
Copyright © 2019 the authors

Research Articles: Behavioral/Cognitive

Attention networks in the parietooccipital
cortex modulate activity of the human
vestibular cortex during attentive visual
processing

https://doi.org/10.1523/JNEUROSCI.1952-19.2019

Cite as: J. Neurosci 2019; 10.1523/JNEUROSCI.1952-19.2019

Received: 11 August 2019
Revised: 6 November 2019
Accepted: 7 November 2019

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 

Title: Attention networks in the parietooccipital cortex modulate activity of the human vestibular 

cortex during attentive visual processing  

 

Abbreviated Title: Attentional modulation of the vestibular cortex   

 

Authors: Sebastian M. Frank (sebastian_frank@brown.edu)1,2,*, Maja Pawellek 

(maja.traurig@stud.uni-regensburg.de)1, Lisa Forster (lisa2.forster@stud.uni-regensburg.de)1, 

Berthold Langguth (berthold.langguth@medbo.de)3, Martin Schecklmann 

(martin.schecklmann@medbo.de)3, Mark W. Greenlee (mark.greenlee@psychologie.uni-

regensburg.de)1 

 

1: Institute for Experimental Psychology, University of Regensburg, Regensburg 93053, Germany.  

2: Department of Cognitive, Linguistic, and Psychological Sciences, Brown University, Providence, 

RI 02912, USA.  

3: Department of Psychiatry and Psychotherapy, University of Regensburg, Regensburg 93053, 

Germany. 

* Corresponding author 

 

Number of pages: 37 

Number of figures: 5 

Number of words for Abstract: 250 

Number of words for Introduction: 612 

Number of words for Discussion: 816 

 

Conflict of Interest: The authors declare that they have no competing interests. 

 

Acknowledgments: The study was supported by grants from the Deutsche Forschungsgemeinschaft 

(INST 89/393-1, GR 988/25-1). We wish to thank Nexstim Plc. for providing the electric-field 

guided neuronavigation rTMS system. Furthermore, we wish to thank Christian Renner from the 

workshop at the University of Regensburg for constructing and maintaining the caloric vestibular 

stimulation device.  

 

 



Attentional modulation of the vestibular cortex 
 

 

2 

2 

Abstract 1 

Previous studies in human subjects reported that the parieto-insular vestibular cortex (PIVC), a core 2 

area of the vestibular cortex, is inhibited when visual processing is prioritized. However, it has 3 

remained unclear, which networks in the brain modulate this inhibition of PIVC. Based on previous 4 

results showing that the inhibition of PIVC is strongly influenced by visual attention, we here 5 

examined whether attention networks in the parietooccipital cortex modulate the inhibition of PIVC. 6 

Using diffusion weighted and resting state functional magnetic resonance imaging (MRI) in a group 7 

of female and male subjects we found structural and functional connections between PIVC and the 8 

posterior parietal cortex (PPC), a major brain region of the cortical attention network. We then 9 

temporarily inhibited PPC by repetitive transcranial magnetic stimulation (rTMS) and hypothesized 10 

that the modulatory influence of PPC over PIVC would be reduced and, as a result, PIVC would be 11 

less inhibited. Subjects performed a visual attentional tracking task immediately after rTMS and the 12 

inhibition of PIVC during attentive tracking was measured with functional MRI. The results showed 13 

that the inhibition of PIVC during attentive tracking was less pronounced compared with sham 14 

rTMS. We also examined the effects of inhibitory rTMS over the occipital cortex (OC) and found 15 

that the visual-vestibular posterior insular cortex area (PIC) was less activated during attentive 16 

tracking compared with sham rTMS or rTMS over PPC. Taken together, these results suggest that 17 

attention networks in the parietooccipital cortex modulate activity in core areas of the vestibular 18 

cortex during attentive visual processing.  19 

 20 

Statement of Significance  21 

Although multisensory integration is generally considered beneficial, it can become detrimental 22 

when cues from different senses are in conflict. The occurrence of such multisensory conflicts can be 23 

minimized by inhibiting core cortical areas of the subordinate sensory system (e.g., vestibular), thus 24 

reducing potential conflict with on-going processing of the prevailing sensory (e.g., visual) cues. 25 

