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a b s t r a c t
The vestibular system constitutes the silent sixth sense: It automatically triggers a variety of vital reﬂexes to
maintain postural and visual stability. Beyond their role in reﬂexive behavior, vestibular afferents contribute to
several perceptual and cognitive functions and also support voluntary control of movements by complementing
the other senses to accomplish the movement goal. Investigations into the neural correlates of vestibular contribution to voluntary action in humans are challenging and have progressed far less than research on corresponding visual and proprioceptive involvement. Here, we demonstrate for the ﬁrst time with event-related TMS that
the posterior part of the right medial intraparietal sulcus processes vestibular signals during a goal-directed
reaching task with the dominant right hand. This ﬁnding suggests a qualitative difference between the processing
of vestibular vs. visual and proprioceptive signals for controlling voluntary movements, which are pre-dominantly processed in the left posterior parietal cortex. Furthermore, this study reveals a neural pathway for vestibular
input that might be distinct from the processing for reﬂexive or cognitive functions, and opens a window into
their investigation in humans.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
During goal-directed movements, sensory information is continuously integrated into the motor plan in order to ensure and improve execution success (Desmurget and Grafton, 2000; Shadmehr et al., 2010;
Wolpert et al., 1995). It is well established that the posterior parietal
cortex (PPC) plays a prominent role in processing visual and proprioceptive information for motor control (Culham and Valyear, 2006;
Filimon et al., 2009; Heed et al., 2011; Reichenbach et al., 2011;
Reichenbach et al., 2014; Shadmehr and Krakauer, 2008), but comparable studies for the vestibular system are still missing.
Humans utilize afferent vestibular information for voluntary movement control, which has been illustrated in a wide range of behavioral
studies using passive rotation during reaching (Bresciani et al., 2002b;
Bresciani et al., 2005), arm-reaches involving trunk movements (Tunik
et al., 2003), and galvanic vestibular stimulation (GVS) during a variety
of voluntary movement tasks (Bresciani et al., 2002a; Day, 1999; Day
and Reynolds, 2005; Mars et al., 2003). Neuroimaging studies applying
⁎ Corresponding authors at: Max Planck Institute for Biological Cybernetics,
Spemannstr. 38, 72076 Tübingen, Germany.
E-mail addresses: alex.reichenbach@gmx.de (A. Reichenbach),
heinrich.buelthoff@tuebingen.mpg.de (H.H. Bülthoff).

GVS (Stephan et al., 2005) or caloric vestibular stimulation (Dieterich
et al., 2003; Fasold et al., 2002; Suzuki et al., 2001) indicate that several
temporal and parietal areas are involved in processing vestibular input
in humans (Lopez and Blanke, 2011). Furthermore, TMS studies have
demonstrated that the PPC (Seemungal et al., 2008) and the temporoparietal junction (Lenggenhager et al., 2006) are critically involved in
perceptual tasks relying heavily on vestibular information.
The current study set out to test the involvement of the human PPC
in the processing of vestibular information for goal-directed reaching
movements. Given the important role of the PPC in sensorimotor control and involvement of parietal regions in vestibular processing, the
PPC is a prime candidate for playing a critical role in vestibulo-motor
control. We used a reaching task to a memorized visual target in the
dark, during which participants bodies were occasionally rotated to
the left or to the right. In the absence of visual input, vestibular information needed to be processed to compensate for the passive rotation and
achieve the reaching goal. We probed the involvement of different parietal areas in the processing of vestibular information for motor control
with interspersed TMS trials. Administering TMS brieﬂy after onset of
a sensory perturbation such as the full-body rotation allows for speciﬁcally interfering with the fast online control processes integrating recent
sensory information (Desmurget et al., 1999; Reichenbach et al., 2011;
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Reichenbach et al., 2014; Tunik et al., 2005). Behavioral deﬁcits after administering TMS demonstrate a causal contribution of the stimulated
cortical area to the correction process. In order to enhance the spatial resolution of TMS, we tested a grid of TMS stimulation sites (Busan et al.,
2009; Reichenbach et al., 2011; Reichenbach et al., 2014; Striemer et al.,
2011) on both hemispheres, which also tightly controls for unspeciﬁc
TMS side effects.
