further details of the calibration and
eye movement recording procedures may be found in (Ber-
gamin et al. 2001; Ramat and Zee 2003).

A questionnaire was provided right before and about
30 min after cTBS to assess potential side effects as diz-
ziness, vertigo, nausea or headache. In general, mostly
mild side effects may be observed in about 5 % of subjects
after cTBS (Oberman et al. 2011). Furthermore, due to
the right temporal location of cTBS, we also evaluated for
visuo-spatial neglect by use of a line bisection task, a line
cancelation task and a figure copying task (Ogden 1985).

Experimental setting

All six subjects completed a control session (no TMS) and
a test session with cTBS over the right posterior STG. Note
that one subject (S3) later was excluded for the analysis of
the per-rotary data sets, however, and was included for the
analysis of the post-rotary paradigms. The two sessions were
at least 48 h apart. Five subjects completed first the control
session (S1, S2, S3, S5 and S6), while one (S4) received the
test session before the control session. In each session, we
obtained a series of chair rotations (termed “block”) four
times. Subjects were always rotated along an earth-vertical
axis with an acceleration of 100°/s* and a constant velocity
of 100°/s. Each block consisted of four phases, each lasting
75 s, resulting in a total duration per block of 5 min. The
four phases are described in detail in Fig. 2.

Thaseline To TO + 3min
block 1 cTBS block 2
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Fig. 2 Graphical illustration of stimulation paradigm on the rotat-
ing chair. Chair velocity is plotted against time, with positive values
referring to clockwise (CW) rotations and negative values indicat-
ing counter-clockwise (CCW) chair rotations. Each block consisted
of a sequence of four phases (P1-P4), each lasting 75 s: P1: con-
stant velocity CW chair rotation; P2: post-rotary period; P3: con-
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During all four phases (i.e., both per- and post-rotary),
ocular motor (horizontal aVOR) and perceptual responses
(PAV) were recorded at a frequency of 1000 Hz. Subjects
were asked to indicate their sensed direction and speed of
body rotation by turning the handle attached to the poten-
tiometer during all four phases of each block. In either
session, we obtained four blocks with 3-min breaks in
between blocks. During the breaks, the lights were turned
on and additional artificial tears and local anesthetics were
administered on the left eye if required. Whereas in the test
session TBS-stimulation (TO) was applied between block 1
(baseline) and block 2, no TMS was applied in the control
session. Before the first block, a practice block was run to
familiarize subjects with the equipment. During the blocks,
subjects were further instructed to look straight ahead and
to blink regularly.

Data analysis

Recorded raw eye, chair and potentiometer position signals
were processed and analyzed using MATLAB 7 (The Math-
Works, Natick, MA). Zero-phase forward and reverse digi-
tal filtering (filtfilt.m, MATLAB 7) was performed on the
calibrated eye position traces using a Gaussian filter with a
width of 51 samples (from center to 2 % of height, single-
sided). Eye and disk velocity obtained by differentiating and
filtering eye and disk position traces were further processed.
A running mean and standard deviation (SD; sample width:
20) was calculated for all trials. Data points deviating more
than 1 SD from the running mean were considered outliers
and were removed. The decision to set the cutoff to 1 SD
was based on preliminary data analysis showing that select-
ing a larger cutoff (e.g., 2 SD) in our data set impaired the
fitting algorithm considerably. All resulting eye and disk
velocity traces were then processed interactively to remove
additional data points considered as outliers based on visual

TO + 11min TO + 19min
block 3 block 4
I I

break

stant velocity CCW chair rotation; P4: post-rotary period. For the
TMS session, cTBS was applied after the first block at time TO.
After cTBS, 3 blocks were applied at TO 4+ 3 min, TO + 11 min and
TO + 19 min. Breaks of 3 min separated these three blocks. The
dashed line refers to zero chair velocity
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Fig. 3 Single raw traces (s6) for both perceived angular velocity
(PAV) and the angular vestibulo-ocular reflex (aVOR) illustrating the
removal of outliers (a, ¢, gray dots) and the linear regression analy-
sis on the traces (b, d). Note that traces focus on the decay period,
i.e., data points during the initial rise period are not considered. Disk

inspection. Note that interactive removal of outliers was
restricted to few data points and blocks. Figure 3 shows
exemplary raw PAV and aVOR velocity traces before and
after automatized removal of outliers.