However, it has remained unclear which networks in the brain modulate the magnitude of inhibition 26 



Attentional modulation of the vestibular cortex 
 

 

3 

3 

of the subordinate sensory system. Here, by investigating the inhibition of the vestibular sensory 27 

system when visual processing is prioritized, we show that attention networks in the parietooccipital 28 

cortex modulate the magnitude of inhibition of the vestibular cortex.  29 

 30 

Introduction  31 

 The integration of signals from different sensory systems is generally considered beneficial, 32 

as it makes perception more precise and contributes to adaptive behavior. However, signals from 33 

different senses are often in conflict, which renders their integration difficult or impossible. Imagine 34 

being a passenger inside a moving car while focusing on a computer screen on your lap. Central 35 

vision would signal a stable visual environment, whereas the vestibular sense would signal 36 

accelerations or decelerations of the car, resulting in a visual-vestibular conflict.  37 

 Previous results (Brandt et al., 1998; Deutschländer et al., 2002; Kleinschmidt et al., 2002) 38 

suggest that visual-vestibular conflicts are minimized by cross-modal inhibition of the subordinate 39 

sensory system. For instance, when visual processing is prioritized, the PIVC, a core area of the 40 

human and non-human primate vestibular cortex (Guldin and Grüsser, 1998; Lopez and Blanke, 41 

2011; Frank and Greenlee, 2018), is inhibited, thus reducing the possibility of conflicting vestibular 42 

signals interrupting the cortical processing of the visual cue (Brandt et al., 1998; Brandt and 43 

Dieterich, 1999). Cross-modal adaptation aftereffects in the vestibular system after prolonged 44 

stimulation with visual optic flow are thought to arise from this inhibition of the vestibular system 45 

(Cuturi and MacNeilage, 2014).  46 

 In a previous study (Frank et al., 2016a) we observed that attention directed towards visual 47 

processing strongly influenced the inhibition of PIVC. We measured activity in PIVC with functional 48 

MRI (fMRI) while subjects performed a visual attentional tracking task. In this task, participants 49 

were requested to follow a subset of moving visual targets among moving distractors with their 50 

attention. The results showed that the inhibition of PIVC increased dramatically in magnitude when 51 

subjects attentively tracked the visual targets compared with passive viewing of the same stimuli. 52 
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Interestingly, opposite results were observed for PIC, a visual-vestibular area located posterior to 53 

PIVC (Frank et al. 2014, 2016b; Billington and Smith, 2015; Roberts et al., 2017; Frank and 54 

Greenlee, 2018; Schindler and Bartels, 2018), such that activity in PIC increased during attentive 55 

tracking compared with passive viewing.  56 

 These results agree with psychophysical findings showing that attention directed either to the 57 

visual or vestibular sensory modality suppresses sensations related to the non-attended sensory 58 

modality (Berger and Bülthoff, 2009). Thus, attention might play a critical role in modulating 59 

activity of the vestibular cortex when visual processing is prioritized.  60 

 The aims of this study were to clarify whether visual attention modulates activity of the 61 

vestibular system and to identify the neuronal origin of this attentional modulation. We conducted a 62 

series of experiments using psychophysics, functional and structural MRI, and inhibitory rTMS. In 63 

an initial behavioral experiment, we addressed the question whether visual attention modulates the 64 

magnitude of vestibular suppression. In this experiment subjects performed a visual attentional 65 

tracking task during caloric vestibular stimulation (CVS) and rated the magnitude of their vestibular 66 

sensations during attentive tracking compared with passive viewing of the same visual stimuli. In a 67 

