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Previous studies in human subjects reported that the parieto-insular vestibular cortex (PIVC), a core area of the vestibular cortex, is
inhibited when visual processing is prioritized. However, it has remained unclear which networks in the brain modulate this inhibition of
PIVC. Based on previous results showing that the inhibition of PIVC is strongly influenced by visual attention, we here examined whether
attention networks in the parietooccipital cortex modulate the inhibition of PIVC. Using diffusion-weighted and resting-state fMRI in a
group of female and male subjects, we found structural and functional connections between PIVC and the posterior parietal cortex (PPC),
a major brain region of the cortical attention network. We then temporarily inhibited PPC by repetitive transcranial magnetic stimulation
(rTMS) and hypothesized that the modulatory influence of PPC over PIVC would be reduced; and, as a result, PIVC would be less
inhibited. Subjects performed a visual attentional tracking task immediately after rTMS, and the inhibition of PIVC during attentive
tracking was measured with fMRI. The results showed that the inhibition of PIVC during attentive tracking was less pronounced com-
pared with sham rTMS. We also examined the effects of inhibitory rTMS over the occipital cortex and found that the visual-vestibular
posterior insular cortex area was less activated during attentive tracking compared with sham rTMS or rTMS over PPC. Together, these
results suggest that attention networks in the parietooccipital cortex modulate activity in core areas of the vestibular cortex during
attentive visual processing.

Key words: attention; cross-modal inhibition; multisensory conflicts; parietooccipital cortex; rTMS; visual-vestibular interaction

Introduction
The integration of signals from different sensory systems is gen-
erally considered beneficial, as it makes perception more precise

and contributes to adaptive behavior. However, signals from dif-
ferent senses are often in conflict, which renders their integration
difficult or impossible. Imagine being a passenger inside a mov-
ing car while focusing on a computer screen on your lap. Central
vision would signal a stable visual environment, whereas the ves-
tibular sense would signal accelerations or decelerations of the
car, resulting in a visual-vestibular conflict.
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Significance Statement

Although multisensory integration is generally considered beneficial, it can become detrimental when cues from different senses
are in conflict. The occurrence of such multisensory conflicts can be minimized by inhibiting core cortical areas of the subordinate
sensory system (e.g., vestibular), thus reducing potential conflict with ongoing processing of the prevailing sensory (e.g., visual)
cues. However, it has remained unclear which networks in the brain modulate the magnitude of inhibition of the subordinate
sensory system. Here, by investigating the inhibition of the vestibular sensory system when visual processing is prioritized, we
show that attention networks in the parietooccipital cortex modulate the magnitude of inhibition of the vestibular cortex.
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Previous results (Brandt et al., 1998; Deutschländer et al.,
2002; Kleinschmidt et al., 2002) suggest that visual-vestibular
conflicts are minimized by cross-modal inhibition of the subor-
dinate sensory system. For instance, when visual processing is
prioritized, the parieto-insular vestibular cortex (PIVC), a core
area of the human and nonhuman primate vestibular cortex
(Guldin and Grüsser, 1998; Lopez and Blanke, 2011; Frank and
Greenlee, 2018), is inhibited, thus reducing the possibility of con-
flicting vestibular signals interrupting the cortical processing of
the visual cue (Brandt et al., 1998; Brandt and Dieterich, 1999).
Cross-modal adaptation aftereffects in the vestibular system after
prolonged stimulation with visual optic flow are thought to arise
from this inhibition of the vestibular system (Cuturi and Mac-
Neilage, 2014).

In a previous study (Frank et al., 2016a), we observed that
attention directed toward visual processing strongly influenced
the inhibition of PIVC. We measured activity in PIVC with fMRI
while subjects performed a visual attentional tracking task. In this
task, participants were requested to follow a subset of moving
visual targets among moving distractors with their attention. The
results showed that the inhibition of PIVC increased dramatically
in magnitude when subjects attentively tracked the visual targets
compared with passive viewing of the same stimuli. Interestingly,
opposite results were observed for posterior insular cortex (PIC),
a visual-vestibular area located posterior to PIVC (Frank et al.,
2014, 2016b; Billington and Smith, 2015; Roberts et al., 2017;
Frank and Greenlee, 2018; Schindler and Bartels, 2018), such that
activity in PIC increased during attentive tracking compared with
passive viewing.

These results agree with psychophysical findings showing that
attention directed either to the visual or vestibular sensory mo-
dality suppresses sensations related to the nonattended sensory
modality (Berger and Bülthoff, 2009). Thus, attention might play
a critical role in modulating activity of the vestibular cortex when
visual processing is prioritized.

The aims of this study were to clarify whether visual attention
modulates activity of the vestibular system and to identify the
neuronal origin of this attentional modulation. We conducted a
series of experiments using psychophysics, fMRI and structural
MRI, and inhibitory repetitive transcranial magnetic stimulation
(rTMS). In an initial behavioral experiment, we addressed the
question of whether visual attention modulates the magnitude of
vestibular suppression. In this experiment, subjects performed a
visual attentional tracking task during caloric vestibular stimula-
tion (CVS) and rated the magnitude of their vestibular sensations
during attentive tracking compared with passive viewing of the
same visual stimuli. In a subsequent experiment, we measured
the cross-modal effects of visual attention on ongoing activity in
PIVC and PIC with fMRI. In a further experiment, we examined
the structural and functional connectivity of PIVC and PIC using
diffusion tensor imaging (DTI) and fMRI resting-state measure-
ments. As we observed connectivity between PIVC/PIC and pos-
terior parietal cortex (PPC), a major brain region of the cortical
attention network, we conducted a final experiment and exam-
ined whether inhibitory rTMS over PPC reduced the inhibition
of PIVC and the activation of PIC during visual attentional track-
ing. We compared the results of inhibitory rTMS over PPC to
conditions of inhibitory rTMS over occipital cortex (OC) and
sham rTMS. Across experiments, our results suggest that the ac-
tivity in core areas of the vestibular cortex can be strongly mod-
ulated by visual attention, originating from attention networks in
the parietooccipital cortex.

Materials and Methods
Participants. A total of n � 23 subjects (18 females) with a mean (� SE)
age of 24 � 1 years participated in the study. All subjects were right-
handed as determined by the Edinburgh Handedness Inventory (Old-
field, 1971). The mean (� SE) right handedness score was 93.9 � 2.45
(min � 54, max � 100). A subset of n � 15 subjects participated in the
behavioral experiment. A subset of n � 20 subjects (including 12 subjects
from the behavioral experiment) participated in the MRI experiments
without rTMS. Finally, a subset of n � 15 subjects from the MRI exper-
iments volunteered to participate in the rTMS experiments. The study
was approved by the local ethics board at the University of Regensburg.
Subjects gave informed written consent before participation. Subjects
were familiarized with the TMS-procedure, and possible contraindica-
tions to TMS were checked following recommendations by the Safety of
TMS Consensus Group (Rossi et al., 2009).