Both aVOR and perceived angular velocity (PAV)
responses were analyzed in terms of their dynamics,
including the time from onset of nystagmus or disk rota-
tion to maximal velocity (rise time) and the decay time by
calculating the exponential decay time constant (DTC).
To determine the DTC, we applied a linear least square
regression analysis using robustfittm (MATLAB 7, The
MathWorks, Natick, USA) on the logarithm of eye and
disk velocity data (Okada et al. 1999). We also provide R?
values reflecting the goodness of fit along with the DTC.
Fitting was restricted from the time of maximal velocity
to the time point when the disk or eye velocity decreased
below 2 SD (i.e., below 4.5 %) from the maximal velocity
(=100 %)—defined as the median over the five data points
with highest velocities for at least 500 ms.

b
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(a) and eye (b) velocity plotted against time, indicating outliers (gray
dots) and selected data points (black dots). Linear regression analysis
on the selected data points for the disk (c) and the eye (d), with the fit
in gray and the fitting results (R? value and decay time constant DTC)
in insets

Since repetitive constant velocity chair rotations may
result in short-term habituation of the aVOR (Cohen et al.
1992) and likely also of the perceptual response, we com-
pared results from runs 2—4 relative to the baseline run 1.
Furthermore, we compensated for possible, inherent fluc-
tuations in DTC by offsetting the DTCs obtained from run
1 in both the control and test conditions in such a way that
they were of equal size. The same offsets were then added
to the DTC of runs 2—4 in both conditions. Only after these
adjustments, DTC of runs 2—4 of the TMS and control con-
dition were compared. Statistical analysis was obtained
using paired 7 tests, and Bonferroni correction was applied
to take multiple comparisons into account.

Results

All six subjects completed both sessions. Stimulation inten-
sity for cTBS was 44 or 45 %, which reflected 80 % of the
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individually determined AMT. However, in two subjects,
the designated stimulation intensity for cTBS was above
the 45 % power level limit of the TMS device available.
Therefore, in S3 (cTBS at 78 % of AMT) and S6 (cTBS at
74 % of ATM), the stimulation intensity was slightly below
the targeted 80 % of ATM.

None of the subjects indicated any illusionary (transla-
tional or rotational) movements after cTBS. Small to mod-
erate ipsilateral facial nerve stimulation was noted in most
subjects; however, none of them reported these sensations
to be painful. Noteworthy, no other side effects related
either to the TMS procedure or to the scleral search coil,
including nausea, tension-type headache or blurred vision,
were noticed by any of the subjects. Screening for visuo-
spatial neglect approximately 30 min after cTBS based on
the Ogden-figure, a line cancelation task and a line bisec-
tion task were negative in all subjects.

In a first step, we evaluated the quality of the linear fits
to the eye and perception velocity traces using robustfit.m
(see methods section for details). As direction of chair
rotation did not have a significant effect (paired ¢ tests,
p > 0.05) on the R? values for both per- and post-rotary
aVOR and PAV traces, CW and CCW chair rotations were
pooled for further analysis of goodness of fit. Overall qual-
ity of fit was high for both PAV and aVOR traces, yielding
R? values of 0.85 & 0.10 and 0.89 & 0.08 (mean + 1 SD;
per-rotary and post-rotary traces) for PAV and R? values
of 0.86 & 0.13 and 0.86 + 0.14 for per-rotary and post-
rotary aVOR. Time-to-peak disk and eye velocity were
determined in all runs and yielded similar average values
(£1 SD) for both PAV (2.1 £ 1.8 s) and aVOR
(1.6 = 1.3 s). Noteworthy, PAV time-to-peak was com-
parable to those values previously observed by our group
(Sinha et al. 2008). Search coil calibration sequences were
obtained at the beginning of the session, about 5 min after
c¢TBS and at the end of each session (about 30 min after
c¢TBS). To evaluate for possible TMS-induced eye move-
ments, these calibration files were searched for nystagmus.
Noteworthy, we did not find any nystagmus in the calibra-
tion sequences obtained after cTBS application.