subsequent experiment, we measured the cross-modal effects of visual attention on ongoing activity 68 

in PIVC and PIC with fMRI. In a further experiment, we examined the structural and functional 69 

connectivity of PIVC and PIC using diffusion tensor imaging (DTI) and fMRI resting state 70 

measurements. As we observed connectivity between PIVC/PIC and PPC, a major brain region of 71 

the cortical attention network, we conducted a final experiment and examined whether inhibitory 72 

rTMS over PPC reduced the inhibition of PIVC and the activation of PIC during visual attentional 73 

tracking. We compared the results of inhibitory rTMS over PPC to conditions of inhibitory rTMS 74 

over OC and sham rTMS. Across experiments, our results suggest that the activity in core areas of 75 

the vestibular cortex can be strongly modulated by visual attention, originating from attention 76 

networks in the parietooccipital cortex.  77 

 78 
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Materials and Methods 79 

Participants  80 

 A total of n = 23 subjects (18 females) with a mean (± SE) age of 24 ± 1 years participated in 81 

the study. All subjects were right-handed as determined by the Edinburgh handedness inventory 82 

(Oldfield, 1971). The mean (± SE) right handedness score was 93.9 ± 2.45 (min = 54, max = 100). A 83 

subset of n = 15 subjects participated in the behavioral experiment. A subset of n = 20 subjects 84 

(including twelve subjects from the behavioral experiment) participated in the MRI experiments 85 

without rTMS. Finally, a subset of n = 15 subjects from the MRI experiments volunteered to 86 

participate in the rTMS experiments. The study was approved by the local ethics board at the 87 

University of Regensburg. Subjects gave informed written consent prior to participation. Subjects 88 

were familiarized with the TMS-procedure and possible contraindications to TMS were checked 89 

following recommendations by the Safety of TMS Consensus Group (Rossi et al., 2009).  90 

 91 

Experimental Design 92 

 The study consisted of four experiments. First, we used psychophysics to examine whether 93 

vestibular sensations can be modulated by visual attention. Next, we investigated the neuronal effects 94 

of visual attention in core areas of the vestibular cortex using fMRI. Afterwards, we addressed the 95 

question whether core areas of the vestibular cortex are structurally and functionally connected with 96 

cortical attention networks. Finally, we tested whether these attention networks modulate the 97 

inhibition of the vestibular cortex by using fMRI and inhibitory rTMS. Separate fMRI localizer 98 

experiments were conducted to define regions-of-interest (ROIs) in the vestibular and occipital 99 

cortex. The attentional tracking task that was used in the major experiments is described next, 100 

followed by a detailed overview of the procedure for each experiment.  101 

 102 

Attentional Tracking Task 103 
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 An attentional tracking task (Pylyshyn and Storm, 1988; Culham et al., 2001; Frank et al., 104 

2016a) was used to measure activity in core areas of the vestibular cortex during attentive visual 105 

processing. In this task subjects were presented with displays of randomly moving stimuli and 106 

attentively tracked a subset of those stimuli. The effects of attention were measured by comparing 107 

the attentive tracking condition with a passive viewing condition of the same motion displays. The 108 

motion displays consisted of a set of four white disks (diameter: 0.6°) moving randomly with a speed 109 

of 3.5°/s in the lower left visual quadrant (diameter of quadrant = 8.5°). The lower left visual 110 

quadrant was chosen because of its representation in the upper right OC, which could be targeted by 111 

TMS. Each tracking trial started with a 2 s long cueing phase during which all disks remained 112 

stationary. During this phase two out of four disks were highlighted in green to denote them as 113 

targets. The other two disks remained white and served as distractors. After the cueing phase the 114 

targets turned white and were therefore physically indistinguishable from the distractors. Then, all 115 

disks began to move within the lower left visual quadrant. Disks never collided or overlapped and 116 

were repelled from the invisible borders of the lower left visual quadrant and from central fixation. 117 