Experimental design. The study consisted of four experiments. First, we
used psychophysics to examine whether vestibular sensations can be
modulated by visual attention. Next, we investigated the neuronal effects
of visual attention in core areas of the vestibular cortex using fMRI.
Afterward, we addressed the question of whether core areas of the ves-
tibular cortex are structurally and functionally connected with cortical
attention networks. Finally, we tested whether these attention networks
modulate the inhibition of the vestibular cortex by using fMRI and in-
hibitory rTMS. Separate fMRI localizer experiments were conducted to
define ROIs in the vestibular and occipital cortex. The attentional track-
ing task that was used in the major experiments is described next, fol-
lowed by a detailed overview of the procedure for each experiment.

Attentional tracking task. An attentional tracking task (Pylyshyn and
Storm, 1988; Culham et al., 2001; Frank et al., 2016a) was used to mea-
sure activity in core areas of the vestibular cortex during attentive visual
processing. In this task, subjects were presented with displays of ran-
domly moving stimuli and attentively tracked a subset of those stimuli.
The effects of attention were measured by comparing the attentive track-
ing condition with a passive viewing condition of the same motion dis-
plays. The motion displays consisted of a set of four white disks
(diameter: 0.6°) moving randomly with a speed of 3.5°/s in the lower left
visual quadrant (diameter of quadrant � 8.5°). The lower left visual
quadrant was chosen because of its representation in the upper right OC,
which could be targeted by TMS. Each tracking trial started with a 2-s-
long cueing phase during which all disks remained stationary. During
this phase, two of four disks were highlighted in green to denote them as
targets. The other two disks remained white and served as distractors.
After the cueing phase, the targets turned white and were therefore phys-
ically indistinguishable from the distractors. Then, all disks began to
move within the lower left visual quadrant. Disks never collided or over-
lapped and were repelled from the invisible borders of the lower left
visual quadrant and from central fixation. Subjects tracked the targets
with their attention while maintaining fixation on a cross presented
within a gray disk (diameter � 0.8°) at the center of the screen. If subjects
lost track of a target, they were instructed to track another disk to keep the
number of tracking targets stable across each tracking trial. After 14 s, all
disks stopped moving, and one of the disks was highlighted in green.
Subjects were given 2 s to indicate whether this highlighted disk was a
target or a distractor. After the response phase, subjects received feedback
about the correctness of their response. To this aim, the central fixation
cross either turned to green for a correct response or to red for an incor-
rect response for 2 s. Each trial was 20 s long. The passive viewing condi-
tion was identical with the attentive tracking condition, except that no
disks were denoted as targets in the cueing phase or highlighted during
the response phase (i.e., all disks were presented in white during the
entire trial and no response was required). Furthermore, central fixation
did not change color for response feedback.

Behavioral experiment. In this experiment, we examined whether at-
tention modulates the suppression of vestibular sensations when visual
processing is prioritized. Specifically, visual motion cues in form of the
previously described attentional tracking task were combined with CVS
(see Fig. 1a). Participants either passively viewed the visual motion dis-
plays or attentively tracked a subset of the moving stimuli with their
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attention. Subjects were in supine position on a mat on the floor in a
psychophysics laboratory. Their heads were slightly elevated with a pil-
low by 20°–30° to move the horizontal ear canals approximately into
vertical position for optimal CVS (Barnes, 1995). A computer screen
(screen size � 35° � 26°) was mounted above subjects’ heads (viewing
distance � 60 cm) on the bottom of a table. Dark curtains were attached
to each side of the table to minimize any visual input. The room was
darkened, and the only visual stimulation occurred on the computer
screen. Two CVS conditions were used: (1) hot left and cold right and (2)
cold left and hot right (hot � 45°C, cold � 22°C). CVS was conducted
with a custom-built device (Frank and Greenlee, 2014), which is de-
scribed in detail below (see Localizer for vestibular area PIVC). The
caloric conditions were combined with three different visual conditions:
(1) eyes closed (vestibular-only condition), (2) eyes open and passive
viewing of visual motion (passive viewing condition), and (3) eyes open
and attentional tracking of visual motion (attentive tracking condition)
(see Fig. 1a). The combination of caloric-vestibular and visual conditions
was counterbalanced for each subject. During passive viewing and atten-
tive tracking, three successive visual stimulation trials were presented on
each CVS trial block. In the attentive tracking condition, subjects re-
ported at the end of each tracking trial whether the highlighted disk in the
response phase was a target or a distractor. Participants responded by
pressing one of two buttons for target or distractor on a button box.
Additionally, subjects monitored their vestibular sensations. Each CVS
trial block was 80 s long. The first and last 10 s served as on- and off-
ramps, during which temperatures were switched from binaural warm
baseline (36.5°C) to caloric stimulation (on-ramp) or vice versa (off-
ramp) (Frank and Greenlee, 2014). During on- and off-ramps, subjects
either maintained fixation on the central fixation spot in the passive
viewing and attentive tracking conditions or kept their eyes closed in the
vestibular-only condition. After each caloric-vestibular trial, participants
verbally reported on their vestibular sensations during the stimulation to
the experimenter who entered the responses into the computer. Subjects
were asked to base their judgments about vestibular sensations on the
central 60 s of the CVS (i.e., excluding on- and off-ramps with tempera-
ture changes). Specifically, they reported the overall strength of their
self-motion sensations on a Likert scale ranging from 0 (no self-motion)
to 10 (strong self-motion with feelings of vertigo and discomfort) in
integer steps. Values �5 indicated self-motion with increasing sensations
of discomfort and vertigo. Furthermore, subjects indicated the direction
of rotation (pitch, roll, yaw, or a combination). A total of 24 CVS trial
blocks were conducted (8 for each visual condition), resulting in an
experiment duration of �45 min. Trial blocks were presented in random
order.

We hypothesized that vestibular sensations would be most pro-
nounced when subjects kept their eyes closed (Deutschländer et al., 2002;
Dieterich et al., 2003) and reduced when subjects passively processed the
visual stimuli, indicative of vestibular suppression during visual process-
ing (Brandt et al., 1998). Furthermore, we predicted that these suppres-
sion effects on vestibular sensations would be larger when subjects
processed the visual stimuli attentively in the attentional tracking condi-
tion, indicating that the magnitude of vestibular suppression can be
modulated by attention directed toward visual processing.

fMRI experiment without rTMS. An fMRI experiment was conducted
to measure cross-modal activity changes in core areas of the vestibular
cortex (PIVC and PIC, respectively) during visual attentional tracking
and passive viewing. Two runs of the previously described attentional
tracking task in the lower left visual quadrant were conducted (run
length � 16 min). Each run consisted of 12 trials for attentive tracking
and 12 trials for passive viewing that were presented in random order.
Each trial was 20 s long and was followed by a 20-s-long blank baseline
during which participants kept their eyes open to avoid that eye closure
during baseline would activate the vestibular cortex (see Marx et al.,
2004). No caloric stimuli were applied to avoid additional modulations
of brain activity by vestibular input (Deutschländer et al., 2002; Frank et
al., 2014). Based on the results of our previous study using a similar task
(Frank et al., 2016a), we predicted that attentive visual processing would
increase the magnitude of inhibition of PIVC, as indicated by a negative

BOLD response, while simultaneously increasing the magnitude of acti-
vation of PIC (as indicated by a positive BOLD response).