Decay time constant analysis

Decay time constants (DTC) of PAV and aVOR were cal-
culated for all individual subjects, and per-rotary and post-
rotary phases were analyzed separately.

Post-rotary conditions

Exemplary single subject velocity traces (subject S2) illus-
trating both the perceptual and the ocular motor response

before and after cTBS are shown in Fig. 4. While the
DTC of the perceptual response is diminished after cTBS,
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Fig. 4 Single raw traces (S2) from both the control (in light gray)
and the test (in dark gray) condition showing the impact of cTBS
on the PAV (a) and the aVOR (b). a After cTBS, the DTC was
reduced by 53 %, as reflected in a steeper decay of the slope. The
black arrow illustrates the shift in the PAV curve. b After cTBS, no
reduction in DTC could be found, rather it increased by 22 % in
this trial

the aVOR DTC shows a tendency to be increased in this
subject.

Individual aVOR and PAV DTC values relative to the
baseline DTC are shown for both preceding CW and CCW
chair rotations separately in Fig. 5. Both for trials with CW
and CCW chair rotations, PAV DTCs were reduced after
cTBS (runs 2—4) in 4 out of 6 subjects compared to the
baseline (run 1). In the remaining two subjects each, this
was not or only partially the case (S1 and S3 for CW; S3
and S6 for CCW) as illustrated in Fig. 5.

For post-rotary trials (pooling runs 1-4), the direction
of preceding chair rotation did not affect the DTC of the
aVOR and the PAV (paired ¢ test, p > 0.05). This was true
for both the control and the TMS session. We therefore
pooled trials with preceding CW and CCW chair rotation
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Fig. 5 Individual decay time constants of both post-rotary PAV and
aVOR are shown for all six subjects (S1-S6) and CW and CCW chair
rotations separately, comparing DTC before (gray circles, inter-
connected with dashed line) and after cTBS (black squares, inter-

for further analysis of the PAV and the aVOR. As stated in
the methods, DTCs of the control and TMS condition were
aligned in such a way that the baseline DTC values were
identical to allow a direct comparison of the two sessions.
As we were interested in quantifying the effect of TMS on
DTC, we focused on the runs after TMS (runs 2-4) and
their companions in the control session (see Fig. 6b). Sta-
tistical analysis showed overall (pooling data from runs
2-4) a trend toward shorter PAV DTCs values after cTBS
(paired ¢ test, p = 0.086). A subgroup analysis, comparing
the three different runs separately, again using paired ¢ tests
and compensating for multiple tests by use of Bonferroni
correction, indicated a significant reduction in PAV DTCs
after cTBS only in run 2 (p = 0.049), while this was not the
case for runs 3 (p = 0.63) and 4 (p = 0.60) as illustrated

connected with solid line) in runs R1-R4. Note that offsets of the
baseline runs of the control and ¢cTBS session were nulled to allow
comparison

in Fig. 7. Noteworthy, the lack of significant differences in
runs 3 and 4 and when pooling runs 2, 3 and 4 was mainly
a result from the response characteristics of subject S3
(see individual PAV data of S3 in Fig. 4 for details). At the
same time, aVOR DTC after cTBS (see Fig. 6d) did not
significantly change relative to the control session when
pooling runs 2, 3 and 4 or when analyzing runs 2, 3 and 4
separately.