Subjects tracked the targets with their attention while maintaining fixation on a cross presented 118 

within a gray disk (diameter = 0.8°) at the center of the screen. If subjects lost track of a target, they 119 

were instructed to track another disk in order to keep the number of tracking targets stable across 120 

each tracking trial. After 14 s all disks stopped moving and one of the disks was highlighted in green. 121 

Subjects were given 2 s to indicate whether this highlighted disk was a target or a distractor. After 122 

the response phase subjects received feedback about the correctness of their response. To this aim the 123 

central fixation cross either turned to green for a correct response or to red for an incorrect response 124 

for 2 s. Each trial was 20 s long. The passive viewing condition was identical with the attentive 125 

tracking condition except that no disks were denoted as targets in the cueing phase or highlighted 126 

during the response phase (i.e., all disks were presented in white during the entire trial and no 127 

response was required). Furthermore, central fixation did not change color for response feedback.  128 

 129 
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Behavioral Experiment   130 

 In this experiment we examined whether attention modulates the suppression of vestibular 131 

sensations when visual processing is prioritized. Specifically, visual motion cues in form of the 132 

previously described attentional tracking task were combined with CVS (Figure 1a). Participants 133 

either passively viewed the visual motion displays or attentively tracked a subset of the moving 134 

stimuli with their attention. Subjects were in supine position on a mat on the floor in a psychophysics 135 

laboratory. Their heads were slightly elevated with a pillow by 20-30° to move the horizontal ear 136 

canals approximately into vertical position for optimal CVS (Barnes, 1995). A computer screen 137 

(screen size = 35° x 26°) was mounted above subjects’ heads (viewing distance = 60 cm) on the 138 

bottom of a table. Dark curtains were attached to each side of the table to minimize any visual input. 139 

The room was darkened and the only visual stimulation occurred on the computer screen. Two CVS 140 

conditions were used: (1) hot left and cold right and (2) cold left and hot right (hot = 45°C, cold = 141 

22°C). CVS was conducted with a custom-built device (Frank and Greenlee, 2014), which is 142 

described in detail below (see Localizer for Vestibular Area PIVC). The caloric conditions were 143 

combined with three different visual conditions: (1) eyes closed (vestibular-only condition), (2) eyes 144 

open and passive viewing of visual motion (passive viewing condition), and (3) eyes open and 145 

attentional tracking of visual motion (attentive tracking condition) (Figure 1a). The combination of 146 

caloric-vestibular and visual conditions was counterbalanced for each subject. During passive 147 

viewing and attentive tracking three successive visual stimulation trials were presented on each CVS 148 

trial block. In the attentive tracking condition subjects reported at the end of each tracking trial 149 

whether the highlighted disk in the response phase was a target or a distractor. Participants responded 150 

by pressing one of two buttons for target or distractor on a button box. Additionally, subjects 151 

monitored their vestibular sensations. Each CVS trial block was 80 s long. The first and last 10 s 152 

served as on- and off-ramps, during which temperatures were switched from binaural warm baseline 153 

(36.5°C) to caloric stimulation (on-ramp) or vice versa (off-ramp) (Frank and Greenlee, 2014). 154 

During on- and off-ramps subjects either maintained fixation on the central fixation spot in the 155 
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passive viewing and attentive tracking conditions or kept their eyes closed in the vestibular-only 156 

condition. After each caloric-vestibular trial participants verbally reported on their vestibular 157 

sensations during the stimulation to the experimenter who entered the responses into the computer. 158 

Subjects were asked to base their judgments about vestibular sensations on the central 60 s of the 159 

CVS (that is, excluding on and off-ramps with temperature changes). Specifically, they reported the 160 

overall strength of their self-motion sensations on a Likert scale ranging from 0 (no self motion) to 161 