Material and methods

Supplementary Information S1.1. for additional technical details of the
setup). Shortly after hand movement onset, participants were passively
rotated 30° to the left or right in one third of the trials, respectively. To
preserve reaching accuracy, participants were therefore required to
modulate online the arm trajectory to compensate for the ongoing
body rotation. We tested whether participants' ability to correct for
the rotation was reduced when event-related TMS was applied to distinct brain regions in the posterior parietal cortex (PPC), which were reported in previous studies to be involved in vestibular processing or
online movement control (Fig. 2).

General procedure
Ten healthy, right-handed volunteers (aged 22–33 years, four females) including one of the authors participated in the study. Besides
the author, all participants were naïve about the purpose of the study.
They had normal or corrected-to-normal vision and no history of neurological disorders. Written informed consent was obtained from each
participant prior to the ﬁrst experiment. The study was conducted in accordance with the Declaration of Helsinki, and approved by the local
ethics committee of the Medical Faculty of the University of Tübingen.
Each participant attended two experimental TMS sessions, which
were separated one week or more. During the experiments, participants
wore earplugs to prevent hearing damage from the TMS clicks and auditory inﬂuence on task performance.
A T1-weighted structural image (MPRAGE, TR 1900 ms, TE 2.26 ms,
TI 900 ms, ﬂip angle 9°, 192 coronal slices, 1 mm iso-voxel resolution, 2
averages) acquired on a Siemens 3 T TIM Trio (Siemens, Erlangen,
Germany) was available for each participant from previous studies.
The experimental sessions were carried out in a completely darkened room, in which the experimentally provided visual information
constituted the only guidance for spatial orientation. The visual cues
were a body-ﬁxed ﬁxation LED, and a brieﬂy ﬂashing target projection
from an earth-ﬁxed laser pointer, to which participants had to perform
memory-guided reaching movements with their right hand (Fig. 1, see

Fig. 1. Schematic experimental setup. The black table was attached to the rotating wheelchair above participant's laps. The starting key and ﬁxation LED were mounted on the
table. The target was projected on the table from above via a red laser pointer. As the target
position was adjusted to the participant's arm length, the reach length ranged between
14.7 and 28.7 cm. Thus, the eccentricity of the target relative to ﬁxation (α) ranged between 1° and 32°. The TMS coil was mounted on an aluminum frame on the chair, and participants' bodies and heads were ﬁxated within this frame using chin-, forehead rest, and
padding pillows.

Behavioral task
The experiment started with two training blocks of 48 trials each to
familiarize participants with the task and the TMS stimulation. In each
of the two experimental sessions, we tested 10 blocks of 48 trials with
the hemisphere of stimulation blocked in a session, and the order of
hemispheres counterbalanced across participants. Each of the ﬁve TMS
stimulation sites was tested twice in a session in a randomized order.
A block consisted of 8 repetitions of the full permutation of the factors
TMS stimulation (yes/no) and rotation (30° to the left/right/none).
The trials within a block were fully randomized to prevent that rotation
direction or stimulation was predicted.