Per-rotary conditions
For the analysis of the data sets obtained while the chair
was rotating, we had to remove one subject (S3), as this

subject continued to rotate the disk as long as the chair
was moving, despite the fact that we instructed all subjects
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rotation along the yaw-axis, comparing decay times for the control
and the cTBS condition. Note that only for the PAV post-rotary (b)
there was a trend for reduced DTC after cTBS, while in all other con-
ditions, p values were larger than 0.1
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Fig.7 PAV post-rotary decay time constants of runs 2—4 are shown
both for the control (gray bars) and the cTBS (black bars) condition.
A significant (*) decrease of DTC was noted only for run 2. Note that
trials with CW and CCW chair rotation were pooled as DTC did not
depend on the direction of preceding chair yaw rotation

to focus on the sensed body motion rather than on exter-
nal cues as the noise or the air circulation induced by the
rotating chair. Compared to the post-rotary traces, the inter-
individual differences in PAV and aVOR DTC were mark-
edly larger, making this data set more difficult to analyze.
In the five subjects included for the analysis of the per-
rotary phases, the direction of chair rotation did not have
a significant effect (paired ¢ test, p > 0.05) on the DTC
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(including data from runs 1-4) of the aVOR and PAV. For
further analysis of the DTC, therefore, runs with CW and
CCW chair rotation were pooled. Again, we focused on the
effect of cTBS on the DTC; therefore, comparison between
the two sessions was restricted to runs 2, 3 and 4. Note-
worthy, statistical analysis did not show any significant dif-
ferences of PAV or aVOR in the per-rotary conditions, as
illustrated in panels a and c of Fig. 6.

Discussion

In this study, we aimed at modulating the internal estimate
of self-motion, as presumably generated within the tem-
poro-peri-Sylvian vestibular cortex (TPSVC), including the
right superior temporal gyrus (STG) by use of inhibitory
repetitive transcranial magnetic stimulation (continuous
theta-burst stimulation protocol, cTBS). We predicted tem-
porally attenuated self-motion perception after cTBS, as
reflected by a decrease in the decay time constant (DTC) of
perceived angular velocity (PAV). Indeed, early after cTBS
post-rotary PAV was found to decay significantly faster
compared to the control condition, suggesting a relevant
contribution of the right STG to the integration of vestibu-
lar signals and the generation of self-motion perception. At
the same time, the angular vestibulo-ocular reflex (aVOR)
remained unaffected by cTBS.

The role of the STG in perceiving angular velocity

The cortical areas involved in generating the internal esti-
mate of self-motion and spatial orientation have been
extensively studied [see (DeAngelis and Angelaki 2012)
for review]. Brain surface electrical stimulation studies
(Kahane et al. 2003) and single case reports with focal
lesions (Paduch et al. 1999; Hegemann et al. 2004) lead-
ing to vestibular sensations and functional imaging studies
[see (Dieterich and Brandt 2008) and (Lopez et al. 2012)
for reviews] indicated the involvement of both temporal
and parietal lobe areas along the Sylvian fissure, includ-
ing the posterior insula and the STG. Within this large area,
different vestibular sensations (e.g., rotations along differ-
ent axes) may be elicited at different locations (Kahane
et al. 2003). To our best knowledge, the concept of non-
invasively inducing a “virtual lesion” within the temporal
“vestibular” cortical areas by use of rTMS has not been
applied before.