10 (strong self motion with feelings of vertigo and discomfort) in integer steps. Values above 5 162 

indicated self motion with increasing sensations of discomfort and vertigo. Furthermore, subjects 163 

indicated the direction of rotation (pitch, roll, yaw, or a combination). A total of 24 CVS trial blocks 164 

were conducted (8 for each visual condition), resulting in an experiment duration of approximately 165 

45 min. Trial blocks were presented in random order.  166 

 We hypothesized that vestibular sensations would be most pronounced when subjects kept 167 

their eyes closed (Deutschländer et al., 2002; Dieterich et al., 2003) and reduced when subjects 168 

passively processed the visual stimuli, indicative of vestibular suppression during visual processing 169 

(Brandt et al., 1998). Furthermore, we predicted that these suppression effects on vestibular 170 

sensations would be larger when subjects processed the visual stimuli attentively in the attentional 171 

tracking condition, indicating that the magnitude of vestibular suppression can be modulated by 172 

attention directed towards visual processing.  173 

 174 

fMRI Experiment Without rTMS  175 

 An fMRI experiment was conducted to measure cross-modal activity changes in core areas of 176 

the vestibular cortex (PIVC and PIC, respectively) during visual attentional tracking and passive 177 

viewing. Two runs of the previously described attentional tracking task in the lower left visual 178 

quadrant were conducted (run length = 16 min). Each run consisted of twelve trials for attentive 179 

tracking and twelve trials for passive viewing that were presented in random order. Each trial was 20 180 

s long and was followed by a 20 s long blank baseline during which participants kept their eyes open 181 
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to avoid that eye closure during baseline would activate the vestibular cortex (see Marx et al., 2003). 182 

No caloric stimuli were applied to avoid additional modulations of brain activity by vestibular input 183 

(Deutschländer et al., 2002; Frank et al., 2014). Based on the results of our previous study using a 184 

similar task (Frank et al., 2016a), we predicted that attentive visual processing would increase the 185 

magnitude of inhibition of PIVC [as indicated by a negative blood-oxygenation-level-dependent 186 

(BOLD) response] while simultaneously increasing the magnitude of activation of PIC (as indicated 187 

by a positive BOLD response).  188 

 189 

Structural and Functional Connectivity Experiment 190 

 To examine whether PIVC and PIC are structurally and functionally connected with cortical 191 

attention networks we conducted MRI measurements for structural and functional connectivity. 192 

Structural connectivity was measured by means of DTI (see below). Functional connectivity was 193 

measured with a resting state fMRI scan during which participants maintained central fixation. One 194 

run was conducted (run duration = 10 min). The functional and structural connectivity of PIVC was 195 

computed by using PIVC as the seed region. A separate analysis was conducted with PIC as the seed 196 

region.  197 

 198 

fMRI Experiment With rTMS 199 

 In this experiment inhibitory rTMS over different brain regions was conducted prior to the 200 

attentional tracking task that subjects then performed during fMRI measurements. The goal was to 201 

discover brain networks modulating cross-modal activity changes in the vestibular cortex when 202 

visual processing is prioritized. The rationale was that inhibitory, low-frequency (1 Hz) rTMS over 203 

brain regions that modulate activity in the vestibular cortex would temporarily reduce their 204 

modulatory influence after rTMS (Kobayashi and Pascual-Leone, 2003; Ruff et al., 2009; Thut and 205 

Pascual-Leone, 2010; Rafique et al., 2015; Solomon-Harris et al., 2016). In different sessions we 206 

targeted two different sites with inhibitory rTMS: the PPC and the OC, which were both defined in 207 



Attentional modulation of the vestibular cortex 
 

 

10 

10 

separate fMRI localizer experiments (Figure 4; see below). A control region located halfway 208 

between PPC and OC was chosen for sham rTMS. This sham control region was located in the 209 

higher-order visual cortex (Brodmann area 18), at the border between the occipital and the parietal 210 

cortex (see Figure 4a). Inhibitory rTMS was administered over the three sites in separate sessions, 211 

which were at least one week apart to avoid any possible carry-over effects of rTMS from one 212 

session to another. The assignment of stimulation sites to different sessions was counterbalanced 213 

across subjects. The definition of rTMS target regions by means of structural and functional MRI and 214 

the exact procedure of inhibitory rTMS are described in the following sections. 215 