A trial started self-paced with depressing the key at the starting position, which switched on the target and the ﬁxation LED. Participants
were instructed to keep their eyes on the ﬁxation LED throughout the
whole trial in order to suppress eye movements and accompanying indirect vestibular information processing resulting from the vestibuloocular reﬂex (Cullen et al., 1991). Switching off the target after 1 s constituted the “go” cue to initiate the reaching movement. In the rotation
trials, the wheelchair started rotating with a raised cosine proﬁle 32 ±
4 ms after the participant released the starting key. A rotation of 30°
lasted about 900 ms, culminating to maximal velocities of 50°/s and
maximal accelerations of 180°/s2. In the TMS trials, 4 TMS pulses with
an inter-stimulus interval of 20 ms were administered, starting 30 ms
after the participant released the starting key. Thus, the TMS stimulation
covered the initial acceleration phase of the rotation (see Supplementary Information S1.2. for illustration). A trial was ﬁnished 1.5 s after the
wheelchair stopped rotating. The ﬁxation LED was then switched off
and the wheelchair was rotated back to its starting position. The next
trial could then be started after 900 ms earliest. This procedure determined the inter-trial interval (ITI) at a minimum of 5.5 s. Because the

Fig. 2. TMS stimulation sites, rendered on the reconstructed right hemisphere of an exemplarily participant. Adjacent stimulation sites were 1.5–2 cm apart. The stimulation sites
on the left hemisphere are exactly mirrored in terms of MNI coordinates. See Supplementary Information S1.3 for MNI coordinates and anatomical correspondence.
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start of a trial was self-paced, the real ITI was on average twice as long,
resulting in experimental blocks of about 10 min each.
Transcranial magnetic stimulation
A grid of ﬁve TMS coil positions on the left parietal cortex and mirror-symmetric ﬁve sites on the right parietal cortex (Fig. 2, see Supplementary Information S1.3. for details) were derived from previous fMRI
and TMS studies investigating vestibular processing (Dieterich et al.,
2003; Seemungal et al., 2008; Stephan et al., 2005), or TMS studies investigating online control during reaching (Chib et al., 2009;
Della-Maggiore et al., 2004; Reichenbach et al., 2011; Reichenbach et
al., 2014). With these sites, we covered a broad area around the
intraparietal sulcus (IPS) and the temporo-parietal junction (TPJ),
where processing related to our questions has been localized previously. The distance between adjacent stimulation sites around the IPS
ranged between 1.5 and 2 cm, dependent on the participant's head
size. This allowed dissociation between different sub-regions of the
PPC and the stimulation sites served as mutual control sites.
Biphasic TMS stimuli were applied using a Medtronic MagPro X100
stimulator (MagVenture, Farum, Denmark) with a MC-B70 butterﬂy
coil. The coil position was constantly monitored using a neuronavigation
system (BrainView, Fraunhofer IPA, Germany; cf. (Kammer et al.,
2007)). The spatial accuracy of the registration between participants'
real head and their anatomical MR image in the neuronavigation system
was established at the beginning, and checked again at the end of each
session using positions of clearly visible landmarks (e.g., nasion and
inion). Before each block, the coil was attached to the participants
head and carefully tightened to obtain a coil position in the range of
2 mm to the pre-planned stimulation sites. The coil position was
constantly monitored within a block and re-adjusted whenever the
distance of the coil to the planned stimulation site exceeded 5 mm.
The stimulation intensity was chosen to meet two competing goals: It
should be as high as possible to maximize the impact on the stimulation
site without eliciting direct effects on the primary motor cortex. For this
purpose, the coil was placed at the most anterior stimulation site at the
beginning of each session, and the intensity was gradually decreased
until no more motor responses were elicited in the ﬁnger muscles for
at least 10 consecutive trials (tested by recording surface EMG from
the relaxed ﬁrst dorsal interosseus). 80% of this intensity was then
used as the individual stimulation intensity throughout the session
(Reichenbach et al., 2011; Reichenbach et al., 2014). This procedure
resulted in stimulation intensities of 32–49% of maximum stimulator
output. The coil was initially oriented parallel to the central sulcus and
adjusted when necessary.