In principal, self-motion perception can be measured in
terms of perceived rotational velocity or angular displace-
ment. Sensed angular displacement is the integral of esti-
mated angular velocity (Goldberg and Fernandez 1971a, b;
Buttner and Waespe 1981). Velocity and acceleration sig-
nals arising from the vestibular and the somatosensory
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system are integrated over time to provide an estimate
of displacement. This process is called path integration
(Loomis et al. 1999). Parietal cortex rTMS suggested con-
tralateral encoding of perceived angular displacement with
a right-hemispheric bias (Philbeck et al. 2006; Seemungal
et al. 2008). Specifically, rTMS over the posterior pari-
etal cortex disrupted path integration but not velocity per-
ception, indicating that there might be separate areas that
process vestibular signals of head velocity versus those
involved in path integration (Seemungal et al. 2008). Tak-
ing our findings into account, the right posterior STG is
likely part of the vestibular cortical network contributing to
velocity perception. In our data set, we observed a signifi-
cant reduction in PAV DTC only in the first 5-10 min after
cTBS, whereas based on the previous literature (although
focusing on the primary motor cortex), a longer lasting
effect, reaching 30-60 min (Huang et al. 2005; Gentner
et al. 2008; Oberman et al. 2011), could be expected. While
this observation might suggest a shorter effect of cTBS on
vestibular cortical areas, it may also be explained by the
increasing inter-individual variability in runs 3 and 4 and
the relatively small sample size.

PET studies during caloric irrigation and functional MRI
(fMRI) studies with galvanic and optokinetic stimulation
in healthy human subjects and in patients with vestibular
lesions demonstrated that the vestibular cortical network is
activated more strongly in the non-dominant hemisphere
(Dieterich and Brandt 2008). Noteworthy, we applied cTBS
only to the non-dominant (right) hemisphere and selected
the posterior STG as target area. Taking into account that
we did not observe any direction-dependent changes of
PAV, this finding suggests that the right STG may be con-
tributing to self-motion perception for both CW and CCW
rotations. This lack of lateralization effects for right-sided
inhibition within the TPSVC is consistent with findings in
previous studies: Small case series of patients with right-
hemispheric lesions affecting parts of the “vestibular” cor-
tical areas showed impaired perception of both CW and
CCW rotations, while in case of left-hemispheric lesions,
only CW rotations were perceived inaccurately (Philbeck
et al. 2006). This observation underlines the dominant role
of the right hemisphere, suggesting that it is involved in the
processing of rotational stimuli into either direction. How-
ever, the lack of directional differences in PAV after cTBS
may theoretically also be a result of the relatively small
number of subjects and trials obtained in our study and the
inter-individual variability of DTCs measured.

Previously, interruption of biological motion perception
(i.e., the recognition of human action depicted in sparse
dot displays) has been reported after patterned TMS (either
standard rTMS or cTBS) over the posterior superior tempo-
ral sulcus, which delineates the STG and the middle tem-
poral gyrus (Grossman et al. 2005; van Kemenade et al.

2012). This proposes a relevant contribution of the STG
and its adjacent sulcus to motion processing across modali-
ties, integrating both visual and vestibular motion stimuli,
and is in agreement with our findings.

The discrepancy between significantly shortened PAV
DTC early after cTBS in the post-rotary trials and the lack
of significant changes at the same time period in the per-
rotary trials is likely a result of the larger inter-individual
variability of PAV in the per-rotary trials. Additional sen-
sory cues in the per-rotary trials as provided by chair
vibration, noise and air flow may have contributed to this
increase in variability. This might have obscured effects of
c¢TBS when assessing the PAV while the chair is rotating.