 216 

Definition of rTMS Target Region in the Posterior Parietal Cortex  217 

 A previous study using DTI in human subjects (Wirth et al., 2018) reported structural 218 

connections between PIVC and PPC, which could find support for a role of the parietal cortex in 219 

modulating the inhibition of PIVC during attentive visual processing (Frank and Greenlee, 2018). 220 

Therefore, we used PPC as target site for inhibitory rTMS. In order to determine the specific site in 221 

the parietal cortex that is connected with PIVC in individual subjects we conducted MRI 222 

measurements for structural and functional connectivity (see above). The part of the parietal cortex 223 

that was structurally and functionally connected with PIVC in individual subjects was used as the 224 

target site for inhibitory rTMS (see Figure 3a for a group analysis). On average, across subjects, a 225 

subsection of the intraparietal sulcus and the surrounding cortex was structurally and functionally 226 

connected with PIVC (corresponding to Brodmann areas 7 and 19; Figure 4b,c).  227 

 We also computed the structural and functional connectivity of PIC and observed 228 

connectivity between PIC and PPC (see Figure 3b). The connectivity of PIC overlapped in the 229 

intraparietal sulcus with the connectivity of PIVC (Figure 3). Since the main focus of this study was 230 

PIVC we used the connectivity results from PIVC for the definition of the rTMS target site in PPC.  231 

 232 

Definition of rTMS Target Region in the Occipital Cortex 233 
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 The target region for rTMS in the OC consisted of the representation of the lower left visual 234 

quadrant, where the attentional tracking task was carried out (Figure 4e-g). To localize this 235 

representation functional MRI measurements of 12 s long blocks of stimulation with flickering 236 

checkerboards (flicker frequency = 8 Hz) in the lower left visual quadrant were contrasted with 12 s 237 

long blocks of stimulation in the other three quadrants. Each block with stimulation was followed by 238 

a 12 s long blank baseline period. Stimulation conditions were presented in random order and there 239 

were five blocks for each stimulation condition. Subjects maintained central fixation and pressed a 240 

button on the button box when they detected a color change of the fixation cross, which occurred 241 

occasionally. One run was conducted (run duration ~ 4 min). 242 

 We confined the representation of the lower left quadrant to the early visual cortex, also 243 

referred to as V1 (Brodmann area 17). To define V1 phase-encoded retinotopic mapping was 244 

conducted. To this aim a bow-tie shaped flickering checkerboard rotated in clockwise or 245 

counterclockwise directions across the screen. During each rotation cycle 18 locations were 246 

stimulated for 3 s each. In total there were 12 cycles for clockwise and counterclockwise directions, 247 

respectively, which were conducted in separate fMRI runs. Each fMRI run was ~ 11 min long. The 248 

alternating representations of the vertical and horizontal meridians demarcate the borders between 249 

the visual areas V1, V2, and V3.  250 

 251 

rTMS-Procedure 252 

 Target regions for rTMS were localized on each participant’s skull by means of 253 

neuronavigation using the Nexstim system (Nexstim Plc, Helsinki, Finland). The TMS targets as 254 

well as the optimal orientation of the TMS coil were marked on a cap for each participant 255 

individually. For rTMS a Mag Pro Stimulator (MagVenture Inc., Alpharetta, GA, USA) with a 256 

butterfly-shaped magnetic coil was used. To determine the optimal intensity of TMS for individual 257 

subjects the motor threshold was measured beforehand. To this aim single TMS pulses were applied 258 

over the right motor cortex while measuring motor evoked potentials (MEPs) in the left index finger 259 
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using electromyography. An initial TMS intensity of 50% was used and reduced until 4 MEPs out of 260 