Structural and functional connectivity experiment. To examine whether
PIVC and PIC are structurally and functionally connected with cortical
attention networks, we conducted MRI measurements for structural and
functional connectivity. Structural connectivity was measured by means
of DTI (see below). Functional connectivity was measured with a resting-
state fMRI scan during which participants maintained central fixation.
One run was conducted (run duration � 10 min). The structural and
functional connectivity of PIVC was computed by using PIVC as the seed
region. A separate analysis was conducted with PIC as the seed region.

fMRI experiment with rTMS. In this experiment, inhibitory rTMS over
different brain regions was conducted before the attentional tracking task
that subjects then performed during fMRI measurements. The goal was
to discover brain networks modulating cross-modal activity changes in
the vestibular cortex when visual processing is prioritized. The rationale
was that inhibitory, low-frequency (1 Hz) rTMS over brain regions that
modulate activity in the vestibular cortex would temporarily reduce their
modulatory influence after rTMS (Kobayashi and Pascual-Leone, 2003;
Ruff et al., 2009; Thut and Pascual-Leone, 2010; Rafique et al., 2015;
Solomon-Harris et al., 2016). In different sessions, we targeted two dif-
ferent sites with inhibitory rTMS: the PPC and the OC, which were both
defined in separate fMRI localizer experiments (see Fig. 4). A control
region located halfway between PPC and OC was chosen for sham rTMS.
This sham control region was located in the higher-order visual cortex
(Brodmann area 18), at the border between the occipital and the parietal
cortex (see Fig. 4a). Inhibitory rTMS was administered over the three
sites in separate sessions, which were at least 1 week apart to avoid any
possible carryover effects of rTMS from one session to another. The
assignment of stimulation sites to different sessions was counterbalanced
across subjects. The definition of rTMS target regions by means of struc-
tural MRI and fMRI and the exact procedure of inhibitory rTMS are
described in the following sections.

Definition of rTMS target region in the posterior parietal cortex. A pre-
vious study using DTI in human subjects (Wirth et al., 2018) reported
structural connections between PIVC and PPC, which could find sup-
port for a role of the parietal cortex in modulating the inhibition of PIVC
during attentive visual processing (Frank and Greenlee, 2018). There-
fore, we used PPC as target site for inhibitory rTMS. To determine the
specific site in the parietal cortex that is connected with PIVC in individ-
ual subjects, we conducted MRI measurements for structural and func-
tional connectivity (see above). The part of the parietal cortex that was
structurally and functionally connected with PIVC in individual subjects
was used as the target site for inhibitory rTMS (for a group analysis, see
Fig. 3a). On average, across subjects, a subsection of the intraparietal
sulcus and the surrounding cortex was structurally and functionally con-
nected with PIVC (corresponding to Brodmann areas 7 and 19; see
Fig. 4b,c).

We also computed the structural and functional connectivity of PIC
and observed connectivity between PIC and PPC (see Fig. 3b). The con-
nectivity of PIC overlapped in the intraparietal sulcus with the connec-
tivity of PIVC (see Fig. 3a). Since the main focus of this study was PIVC,
we used the connectivity results from PIVC for the definition of the rTMS
target site in PPC.

Definition of rTMS target region in the occipital cortex. The target region
for rTMS in the OC consisted of the representation of the lower left visual
quadrant, where the attentional tracking task was performed (see Fig.
4e– g). To localize this representation, fMRI measurements of 12-s-long
blocks of stimulation with flickering checkerboards (flicker frequency �
8 Hz) in the lower left visual quadrant were contrasted with 12-s-long
blocks of stimulation in the other three quadrants. Each block with stim-
ulation was followed by a 12-s-long blank baseline period. Stimulation
conditions were presented in random order, and there were five blocks
for each stimulation condition. Subjects maintained central fixation and
pressed a button on the button box when they detected a color change of
the fixation cross, which occurred occasionally. One run was conducted
(run duration �4 min).

We confined the representation of the lower left quadrant to the early
visual cortex, also referred to as V1 (Brodmann area 17). To define V1,
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phase-encoded retinotopic mapping was conducted. To this aim, a
bowtie-shaped flickering checkerboard rotated in clockwise or counter-
clockwise directions across the screen. During each rotation cycle, 18
locations were stimulated for 3 s each. In total, there were 12 cycles for
clockwise and counterclockwise directions, respectively, which were
conducted in separate fMRI runs. Each fMRI run was �11 min long. The
alternating representations of the vertical and horizontal meridians de-
marcate the borders between the visual areas V1, V2, and V3.

rTMS procedure. Target regions for rTMS were localized on each par-
ticipant’s skull by means of neuronavigation using the Nexstim system.
The TMS targets as well as the optimal orientation of the TMS coil were
marked on a cap for each participant individually. For rTMS, a Mag Pro
Stimulator (MagVenture) with a butterfly-shaped magnetic coil was
used. To determine the optimal intensity of TMS for individual subjects,
the motor threshold was measured beforehand. To this aim, single TMS
pulses were applied over the right motor cortex while measuring motor
evoked potentials in the left index finger using electromyography. An
initial TMS intensity of 50% was used and reduced until 4 motor evoked
potentials of 8 TMS pulses could still be detected (Schecklmann et al.,
2012; Rossini et al., 2015). For rTMS, the TMS intensity was set to 110%
of each participant’s individual motor threshold.

The rTMS sessions with subsequent fMRI scanning were conducted as
follows: participants were seated in a chair, and the TMS coil was placed
over the target region using position and orientation parameters deter-
mined by neuronavigation (see above). For sham rTMS, the coil was
positioned with the coil’s reverse side on the skull surface, which reduces
the stimulation intensity to one-sixth of the normal intensity (Van Doren
et al., 2015; Engel et al., 2017). The clicking sounds and vibration of the
coil accompanying real stimulation were indistinguishable in the sham
rTMS condition. A total of 1800 biphasic TMS pulses with a frequency of
1 Hz were administered, resulting in a duration of rTMS of 30 min. With
this frequency, we expected to inhibit the target region for at least 20 min
after stimulation end (Kobayashi and Pascual-Leone, 2003; Thut and
Pascual-Leone, 2010). Participants were instructed to close their eyes
during stimulation. An experimenter remained in the room with the
subjects during rTMS and checked on their well-being every 5 min. Sub-
jects indicated to the experimenter by gesturing (“thumbs up”) if every-
thing was fine. When the last 30 s of rTMS began, subjects were alerted by
the experimenter to get prepared for the fMRI measurements. Thereaf-
ter, the subjects were guided by the experimenter to the MRI scanner
located in the room next door, were then positioned on the MRI table,
and were moved into the scanner. The mean time between the end of
rTMS and the beginning of the fMRI measurements across subjects was
1:54 min (SE � 0.11 min) for sham rTMS, 1:58 min (SE � 0.09 min) for
parietal rTMS, and 1:53 min (SE � 0.09 min) for occipital rTMS. There
were no significant differences in elapsed time between the three rTMS
conditions (Friedman’s ANOVA, � 2

(2) � 4.31, p � 0.12). One fMRI run,
including 12 passive viewing and 12 attentive tracking trials presented in
random order, was conducted (same task as in the preceding fMRI ses-
sion without prior rTMS; see above). The run duration was 16 min.