The aVOR decay time constant remained unchanged
after cTBS

Unlike the PAV, the aVOR was unchanged after cTBS over
the right STG. While the percept of self-motion is a higher
cognitive function, being generated within the “vestibular”
cortex, the aVOR is governed by a brainstem—cerebellar
network centered on the vestibular nuclei. However, the
cortical vestibular network does not only receive ascend-
ing pathways from the vestibular nuclei but also projects
back to these brainstem nuclei as observed in non-human
primates (Guldin and Grusser 1998). Such reciprocal con-
nections potentially allow a cortical modulation of the
brainstem aVOR as summarized in (Arshad et al. 2013).
Indeed, such a cortical influence on vestibular function was
demonstrated in healthy human subjects for cognitive tasks
such as bistable perception and attention tasks [resulting in
asymmetrical aVOR DTCs (Arshad et al. 2013)] or when
focusing on imaginary targets moving together with the
own body while rotating [resulting in aVOR gain decreases
(Barr et al. 1976)]. In patients with unilateral visuo-spatial
neglect and lesions involving the occipito-temporo-parietal
junction, asymmetrical aVOR gains (Doricchi et al. 2002;
Ventre-Dominey et al. 2003), altered aVOR time constants
(Ventre-Dominey et al. 2003) and optokinetic responses
(Doricchi et al. 2002) were reported. Importantly, the
patients included in these studies had chronic, heteroge-
neous and more extensive cortical lesions than induced
by cTBS [affecting few cm? of brain tissue located under
the coil or less (Roth et al. 1991; Thielscher and Kammer
2004)]. Noteworthy, direction-specific changes in aVOR
DTC (with faster decay for rotations toward the lesioned
hemisphere) seem to depend on the presence of visuo-
spatial neglect, as DTC remained symmetrical in both
patients without hemineglect (Ventre-Dominey et al. 2003)
and in the healthy participants of this study, which were all
screened negative for neglect after cTBS. Furthermore, we
did not apply any cognitive tasks known to be effective in
altering the aVOR DTC.
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Limitations

Limitations in this pilot study included a small number of
participants and considerable inter-individual variability in
the perceptual responses. As a result, the statistical power
to detect significant differences in DTC was limited. This
may provide an explanation for the moderate impact only
of cTBS on the PAV. Noteworthy, repetitive indications of
PAV may induce habituation as observed for the aVOR
(Cohen et al. 1992), resulting in decreased DTC in sub-
sequent trials solely due to training effects. This potential
confound was addressed by aligning both sessions based
on their baseline DTC values. By keeping the two sessions
at least 48 h apart, potential habituation induced by brief
stimulation periods would likely have diminished, so that
the baseline adjustments are expected to be independent
from each other.

The effect of TMS on the brain tissue underneath the
TMS coil is only partially understood. The majority of TMS
research has been focused on the primary motor cortex, as
the resulting response—the compound muscle action poten-
tial—can be quantified reliably. This includes the cTBS
protocol applied here (Huang et al. 2005), which has been
originally designed to modulate the primary motor cortex.
Depending on the cytological architecture of the targeted
brain tissue (including the orientation of the nerve fibers rel-
ative to the surface and the density of neurons), other, non-
motor cortical areas may be more or less prone to standard
cTBS protocols. Also, objective and quantifiable output
parameters are missing for rTMS over non-motor areas. The
moderate changes in PAV after cTBS over the right STG
may therefore potentially be related to these cortical areas
being less prone to TMS, underestimating the role of the
STG in self-motion processing when applying cTBS.

Furthermore, the brain volume affected by TMS is lim-
ited (with a surface diameter of a few centimeters or less
for a standard figure-of-eight coil) and not exactly known.
This is especially true for the depth of penetration of TMS.
Simulations showed a fast decay of field strength with
stimulation depth (Thielscher and Kammer 2004). There-
fore, cortical areas further away from the surface are more
difficult to stimulate sufficiently with TMS. Considering
the size of the cortical areas associated with the processing
of vestibular sensory input, focal inhibition by use of TMS
may not be disruptive enough to provoke a more complete
impairment of self-motion processing, explaining the mod-
erate changes in PAV DTC observed here.

Conclusions

In this pilot study, we showed that cTBS over the right
STG may elicit a transient virtual lesion, resulting in a
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moderate—but significant—shortening of the percept of
self-motion in the first 5-10 min after ¢cTBS, while the
aVOR remained unaffected. These results provide further
support for the role of the right STG in the processing of
rotational stimuli and match previous patient data, includ-
ing intraoperative surface electrical stimulation responses.
cTBS of the STG may therefore provide a useful model to
simulate lesions within the cortical vestibular areas and the
compensatory changes by the brain. Taking into account
the pilot study character of this work, inclusion of a larger
study sample is encouraged for future studies addressing
the role of the STG in vestibular perception.
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