8 TMS pulses could still be detected (Schecklmann et al., 2012; Rossini et al., 2015). For rTMS the 261 

TMS intensity was set to 110% of each participant’s individual motor threshold.  262 

 The rTMS sessions with subsequent fMRI scanning were conducted as follows: participants 263 

were seated in a chair and the TMS coil was placed over the target region using position and 264 

orientation parameters determined by neuronavigation (see above). For sham rTMS the coil was 265 

positioned with the coil’s reverse side on the skull surface, which reduces the stimulation intensity to 266 

1/6 of the normal intensity (Van Doren et al., 2015; Engel et al., 2017). The clicking sounds and 267 

vibration of the coil accompanying real stimulation were indistinguishable in the sham rTMS 268 

condition. A total of 1800 bi-phasic TMS pulses with a frequency of 1 Hz were administered, 269 

resulting in a duration of rTMS of 30 minutes. With this frequency we expected to inhibit the target 270 

region for at least 20 min after stimulation end (Kobayashi and Pascual-Leone, 2003; Thut and 271 

Pascual-Leone, 2010). Participants were instructed to close their eyes during stimulation. An 272 

experimenter remained in the room with the subjects during rTMS and checked on their wellbeing 273 

every five minutes. Subjects indicated to the experimenter by gesturing (“thumbs up”) if everything 274 

was fine. When the last 30 s of rTMS began subjects were alerted by the experimenter to get 275 

prepared for the fMRI measurements. Thereafter the subjects were guided by the experimenter to the 276 

MRI scanner located in the room next door, were then positioned on the MRI table, and were moved 277 

into the scanner. The mean time between the end of rTMS and the beginning of the fMRI 278 

measurements across subjects was 1:54 min (SE = 0.11 min) for sham rTMS, 1:58 min (SE = 0.09 279 

min) for parietal rTMS, and 1:53 min (SE = 0.09 min) for occipital rTMS. There were no significant 280 

differences in elapsed time between the three rTMS conditions [Friedman’s ANOVA, χ2(2) = 4.31, p 281 

= 0.12]. One functional MRI run including twelve passive viewing and twelve attentive tracking 282 

trials presented in random order was conducted (same task as in the preceding fMRI session without 283 

prior rTMS, see above). The run duration was 16 min.  284 
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 After scanning subjects were asked to rate their experiences during rTMS on an integer scale 285 

from 0 = very unpleasant to 10 = very pleasant. Subjects gave the following mean ratings for sham 286 

rTMS: 6.4 (SE = 0.4), for parietal rTMS: 5.3 (SE = 0.5), and for occipital rTMS: 5.2 (SE = 0.5). The 287 

ratings were significantly different between the rTMS conditions [Friedman’s ANOVA, χ2(2) = 10.2, 288 

p = 0.006]. Post-hoc Wilcoxon signed-rank tests showed that the sham session was rated to be more 289 

pleasant than rTMS over PPC (Z = -2.03, p = 0.04, r = -0.37) and rTMS over OC (Z = -2.50, p = 290 

0.01, r = -0.46). rTMS over PPC and OC did not evoke significantly different pleasantness ratings (Z 291 

= -0.51, p = 0.61, r = -0.09). Furthermore, participants were asked if they experienced any side 292 

effects during rTMS. No side effects of rTMS in any session were evident except for slight scalp 293 

pain sensations or a mild headache in one session reported by two subjects. 294 

 295 

Localizer for Vestibular Area PIVC 296 

 Area PIVC was localized in each participant beforehand by means of CVS during fMRI 297 

following previous descriptions (see Frank et al., 2016b). Vestibular stimulation was conducted with 298 

a custom-made MRI-safe binaural CVS device. The device consisted of several components, which 299 

are described in detail elsewhere (Frank and Greenlee, 2014). In brief, hot and cold water were 300 

stored in two barrels located outside the scanner room and tempered water was pumped via tubes to 301 

the left and right ear canals of the participant in the MRI scanner. Small glass-made pods installed in 302 

the MRI-headphone system transmitted the temperatures of the water to the ear canals, while the 303 

water remained inside the glass pods. The water was returned via separate tubes to a collecting barrel 304 

in the scanner control room. Three different temperature states were provided to the ear canals: (1) 305 