After scanning, subjects were asked to rate their experiences during
rTMS on an integer scale from 0 (very unpleasant) to 10 (very pleasant).
Subjects gave the following mean ratings for sham rTMS: 6.4 (SE � 0.4);
for parietal rTMS: 5.3 (SE � 0.5); and for occipital rTMS: 5.2 (SE � 0.5).
The ratings were significantly different between the rTMS conditions
(Friedman’s ANOVA, � 2

(2) � 10.2, p � 0.006). Post hoc Wilcoxon signed-
rank tests showed that the sham session was rated to be more pleasant
than rTMS over PPC (Z � �2.03, p � 0.04, r � �0.37) and rTMS over
OC (Z � �2.50, p � 0.01, r � �0.46). rTMS over PPC and OC did not
evoke significantly different pleasantness ratings (Z � �0.51, p � 0.61,
r � �0.09). Furthermore, participants were asked whether they experi-
enced any side effects during rTMS. No side effects of rTMS in any
session were evident, except for slight scalp pain sensations or a mild
headache in one session reported by 2 subjects.

Localizer for vestibular area PIVC. Area PIVC was localized in each
participant beforehand by means of CVS during fMRI following previous
descriptions (see Frank et al., 2016b). Vestibular stimulation was con-
ducted with a custom-made MRI-safe binaural CVS device. The device
consisted of several components, which are described in detail previously

(Frank and Greenlee, 2014). In brief, hot and cold water was stored in two
barrels located outside the scanner room, and tempered water was
pumped via tubes to the left and right ear canals of the participant in the
MRI scanner. Small glass-made pods installed in the MRI-headphone
system transmitted the temperatures of the water to the ear canals while
the water remained inside the glass pods. The water was returned via
separate tubes to a collecting barrel in the scanner control room. Three
different temperature states were provided to the ear canals: (1) hot in the
left and cold in the right, (2) cold in the left and hot in the right, and (3)
warm in both. Hot and cold were used for CVS. Warm was used for
baseline. The same temperatures as in the behavioral experiment were
used.

CVS trials with hot in one ear and cold in the other ear were presented
in random order. Each CVS trial lasted 60 s and was followed by a 60-s-
long baseline with warm in both ears. A total of 20 trials were conducted
in a single fMRI-run (five with hot left and cold right, five with cold left
and hot right, and 10 warm baseline trials), resulting in a run-length of 20
min. Subjects kept their eyes closed and did not perform any task. After
scanning, subjects reported on their vestibular sensations using a struc-
tured questionnaire (see Frank et al., 2016b). All subjects (n � 20) re-
ported that they sensed self-motion during CVS. N � 19 subjects
described the sensation of self-motion as rotation that was, for a subset of
n � 8 subjects, accompanied by sensations of body sway. One participant
indicated only sensations of body sway. N � 15 participants described
self-motion in the yaw direction that was mixed with roll or pitch direc-
tions for a subset of n � 6 subjects. Four subjects experienced self-motion
only in the roll direction, whereas 1 subject experienced a mixture of roll
and pitch. For n � 11 subjects, self-motion sensations were restricted to
the head, whereas the remaining participants sensed self-motion of the
whole body. None of the participants indicated any discomfort during
CVS.

Temperature control experiment. The CVS device avoids somatosen-
sory side effects because the water remains inside the closed-loop system.
Furthermore, somatosensory stimulation from the presence of the pods
inside the ear canal occurs in both the caloric-vestibular and baseline
conditions. However, the different temperatures (hot, cold, warm) per se
could induce additional activations that are unrelated to the vestibular
effects. Specifically, this could be the case in the insula and in the parietal
operculum (Craig et al., 2000), close to the location of PIVC (Lopez and
Blanke, 2011; Frank and Greenlee, 2018). Therefore, we conducted a
temperature-control experiment for which the stimulation pods were
attached to the pinna during the fMRI measurements. With this setup,
subjects could still clearly sense the differences in temperature, but no
vestibular stimulation occurred. All other parameters were identical with
the PIVC localizer experiment. None of the subjects (n � 20) reported
any sensations of self-motion after the experiment.

Localizer for visual-vestibular area PIC. Area PIC was localized as de-
scribed previously (see Frank et al., 2014, 2016b). During fMRI measure-
ments, displays of dots moving in different translational directions (1 s
each direction, motion speed � 14°/s) alternated with displays of static
dots. Conditions of visual motion and static dots were presented in 12-
s-long blocks and 48 blocks in total (24 with visual motion, 24 with static
dots) were used, resulting in a run length of �10 min. The visual motion
stimulus consisted of 200 white dots (diameter � 0.1°) that were placed
at random locations across the dark screen. Each dot had a limited ran-
dom lifetime between 167 and 333 ms and thereafter was replaced at a
new location. Participants maintained central fixation and performed a
color detection task on the fixation spot. One fMRI run was conducted.

Stimulus presentation. Stimuli were presented with the Psychophysics
Toolbox (Brainard, 1997; Pelli, 1997) running in MATLAB (The Math-
Works). Stimuli in the scanner were back-projected onto a translucent
screen at the back of the scanner bore (screen size � 24° � 18°, viewing
distance � 97 cm). Subjects could see the screen with a mirror mounted
on the MRI head coil.

Scanning parameters. The MRI data were collected on a Prisma 3 Tesla
MRI scanner (Siemens). For the PIVC localizer, the temperature control
experiment, and the PIC localizer, a 20-channel head coil was used and
T2*-weighted EPI data were collected with the following parameters:
TR � 2 s, TE � 30 ms, flip angle (FA) � 90°, in-plane acquisition matrix
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(AM) � 64 � 64, 32 axial slices, voxel size �
3 � 3 � 3 mm, interslice gap � 0.5 mm. All
other fMRI data were acquired with a 64-
channel head/neck coil and the following EPI
parameters: TR � 1 s, TE � 33 ms, multiband
factor 4, FA � 59°, AM � 96 � 96, 48 axial
slices, voxel size � 2.5 � 2.5 � 2.5 mm, no
interslice gap. Anatomical scans were also col-
lected with the 64-channel coil. For the high-
resolution T1-weighted anatomical scan of
each participant’s brain, we used an MPRAGE
(TR � 2.3 s, TE � 2.32 ms, FA � 8°, AM �
256 � 256, 192 sagittal slices, voxel size � 0.9 �
0.9 � 0.9 mm, interslice gap � 0.45 mm).
Diffusion-weighted structural imaging data
were acquired with a single-shot, spin-echo se-
quence with echo-planar readout (TR � 3.9 s,
TE � 78 ms, multiband factor 2, FA � 90°,
AM � 106 � 106, 72 axial slices, voxel size �
2 � 2 � 2 mm, no interslice gap). Diffusion
was probed along 64 equally distributed orien-
tations at b values 1000 s/mm 2 and 2000
s/mm 2. Nine volumes without diffusion
weighting (b-zero) were interspersed.