Data analysis
The beginning of a trial was deﬁned as the time point when the starter key was released, and the end of a trial was deﬁned as the time point
when the hand velocity dropped below 2 cm/s. The position data was
recorded in earth-ﬁxed coordinates. During post-processing, the positions of every trial were aligned, rotated, and scaled to a unity coordinate system such that the actual starting and target positions were
located at 0/0 and 0/100, respectively. The data was then spatially normalized to obtain 100 equidistant data points per reaching trajectory,
and averaged over all trials for each condition and participant.
To assess the effect of TMS on the reaching behavior, we compared
for each rotation condition the x-component of the trajectories (i.e.
the direction perpendicular to the “ideal” straight reaching trajectory)
with TMS stimulation to those without TMS stimulation across participants. More speciﬁcally, we conducted two-tailed paired t-tests on a
signiﬁcance level of α = .05 for each data point. In order to correct for
multiple comparisons on dependent data (100 data points per trajectory), we performed a “clusterwise” correction along the reaching trajectory with a permutation test (cf. correction methods for imaging data
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e.g. Friston et al.(1993)). This means that we assessed how many successive signiﬁcant t-tests (i.e. the “cluster size” or the length of the trajectory segment) were needed to accept that the trajectories of two
conditions are signiﬁcantly different. To do so, we permuted the data
1000 times over the TMS conditions and stimulation sites independently for each participant (i.e. we re-arranged the labels “TMS condition”
and “stimulation site” while leaving the spatial information within trajectories intact), and performed the t-tests for each set of permutations.
This procedure yielded the minimum number of successive data points
with signiﬁcant t-tests needed to obtain an overall false positive rate of
α = .05. In other words, we approximated the distribution of cluster
sizes on randomized data in order to ﬁnd the cluster size threshold
that (wrongly) returned a signiﬁcant difference between trajectories
in 5% of the test cases on random data. The same analysis was additionally performed with baseline corrected data, i.e. the corresponding data
without wheelchair rotation (with or without TMS stimulation, respectively) was subtracted from the left- and rightward rotations before
comparing the trajectories. This procedure removed putative correction-independent TMS effects on the reaching movements. Because
we normalized the trajectories to 100 data points, the length of the trajectory segment corresponds to the percentage of the two trajectories
being continuously signiﬁcantly different.
Additionally, we assessed the angular deviation at the end of the
reach (EndAng), the end accuracy in the direction of the rotation
(EndDevX) and in the direction of the reach (EndDevY), and their respective variability (EndVarX, EndVarY). Note that the measure EndAng
remained unaffected from the normalization procedure. Pre-planned
pairwise two-tailed t-tests TMS vs. no TMS with Bonferroni correction
for the number of stimulation sites (adjusted signiﬁcance threshold:
α = .005) on these measures served as additional indicator for sites
with signiﬁcant TMS effects. In order to assess the spatial speciﬁcity of
signiﬁcant effects, we subsequently tested whether the TMS effects
over affected sites were signiﬁcantly larger than the average TMS effect
across the remaining sites (Oliver et al., 2009; Reichenbach et al., 2014).
Compared to a standard omnibus ANOVA, this approach has a higher
power to detect signiﬁcant effects that are localized to a single stimulation site when testing a larger number of sites. Reported values are
mean ± SE across subjects.
Results and discussion
General reaching behavior averaged across TMS stimulation sites
All participants successfully performed reaching movements to the
remembered target and corrected for the rotation. Averaged over all
stimulation sites, the angular reaching error at the end of the movement
(EndAng) was biased slightly to the right for un-rotated reaches (3.9 ±
2.7°; t9 = 1.46; p = .178). For rotated reaches, participants
overcorrected both for rotations to the left (16.8 ± 3.9°; t9 = 4.28;
p = .002) and for rotations to the right (-12.0 ± 3.7°; t9 = 3.22; p =
.010). While vestibular-evoked overestimations are consistently reported for pure perceptual tasks (Israel et al., 1995; Ivanenko et al., 1997;
Jurgens et al., 2003), arm movement accuracy tends to be accurate despite vestibular perturbations (Blouin et al., 2010; Bresciani et al.,
2002b; Guillaud et al., 2006). However, behavioral studies with the
same setup as used in this study report similar overcorrections in arm
position to counteract rotations (Schomaker et al., 2011). Since the
main interest of this study was the effect of TMS on the corrective movement, a constant bias in the correction would cancel out in comparing
TMS vs. no-TMS trials. The overall movement time (unperturbed:
952 ± 44 ms) was slightly prolonged for rotations to the left (1003 ±
37 ms; t9 = 1.81; p = .104), and signiﬁcantly prolonged for rotations
to the right (1068 ± 48 ms; t9 = 3.57; p = .006). Note that in the latter
condition the correction was opposite to the original reaching direction
and thus required the recruitment of additional muscles such as the
major pectoralis. Importantly, however, when averaging over all
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stimulation sites, TMS had neither an effect on these reaching parameters, nor on reaching end accuracy or variability (see Supplementary Information S2.1. for detailed statistics). Thus, TMS in general did not have
any unspeciﬁc side effect inﬂuencing the movements. Additionally,
none of the participants reported any subjective TMS effects apart
from weak cutaneous nerve stimulations directly beneath the coil.
TMS over the right posterior mIPS reduced the extent of corrective
movements
The main question of the study was whether we can ﬁnd evidence
for processes utilizing vestibular signals for movement corrections in
the human parietal cortex. Based on the permutation tests, only conditions in which TMS stimulation resulted in changing a segment spanning at least 37% of the trajectory were accepted as exhibiting a
signiﬁcant TMS effect (28% for the baseline corrected data). The only
stimulation site showing such robust TMS effects was the right posterior
mIPS (right IPS3, Fig. 3A&B; see also Fig. 3C for an exemplary control site
and Supplementary Information S2.3 for all stimulation sites). When
TMS was administered over the right IPS3, participants corrected significantly less in the early phase of the movement for rotations to the left
(47% difference along the trajectories; p = .035, corrected; Fig. 3A),
and in the late phase for rotations to the right (44%; p = .039,
corrected). Whether the temporal dissociation of the TMS effect between rotations to the left and right was driven by differential muscle
recruitment or perturbation of different neural processes cannot be resolved with the current study. However, the TMS effect for rotations
to the right was more robust, as only this effect remained signiﬁcant
after baseline correction (48%; p = .015, corrected; Fig. 3B).
Signiﬁcant TMS effects on end accuracy for rightward rotations conﬁrmed this ﬁnding. Stimulating over the right IPS3 diminished the cumulative correction at the end of the movement as evident from both
the deviation in direction of the rotation (EndDevX; t9 = 4.53; p =
.001; −23.2 ± 6.4/−27.2 ± 6.6; TMS/no TMS), and the angular end deviation (EndAng; t9 = 3.74; p = .005; −13.3 ± 3.1°/−16.2 ± 3.3°; TMS/
no TMS). In addition, the TMS effect on end accuracy was spatially speciﬁc to the right IPS3; it was signiﬁcantly larger than the TMS effect averaged across all remaining stimulation sites (EndDevX; t9 = 2.50; p =
.017). Corresponding analyses without the participating author did
not qualitatively change the results (see Supplementary Information
S2.4 for comparison). The more unspeciﬁc measures EndDevY and endpoint variability (EndVarX, EndVarY), though, were not inﬂuenced by
TMS over the right IPS3 (see Supplementary Information S2.6 for detailed statistics). Further exploratory analyses for an inﬂuence of individual target eccentricity or hand movement velocity on the TMS

efﬁcacy did not reveal a relevant interaction (see Supplementary Information S2.5 for details). Additionally, we found no other stimulation
sites with signiﬁcant TMS effects on the end accuracy measures
(EndDevX, EndAng, EndDevY) or their variability (EndVarX, EndVarY)
(see Supplementary Information S2.6 for detailed statistics and S2.7
for further detailed analyses of the within-subject variability). Taken together, the TMS effects represent a robust behavioral impairment stemming from an interference of neural processing speciﬁcally on the right
posterior mIPS. The human mIPS, probably bilateral, has been suggested
to be the functional equivalent to the macaque monkey's parietal reach
region (PRR; Grefkes and Fink, 2005; Grefkes et al., 2004). The PRR is
considered to be the sensorimotor interface for arm reaching movements (Cohen and Andersen, 2002) and the current ﬁndings ﬁt in this
framework.