MRI analysis. Each participant’s high-reso-
lution anatomical scan of the brain was reconstructed and inflated using Free-
surfer (Martinos Center for Biomedical Imaging) (Dale et al., 1999; Fischl
et al., 1999). fMRI data were preprocessed and analyzed with the FSFAST
toolbox. Preprocessing included motion correction, coregistration to the
reconstructed anatomical brain scan, smoothing with a 3D Gaussian
kernel (FWHM � 3 mm for all scans with 2.5 mm3 voxel size; for all other
scans, the smoothing kernel was set to 5 mm), and intensity normalization. The
coregistrations were carefully checked and manually corrected if necessary.

The fMRI data were analyzed with a GLM approach. For each analysis
except the resting-state scan, a block-design was used. Each GLM con-
tained motion correction parameters and a linear scanner drift predictor
as regressors of no interest. The BOLD response was modeled using the
SPM canonical hemodynamic response function.

The GLM for the PIVC localizer contained three regressors of in-
terest for the two CVS conditions and the baseline condition. The first
10 s of each trial served as ramp for temperature changes and was not
included in the analysis. Thus, each regressor of interest modeled a
period of 50 s for each trial and condition. PIVC was defined by
contrasting CVS (both caloric stimulation conditions combined)
with baseline.

There were two regressors of interest for the visual motion and static
baseline blocks in the GLM of the PIC localizer scan. PIC was defined by
contrasting visual motion with baseline.

The localizer experiment for the representation of the lower left visual
quadrant in the OC was analyzed by constructing two regressors of in-
terest for stimulation in the lower left quadrant and stimulation in the
other quadrants. The representation of the lower left quadrant was de-
fined by contrasting stimulation in this quadrant with stimulation in all
other quadrants. Furthermore, the representation of the lower left quad-
rant was confined to the early visual cortex, which was determined by
phase-encoded retinotopic mapping.

For the attentional tracking task, three regressors of interest were con-
structed: one regressor for the passive viewing condition, another one for
the attentional tracking condition, and a third one for the baseline con-
dition. The regressors for passive viewing and attentional tracking in-
cluded the 14-s-long period during which disks moved while subjects
either passively viewed or attentively tracked them. Three additional
regressors of no interest were included for cueing, response, and feedback
phases (2 s each). For the primary analysis, only the tracking trials where
subjects responded correctly were used. A regressor of no interest cov-
ered the tracking trials with incorrect responses (if any). For the atten-
tional tracking experiment following rTMS, we conducted an additional
control analysis, for which all tracking trials were included in the analysis

regardless of correct or incorrect subject response. This was done to rule
out the possibility that differences in the number of analyzed trials had
contributed to any differences between rTMS conditions found in the
primary analysis.

Figure 1. Cross-modal effects of visual attention on vestibular sensations. a, Stimulus conditions. Left, Vestibular-only condi-
tion. Subjects kept their eyes closed and received vestibular cues via caloric vestibular stimulation (e.g., hot left and cold right; see
Materials and Methods). Middle, Vestibular � Passive Viewing condition. Subjects passively viewed moving disks in the lower left
visual quadrant and received caloric vestibular cues. Right, Vestibular � Attentive Tracking condition. Subjects attentively tracked
a subset of moving disks as targets and received caloric vestibular cues. On each of the tracking trials, subjects signaled whether the
disk highlighted at stimulus offset was among the tracked targets (see Materials and Methods). The circumference and outline of
the lower left visual quadrant are shown in white for illustrative purposes only and were not visible during the experiment. b, Mean
(� SE) ratings of vestibular sensations during different visual conditions for n � 15 subjects. Larger values on the y axis indicate
stronger vestibular sensations. Significant differences between conditions: **p 	 0.01, ***p 	 0.001.

c d

Figure 2. Cross-modal effects of visual attention on the BOLD response in core areas of the
vestibular cortex. a, Location of the PIVC and the PIC in the mid-posterior Sylvian fissure (dis-
played on the inflated right hemisphere of a template brain). b, Whole-brain random-effects
group analysis (n � 20 subjects) for the contrast attentive tracking versus passive viewing.
Red-yellow represents stronger activity during attentive tracking compared with passive view-
ing. Blue-white represents the reverse contrast. 6v/r, Ventral/rostral area 6 (derived from the
anatomical segmentation by Glasser et al., 2016); AI, anterior insula; FEF, frontal eye fields; HG,
Heschl’s gyrus (corresponding to the primary auditory cortex); MT�, human area MT� (V5);
PCG, postcentral gyrus (corresponding to the primary somatosensory cortex); PFC, prefrontal
cortex (dorsolateral part); SMG, supramarginal gyrus. c, d, Mean (� SE) activity measured as
BOLD percentage signal change in PIVC and PIC for the same subjects as in b during passive
viewing and attentive tracking of visual motion cues. PIVC and PIC were defined in independent
localizer experiments (for details, see Materials and Methods). Zero on the y axis indicates
activity during blank baseline while participants kept their eyes open. Significant differences
between passive viewing and attentive tracking conditions: ***p 	 0.001.
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The resting-state scans were analyzed with a GLM containing the time
course of the seed region (PIVC and PIC in the right hemisphere, respec-
tively) as regressor of interest. Additional regressors of no interest in the
resting-state GLM were the time courses of the white matter, the ventri-
cles, and the CSF, which were extracted using a principal component
analysis, as implemented in the FSFAST processing pipeline.

For each participant, the ROIs were defined on the surface of the
inflated right hemisphere of the reconstructed brain at a threshold of p 	
0.05 (false discovery rate-corrected) (Frank et al., 2016a). For each sub-
ject and hemisphere, PIVC was defined by using activation in the mid-
posterior Sylvian fissure during CVS (see Fig. 4h). Voxels in PIVC that
were also activated in the temperature control experiment (at a threshold
of p 	 0.05 false discovery rate-corrected) were removed from the defi-
nition of PIVC. The mean number of voxels in the right hemisphere
overlapping between CVS and temperature stimulation was 3% (SE �
9%). No overlaps between PIC and temperature-related activations were ob-
served in any participant. For a subset of subjects (n � 10 subjects of n �
15 subjects in total in the rTMS experiment), we observed that PIC
consisted of separate anterior and posterior clusters, similar to previous
studies (Frank et al., 2016a, b). However, since this was not the case for
each subject, we combined anterior and posterior clusters for all MRI
analyses (see Fig. 4i). The mean Talairach coordinates (with SE) for the
ROIs (in each case for the right hemisphere) were as follows: PIVC: x �
40 (�1), y � �10 (�1), z � 15 (�1); PIC: x � 49 (�2), y � �29 (�1),
z � 21 (�1); parietal rTMS: x � 27 (�1), y � �68 (�2), z � 33 (�2);
occipital rTMS: x � 14 (�1), y � �91 (�1), z � 9 (�1); sham rTMS: x �
23 (�1), y � �88 (�1), z � 21 (�1).