Sensory processing for online motor control
In light of the TMS literature about sensorimotor integration, it
seems surprising that the right PPC is the critical structure for processing vestibular input during right-handed reaching. Visual and proprioceptive information about the target and the hand for online control
of movements is pre-dominantly processed in the left PPC (Desmurget
et al., 1999; Reichenbach et al., 2011; Reichenbach et al., 2014; Tunik
et al., 2005), or in the hemisphere contralateral to the acting hand/
arm (Rice et al., 2007). Those two sensory modalities, however, provide
absolute information about the target and hand positions in eye- or
body-centered reference frames (Buneo and Andersen, 2006). Vestibular input provides only relative information about head/body position
by supplying movement signals (Cullen, 2012). Hence, vestibular
afferences contribute to updating internal representations of the body
with respect to the environment, which need to be initiated or calibrated based on other sensory information (Angelaki and Cullen, 2008).
Interestingly, we found the next largest TMS effect on the right anterior mIPS (right IPS2) for un-rotated reaching movements (19%; p =
.083, corrected; cf. Supplementary Information S2.3. Fig. S4 right
panel). This effect is not very pronounced in the present study; however, it closely resembles a previous ﬁnding for memory-guided reaching,
where TMS over the right PPC resulted in a leftward shift of the reaching
endpoint (Vesia et al., 2006). The un-rotated reaches in the present
study are similar memory-guided reaching movements, thus this ﬁnding constitutes a direct replication of the previous results despite some
differences in the experimental protocol between studies. Together,
these ﬁndings hint towards a functional dissociation between the
right anterior and posterior mIPS. The anterior part seems to be crucially
involved in maintaining the internal (stationary) target representation

Fig. 3. Average group trajectories illustrating the TMS effects. The axes are arbitrary units, spatially normalized to the individual target positions at 0/100. The stars/bold parts indicate the
positions where the x directions differed signiﬁcantly between TMS (black) and no TMS (grey) trials across participants (p b .05, uncorrected). A) Absolute trajectories for TMS stimulation
over the right posterior mIPS (right IPS3). See Supplementary Information S2.2 for exemplary non-normalized single subject data. B) Baseline corrected trajectories for TMS stimulation
over the right posterior mIPS (right IPS3). C) Exemplary graph illustrating the absence of a TMS effect for the left posterior mIPS (left IPS3), exactly mirrored to the stimulation site of panels
a and b. See Supplementary Information S2.3 for graphs of all stimulation sites.
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while the posterior part is more speciﬁcally concerned with online
updating the target representation via indirect signals such as vestibular
input or efference signals. This idea is in line with a previous study demonstrating the importance of more posterior parts of the right PPC for
updating memorized saccade targets across eye movements (Morris et
al., 2007). Importantly, this processing seems to be conﬁned to updating
a memorized or internal representation of the target position, since TMS
studies investigating the adjustment of reaching movements to a
change in the visually perceived target position demonstrate that
these corrections are attenuated by TMS over the left PPC (Desmurget
et al., 1999; Reichenbach et al., 2011). More speciﬁcally, if the same process was updating the target representation based on direct visual information and indirect vestibular signals, we would expect to see a TMS
effect for the left anterior IPS (left IPS1), which exactly corresponds to
the stimulation site that yielded impairments in the corrective movement for a visual target displacement in the study of Reichenbach et
al. (2011).