DTI analysis. The diffusion data were preprocessed and analyzed as
described previously (Wirth et al., 2018). In brief, the FMRIB’s Diffusion
Toolbox (FDT) (Behrens et al., 2007) was used to correct for head mo-
tion and eddy current distortions. Moreover, diffusion vectors were cor-
rected for head motion (Leemans and Jones, 2009). The b-zero images
were automatically registered to the reconstructed individual brains.
Coregistrations were carefully checked and manually corrected if neces-
sary. For each voxel, a distribution of diffusion parameters was modeled
by means of Markov Chain Monte Carlo sampling with two anisotropic
compartments unless prevented by automatic relevance detection. Prob-
abilistic tractography was conducted with PIVC and PIC, respectively, in
the right hemisphere as the seed for each subject. To this aim, for each
vertex in the seed region, 20,000 streamlines (maximum steps � 2000,
step length � 0.5 mm, curvature threshold � 0.2), each based on separate
samples of the voxelwise diffusion distribution, were calculated. Tractog-
raphy was limited to the right hemisphere and tracks were terminated
when leaving the hemisphere. Circular pathways were prevented and
distance corrections were applied. Track frequencies corresponding to
the accumulated number of streamlines were converted to track proba-
bilities (Ptrack) by dividing the log-scaled track frequency by the maxi-
mum log-scaled track frequency (Wirth et al., 2018). For the display of
cortical track terminations, track probabilities at voxels 1 mm below the
white/gray matter boundary were projected onto the cortical surface for
each subject (Beer et al., 2013). Group results were displayed at a thresh-
old of Ptrack � 0.25 commensurate with previous work (Wirth et al.,
2018).

Statistical analysis. The sample size of this study was determined based
on previous studies (Brandt et al., 1998; Cuturi and MacNeilage, 2014;
Frank et al., 2016a,b; Solomon-Harris et al., 2016; Roberts et al., 2017;
Schindler and Bartels, 2018; Wirth et al., 2018). Behavioral data (i.e.,
accuracy on the attentional tracking task and ratings on Likert scales)
were analyzed using nonparametric statistics (Friedman’s ANOVA, fol-
lowed by post hoc Wilcoxon-signed rank tests). All other data were ana-
lyzed using parametric statistics (repeated-measures ANOVA, followed
by post hoc paired-sample t tests). When the assumption of sphericity for
the ANOVA was violated (as shown by Mauchly’s test of sphericity), the
Huynh–Feldt correction was used. For all statistical tests, the two-tailed �
level was set to 0.05. We report the following measures of effect size for
different statistical tests: r for Wilcoxon signed-rank tests, partial � 2 for
parametric ANOVAs, and Cohen’s d for t tests.

Results
In the first behavioral experiment, subjects received vestibular
cues by means of CVS while keeping their eyes closed, passively
viewing moving visual stimuli, or attentively tracking a subset of
the moving visual stimuli (Fig. 1a). At the end of each trial, sub-
jects rated the magnitude of their vestibular sensations during the
trial.

Subjects’ vestibular sensations were significantly different be-
tween eyes closed, passive viewing, and attentive tracking conditions
(Friedman’s ANOVA, �2

(2) � 20.4, p 	 0.001) (Fig. 1b). Specifically,
post hoc Wilcoxon signed-rank tests showed that vestibular sen-
sations were significantly greater in the eyes-closed condition
compared with passive viewing (Z � �3.13, p � 0.002, r �
�0.57) and attentive tracking (Z � �3.35, p 	 0.001, r � �0.61),
suggesting that the processing of visual stimuli both with and
without attention decreased vestibular sensations. Importantly,
vestibular sensations were significantly weaker during attentive
tracking compared with passive viewing (Z � �3.08, p � 0.002,
r � �0.56), suggesting that the suppression of vestibular sensa-
tions was greater in magnitude when attention was directed to-
ward visual processing. Participants achieved a mean accuracy of
91% correct (SE � 1%) on the attentional tracking task. They
sensed self-motion primarily in the yaw direction (on average, in
57% of all trials, SE � 2%), followed by roll (on average, in 25%

a

b

Figure 3. Structural and functional connectivity of PIVC and PIC with PPC. The results are
based on group analyses (n � 20 subjects) and displayed on the inflated right hemisphere of a
template brain. a, Connectivity of PIVC (blue disk). Left, Structural connectivity as measured by
probabilistic fiber tracking using diffusion weighted imaging. Red-yellow represents the mean
probabilities of track terminations from PIVC across subjects. Right, Functional connectivity
using resting-state fMRI measurements. Red-yellow represents significant functional connec-
tions from PIVC. b, Same as in a, but for PIC. Structural and functional connections from the PIVC
and PIC exist with the PPC.
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of all trials, SE � 2%), whereas pitch or a
combination of different directions were
reported in the remaining trials.

In the next experiment, we examined
activity in core areas of the vestibular cor-
tex (the areas PIVC and PIC, respectively;
Fig. 2a) during passive viewing and atten-
tive tracking of visual motion cues. A 2 �
2 repeated-measures ANOVA with the
factors of brain area (PIVC, PIC) and vi-
sual condition (passive viewing, attentive
tracking) yielded a significant two-way in-
teraction between brain area and visual
condition (F(1,19) � 71.2, p 	 0.001, par-
tial � 2 � 0.79), indicating that differential
activity changes between PIVC and PIC
were augmented in the attentive tracking
compared with the passive viewing condi-
tion (Fig. 2c,d). Furthermore, there was a
significant main effect of brain area
(F(1,19) � 86.9, p 	 0.001, partial � 2 �
0.82), indicating that activity changes
from baseline were in opposite directions
between PIVC and PIC. There was no sig-
nificant main effect of visual condition
(F(1,19) � 0.35, p � 0.56, partial � 2 �
0.02). Post hoc paired-sample t tests be-
tween activity during attentive tracking
and passive viewing showed that PIVC
was more strongly inhibited during atten-
tive tracking compared with passive view-
ing (t(19) � �4.52, p 	 0.001, d � �1.01).
This effect was specific to PIVC and did
not occur in core cortical areas of other
sensory systems (e.g., the primary so-
matosensory or auditory cortex; Fig. 2b). On the contrary, PIC
was more strongly activated in attentive tracking compared with
passive viewing (t(19) � 5.87, p 	 0.001, d � 1.31). Participants
achieved a mean accuracy of 89.2% correct (SE � 1.46%) across
runs on the attentional tracking task. The differential activity
changes in PIVC and PIC during attentive tracking compared
with passive viewing replicate previously reported results by
Frank et al. (2016a).

The results of this experiment suggest that attention can mod-
ulate the magnitude of activity change in core areas of the vestib-
ular cortex during visual processing. Specifically, compared with
passive viewing, attentive visual processing increased the magni-
tude of inhibition of PIVC and of activity enhancement of the
visual-vestibular PIC. Furthermore, the results of this experiment
suggest that the attention-induced inhibition is specific to PIVC
and does not include core areas of other sensory cortices.

In the next two experiments, we aimed to identify the cortical
areas from which the attentional modulation originates. First, the
structural and functional connectivity from PIVC and PIC, re-
spectively, was measured. The results showed that PIVC and PIC
shared structural and functional connectivity with the PPC
(Fig. 3), a central region of the cortical attention network (Cul-
ham et al., 2001; Carrasco, 2011). Across subjects, the connected
subsection of the parietal cortex was located in the intraparietal
sulcus and the surrounding cortex (Brodmann areas 7 and 19)
and overlapped with the locations of areas IPS1, V6A, and V7, as
defined by the multimodal classification of the cerebral cortex by
Glasser et al. (2016) (Fig. 4). These results suggest that the PPC

might be the origin of the attentional modulation of activity in
core vestibular areas.

We examined this hypothesis in a fourth experiment by using
inhibitory rTMS over PPC to reduce its potential modulatory
influence over the vestibular cortex, thus reducing the inhibition
of PIVC as well as reducing the activity enhancement of PIC
during visual attentional tracking. Inhibitory rTMS was applied
in three randomized separate sessions over the PPC, the OC, and
a control region located in between these two brain areas for
sham rTMS (Figs. 4, Fig. 5a).

If rTMS successfully inhibited PPC and OC, behavioral per-
formance on the tracking task should decrease compared with the
sham control condition because PPC and OC are both critical to
performing attentional tracking (Culham et al., 2001; Frank et al.,
2016a). A Friedman’s ANOVA across subjects’ attentional tracking
performance in the three rTMS conditions revealed significant dif-
ferences between the rTMS conditions (�2

(2) � 6.20, p � 0.045) (Fig.
5b). Post hoc Wilcoxon signed-rank tests showed that performance
after parietal rTMS was significantly lower compared with sham
rTMS (Z � �2.51, p � 0.01, r � �0.46). A similar, marginally
significant trend but with moderate effect size was observed for
rTMS over OC (Z ��1.85, p � 0.065, r ��0.34). Performance did
not differ significantly between rTMS over PPC and OC (Z��0.67,
p � 0.50, r � �0.12). These results show that rTMS decreased sub-
jects’ attentional tracking performance, indicating that functional
processing in the PPC and OC was impaired after inhibitory rTMS.

A 3 � 2 � 2 repeated-measures ANOVA with the factors of
rTMS condition (sham, PPC, OC), visual condition (passive

a
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Figure 4. Anatomical locations of target sites for rTMS and of core areas of the vestibular cortex in the right hemisphere. a,
Individual locations (for n � 15 subjects in the rTMS experiment) of the sham rTMS site (located in Brodmann area 18). Each color
represents a different participant and shows the outline of the target region. The individual locations were used as target sites for
rTMS. For displaying purposes, overlapping areas were remapped from the individual inflated brains to an inflated template brain.
This method preserves differences in the size and location of the rTMS target sites between different subjects. The enlarged view of
a subsection of the PPC is shown (see d). Light gray represents gyri. Dark gray represents sulci. IPS, Intraparietal sulcus; b, Same as
in a, but for the rTMS target site in PPC. Each outline corresponds to the area of overlap between structural and functional
connectivity from PIVC to PPC in a different subject. Areas of overlap were located in Brodmann areas 7 and 19. MOG, Middle
occipital gyrus; MOLS, middle occipital and lunate sulcus; OP, occipital pole; SOG, superior occipital gyrus. c, Anatomical locations
of the average parietal and sham rTMS sites across subjects. White dots represent the average locations of sham and parietal rTMS
(referred to as “Sham” and “Parietal”; for mean Talairach coordinates, see Materials and Methods). Different colors represent
different anatomical labels derived from the multimodal anatomical segmentation of the brain described by Glasser et al. (2016).
IPS1, Intraparietal sulcus area 1; V3, third visual area; V3A, area V3A; V4, fourth visual area; V6A, area V6A; V7, seventh visual area.
d, Subsection of PPC shown in a– c. e– g, Same as in b– d, respectively, but for the rTMS site in the OC (referred to as “Occipital”;
for mean Talairach coordinates, see Materials and Methods), located in Brodmann area 17. CS, Calcarine sulcus; V1, primary visual
cortex. h, Same as in a, but for PIVC. PCG, Postcentral gyrus; SF, Sylvian fissure; SMG, supramarginal gyrus. i, Same as in a, but for
PIC. CS, Central sulcus; ICS, inferior circular sulcus of insula; LG, long gyrus of insula; PCS, postcentral sulcus; SCS, superior circular
sulcus of insula; SG, short gyri of insula; STG, superior temporal gyrus; STS, superior temporal sulcus. j, k, Same as in c, d, but for the
subsection of the Sylvian fissure and the surrounding cortex shown in h and i. FOP2, Frontal opercular area 2; IG, insular granular
complex; OP2–3, parietal operculum areas 2 and 3; PFcm, area PFcm; PSL, Perisylvian language area; RI, retroinsular cortex.
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viewing, attentive tracking), and brain area (PIVC, PIC) was con-
ducted on fMRI activity changes following rTMS (Fig. 5c,d).
Most importantly, there was a significant three-way interaction
between rTMS condition, visual condition, and brain area
(F(2,28) � 5.83, p � 0.008, partial � 2 � 0.29), suggesting that
inhibitory rTMS over PPC and OC reduced the influence of at-
tention on PIVC and PIC, whereas sensory-driven activity
changes induced by passive visual processing remained unaf-
fected (Fig. 5c,d). Furthermore, there was a significant main effect
of brain area (F(1,14) � 121.7, p 	 0.001, partial � 2 � 0.90) and a
significant two-way interaction between visual condition and
brain area (F(1,14) � 96.1, p 	 0.001, partial � 2 � 0.87), thus
replicating the differential activity changes in PIVC and PIC dur-
ing passive viewing and attentive tracking (see Fig. 2c,d). No
other main effects or interactions were significant. A control
analysis for which all attentional tracking trials (i.e., also trials
with incorrect subject responses with respect to the tracking task)
were included showed a similar three-way interaction between
rTMS, visual condition, and brain area (F(1.53,21.4) � 6.13, p �
0.01, partial � 2 � 0.30).