The alternative explanation that TMS impaired proprioceptive
updating of the arm position, which was altered due to Coriolis forces
resulting from the rotation (Lackner and DiZio, 2005), is unlikely. If
this was the case, we would expect to see TMS effects for the left posterior mIPS (left IPS3), the corresponding stimulation site contralateral to
the reaching arm. This left-hemispheric region has been identiﬁed as a
key region for proprioceptive processing during motor control (Chib
et al., 2009; Della-Maggiore et al., 2004; Reichenbach et al., 2014), and
the left IPS3 in the present study exactly corresponds to the stimulation
site that yielded impairments in the corrective movement for a forceﬁeld perturbation in the study of Reichenbach et al. (2014).

Neural substrates of processing vestibular input in the human brain
Neuroimaging studies probing the vestibular system with GVS or
CVS report right-hemispheric dominance (Suzuki et al., 2001), dominance of the ipsi-rotational, and the non-dominant hemisphere
(Dieterich et al., 2003; Dieterich et al., 2005). Our ﬁndings for a TMS effect over the right PPC are in line with these observations: our participants were right-handed (i.e. their right hemisphere is the nondominant one) and our TMS effects were more robust for rotations to
the right (i.e. rotations to the ipsi-lesional side). Therefore, the combination of all these factors likely contributed to the robust behavioral impairments we observed when stimulating the right posterior mIPS
while participants experienced rightward rotations. The previous neuroimaging studies, however, illustrate general vestibular processing detached from behavior while the present study demonstrates the
functional importance of the right posterior mIPS for vestibular processing during a motor task.
A behavioral dissociation of vestibular processing for reﬂexive behavior vs. cognitive tasks has been recently suggested by demonstrating
differential processing of vestibular signals as early as in the cerebellum
(see Seemungal (2014) for a review). Processing vestibular input for
voluntary motor control is still missing in this picture. Interestingly,
Seemungal et al. (2008) observe just the opposite effect to our ﬁndings
in a cognitive task: They disrupted path-integration during a vestibular
navigation task for rotations contra-lateral to the hemisphere stimulated with TMS. This ﬁnding might appear puzzling in light of our results
and the literature cited above. However, navigation-like behavior investigated in that study has been suggested to rely on different processing
than online control based on vestibular information (Bresciani et al.,
2002b). This is in line with neuroanatomical studies suggesting that
the functional network subserving sensorimotor integration is rather
distinct from the network subserving spatial navigation, with the latter
mainly comprising the hippocampus and bilateral parietal regions (Iaria
et al., 2007; Maguire et al., 1998; Morris et al., 1982). Taken together, it
is possible that the neural pathway processing vestibular input for voluntary motor control might form a third dissociable network for
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vestibular processing. However, its delineation from and interaction
with reﬂexive and cognitive vestibular networks remains to be
investigated.
The human IPS has been implicated for vestibular processing (see
Lopez and Blanke (2011) for a recent review) but this region seems to
be secondary regarding to meta-analyses on the quest for a “human vestibular cortex” (Lopez et al., 2012; zu Eulenburg et al., 2012). In light of
the differential purpose of primary sensory vs. sensorimotor areas and
corresponding differentiation in other sensory modalities, one would
not necessarily expect that vestibulo-motor areas are located directly
within the vestibular core network. Thus, the present study helps to extend our knowledge about the functional contribution of secondary cortical regions involved in vestibular processes beyond the vestibular core
network.
Control for unspeciﬁc TMS effects
Using individually adjusted stimulation intensities, we carefully
ruled out that TMS caused direct motor impairments that would have
biased our results. Direct inﬂuence of TMS on M1 would be primarily expected for TMS stimulation sites on the left hemisphere, as all our participants were right handed and reached with their right hand. However,
TMS was effective in disturbing reaching performance for a coil position
above the right hemisphere. In addition, the absence of TMS effects
when stimulating adjacent sites with equal or closer proximity to M1
render the possibility of any unspeciﬁc TMS effect very unlikely. The
analyses of the movement times served as additional control. TMS
never prolonged the reaching time for any stimulation site, even for
the stimulation site on which we found a spatial effect. To summarize,
the observed TMS effects demonstrate a speciﬁc disturbance of vestibular processing for the online corrections of the reaching movements,
and cannot stem from unspeciﬁc TMS effects.