Post hoc paired-sample t tests on the activity differences be-
tween attentive tracking and passive viewing were conducted to
illustrate the effects of inhibitory rTMS on attention-modulated
activity changes in the vestibular cortex. The results show that the
inhibition of PIVC was significantly weaker after rTMS over PPC
compared with sham rTMS (t(14) � 2.77, p � 0.02, d � 0.72) (Fig.
5e). On the contrary, the inhibition of PIVC after rTMS over OC
was not significantly different from sham stimulation (t(14) �

1.08, p � 0.30, d � 0.28). The enhance-
ment of activity of PIC was significantly
less pronounced after rTMS over OC
compared with sham stimulation (t(14) �
�2.15, p � 0.049, d � �0.56) as well
compared with rTMS over PPC (t(14) �
�3.47, p � 0.004, d � �0.89) (Fig. 5f).
These results indicate that inhibitory
rTMS over PPC reduced the attention-
modulated inhibition of PIVC, whereas
rTMS over OC reduced the attention-
modulated activity enhancement of PIC.

Discussion
Our results support a critical role of atten-
tion networks in the parietooccipital cor-
tex for modulating activity of the
vestibular cortex when visual processing is
prioritized. Although it has been observed
that PIVC, a core area of the vestibular
cortex, is inhibited during visual process-
ing (Brandt et al., 1998; Deutschländer et
al., 2002; Kleinschmidt et al., 2002; Frank
et al., 2016a,b), it has remained unclear
how the inhibition is modulated in mag-
nitude and from where in the brain this
modulatory influence originates (Brandt
and Dieterich, 1999; Frank and Greenlee,
2018).

In a previous study, we observed that
PIVC became more strongly inhibited the
greater the attentional load was on the vi-
sual system, suggesting a possible connec-
tion between visual attention and cross-
modal inhibition of the vestibular system
(Frank et al., 2016a). Here, we find sup-

port that visual attention can modulate activity in core areas of
the vestibular cortex and that this modulatory influence origi-
nates from attention networks in the parietooccipital cortex. Spe-
cifically, we find that vestibular sensations of self-motion were
suppressed to a greater extent when visual stimuli were processed
attentively rather than passively, suggesting that attention in-
creased the magnitude of vestibular suppression. This interpre-
tation is supported by our findings with fMRI showing that the
inhibition of PIVC increased when visual stimuli were processed
attentively rather than passively. The cortical origin of this mod-
ulatory influence of visual attention over PIVC appeared to be the
PPC, which we found to be structurally and functionally con-
nected with PIVC. Specifically, inhibitory rTMS over PPC re-
duced the magnitude of inhibition of PIVC during attentive
visual processing, suggesting that PPC exerted less modulatory
influence over PIVC. For PIC, a visual-vestibular area located
posterior to PIVC, we found that activity increased when visual
stimuli were processed attentively and that this enhancement of
activity was associated with activity in attention networks in the
OC.

Previous studies found that the core of the vestibular cortex is
inhibited during visual processing (Brandt et al., 1998;
Deutschländer et al., 2002; Kleinschmidt et al., 2002). However,
these studies did not differentiate between different subregions
within the core of the vestibular cortex. Here, we have replicated
the inhibition of PIVC but additionally found that PIC, a visual-
vestibular area located in close vicinity posterior to PIVC (Frank

d

f

Figure 5. Effects of rTMS on attentional tracking performance and BOLD. a, Locations in PPC and OC for inhibitory rTMS. An
intermediately located region was chosen for sham rTMS (for the anatomical locations, see Fig. 4). b, Mean (� SE) behavioral
performance during attentive tracking after inhibitory rTMS (n � 15 subjects). c, d, Mean (� SE) BOLD activity in PIVC and PIC
during passive viewing (light gray) and attentive tracking (dark gray) after inhibitory rTMS (n � 15 subjects). Zero on the y axis
indicates activity during blank baseline while participants kept their eyes open. e, f, Mean (� SE) attention-modulated BOLD
activity in PIVC and PIC following inhibitory rTMS (n � 15 subjects). Values on the y axis correspond to the activity difference
between attentive tracking and passive viewing (see c, d). Significant differences between conditions: *p 	 0.05, **p 	 0.01.
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et al., 2014, 2016b; Frank and Greenlee, 2018), exhibited en-
hanced activity when subjects attentively tracked visual motion
cues, corroborating previous findings (Frank et al., 2016a). Our
rTMS results suggest that the enhancement of activity in PIC is
associated with activity in the OC. The OC is subject to strong
influence by attention, potentially originating from higher-order
attention networks (Carrasco, 2011). Since PIC is strongly asso-
ciated with the visual network (Frank et al., 2016b), we speculate
that this attention-modulated enhancement of activity in the OC
during attentive visual tracking is propagated to PIC.

Our results are limited in that they are based on the assump-
tion of direct connectivity between PPC and the core of the ves-
tibular cortex. Although there is evidence supporting the
existence of such a pathway (Uesaki et al., 2018; Wirth et al., 2018;
Dionisio et al., 2019; for nonhuman primates: Guldin and
Grüsser, 1998; for review, see Lopez and Blanke, 2011) (see Fig.
3), the attentional modulation of activity in the vestibular cortex
might also emerge through corticofugal projections from PPC to
the thalamus or the vestibular nuclei in the brainstem (Faugier-
Grimaud and Ventre, 1989). If the thalamus or the vestibular
nuclei are inhibited by PPC, fewer excitatory signals will reach the
PIVC; and, as a result, the activity of the PIVC will be reduced.
Future studies are necessary to disambiguate the possibilities of
corticocortical or corticofugal projections as the underlying neu-
roanatomical substrate of attentional modulation of the vestibu-
lar cortex.

Our study is further limited in that we only investigated
changes of activity of the vestibular cortex when visual processing
was prioritized, begging the question of whether attention can
exert its modulatory influence also in the opposite direction, that
is, modulating activity in the visual system when vestibular pro-
cessing is prioritized. Although there is evidence for the inhibi-
tion of the visual cortex during stimulation of the vestibular
cortex (Wenzel et al., 1996; Deutschländer et al., 2002; Seemungal
et al., 2013; Mazzola et al., 2014), the cross-modal effects of at-
tention directed toward vestibular processing on the visual cortex
have not yet been measured. Finally, future studies are necessary
to investigate whether attention also modulates the inhibition
between other sensory systems, for instance, between the visual
and auditory systems (Laurienti et al., 2002) and between the
visual and somatosensory systems (Merabet et al., 2007).

In conclusion, our results suggest that attention can play a
critical role in modulating activity of the vestibular system when
visual processing is prioritized. Furthermore, our results indicate
that this modulatory influence emerges from attention networks
in the parietooccipital cortex. By modulating activity in the ves-
tibular system, attention might shield the ongoing processing of
the prevailing visual cues from potentially conflicting vestibular
signals.
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