Limitations of the present study
This study constitutes the ﬁrst investigation into the neural processes
that integrate vestibular input into the sensorimotor feedback loop for
voluntary motor control in the human brain. As such, it raises many
more questions than it can answer. Here, we demonstrate that processes
in the right parietal cortex utilize vestibular signals for adjusting voluntary
arm movements. It is on future studies to disentangle those neural processes from pathways subserving vestibular processing for reﬂexes or
cognition, and to elucidate potential differential processing for the spatial
target location or the acting effector. Moreover, in most natural situations
vestibular processing is almost exclusively multisensory (Angelaki and
Cullen, 2008) and tightly coupled to efferent signals from body movements (Cullen, 2012). Studies on the interaction between these processes
constitute a vast ﬁeld that awaits exploration.
In our experimental paradigm, participants were instructed to keep
gaze on a body-ﬁxed ﬁxation point, which suppresses the vestibularocular reﬂex (Cullen et al., 1991). However, this suppression effect is
neither perfect nor complete. Since we did not record eye movements,
we cannot exclude that some interaction between eye movements
and TMS might have at least partially contributed to the observed TMS
effects. Processing of reaching and saccade related information is closely
intertwined in the human mIPS (Vesia et al., 2010), therefore it is possible that TMS had a differential effect on potential eye movements in the
different conditions.
Furthermore, we have tried to isolate the manipulation of vestibular
ex-afferent signals from the semi-circular canals as much as possible
from other sensory or motor input. However, due to the necessity to tilt
participants' heads in the setup we could not avoid a residual otolith stimulation that was not controlled for. A recent study demonstrated the involvements of the adjacent right supramarginal gyrus in the perception
of the subjective visual vertical, a cognitive task for which visual information has to be combined with the otolith signal (Kheradmand et al., 2015)
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and we cannot exclude the possibility that propagation of the stimulation
to this area might have biased our results.
Finally, participants were not tested for vestibular function but we relied on self-report about the absence of any neurological disorders. Thus,
we can neither exclude the possibility that a participant suffered from
mild vestibular impairment nor relate the individual results to other measures of vestibular function.
Conclusions
Our results demonstrate for the ﬁrst time that neural processes in the
human right posterior mIPS utilize ex-afferent vestibular signals for
adjusting goal-directed voluntary arm movements on the ﬂy. These ﬁndings suggest that vestibular input during voluntary motor control is processed more similarly to internal signals such as the efference copy from
motor commands than to other sensory input that provides direct information about movement relevant states such as target and hand positions. Since vestibular afferents signal only changes in head and body
position except for the direction of gravity in case of the otoliths, their
main functional contribution to voluntary motor control is the maintenance of a spatial representation of the body in the environment, similarly
to efference signals that provide information about one's own movement
in space.
Our ﬁndings further corroborate that processing of vestibular input
for voluntary motor control is subserved by neural mechanisms distinct
from the processing pathways for reﬂexive behavior or vestibular cognition. We suggest that the human brain features at least three partially
dissociable neural pathways processing vestibular signals for different
functions: reﬂexive behavior, voluntary motor control, and perceptual/
cognitive tasks. This study therefore opens a window for investigating
the neural underpinnings of vestibular processes for voluntary motor
control in the human brain. There are of course limitations to this approach considering that core parts of the vestibular network are buried
in the depth of the brain (Brandt and Dieterich, 1999), but some higherlevel vestibulo-motor processes are accessible on the parietal cortex as
demonstrated with this study.
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