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 306 

and cold were used for CVS. Warm was used for baseline. The same temperatures as in the 307 

behavioral experiment were used.  308 

 CVS trials with hot in one ear and cold in the other ear were presented in random order. Each 309 

CVS trial lasted 60 s and was followed by a 60 s long baseline with warm in both ears. A total of 20 310 
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trials were conducted in a single fMRI-run (five with hot left and cold right, five with cold left and 311 

hot right, and ten warm baseline trials), resulting in a run-length of 20 min. Subjects kept their eyes 312 

closed and did not perform any task. After scanning subjects reported on their vestibular sensations 313 

using a structured questionnaire (see Frank et al., 2016b). All subjects (n = 20) reported that they 314 

sensed self motion during CVS. N = 19 subjects described the sensation of self motion as rotation 315 

that was, for a subset of n = 8 subjects, accompanied by sensations of body sway. One participant 316 

indicated only sensations of body sway. N = 15 participants described self motion in the yaw 317 

direction that was mixed with roll or pitch directions for a subset of n = 6 subjects. Four subjects 318 

experienced self motion only in the roll direction, while one subject experienced a mixture of roll 319 

and pitch. For n = 11 subjects self-motion sensations were restricted to the head, while the remaining 320 

participants sensed self motion of the whole body. None of the participants indicated any discomfort 321 

during CVS.  322 

 323 

Temperature Control Experiment  324 

 The CVS device avoids somatosensory side effects because the water remains inside the 325 

closed-loop system. Furthermore, somatosensory stimulation from the presence of the pods inside the 326 

ear canal occurs in both the caloric-vestibular and baseline conditions. However, the different 327 

temperatures (hot, cold, warm) per se could induce additional activations that are unrelated to the 328 

vestibular effects. Specifically, this could be the case in the insula and in the parietal operculum 329 

(Craig et al., 2000), close to the location of PIVC (Lopez and Blanke, 2011; Frank and Greenlee, 330 

2018). Therefore, we conducted a temperature-control experiment for which the stimulation pods 331 

were attached to the pinna during the fMRI measurements. With this setup subjects could still clearly 332 

sense the differences in temperature but no vestibular stimulation occurred. All other parameters 333 

were identical with the PIVC localizer experiment. None of the subjects (n = 20) reported any 334 

sensations of self motion after the experiment.  335 

 336 
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Localizer for Visual-Vestibular Area PIC  337 

 Area PIC was localized as described previously (see Frank et al., 2014, 2016b). During fMRI 338 

measurements displays of dots moving in different translational directions (1 s each direction, motion 339 

speed = 14°/s) alternated with displays of static dots. Conditions of visual motion and static dots 340 

were presented in 12 s long blocks and 48 blocks in total (24 with visual motion, 24 with static dots) 341 

were used, resulting in a run-length of ~ 10 min. The visual motion stimulus consisted of 200 white 342 

dots (diameter = 0.1°) that were placed at random locations across the dark screen. Each dot had a 343 

limited random lifetime between 167 – 333 ms and thereafter was replaced at a new location. 344 

Participants maintained central fixation and performed a color detection task on the fixation spot. 345 

One fMRI run was conducted.  346 

  347 

Stimulus Presentation  348 

 Stimuli were presented with the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) 349 

running in MATLAB (The MathWorks, Natick, MA). Stimuli in the scanner were back-projected 350 

onto a translucent screen at the back of the scanner bore (screen size = 24° x 18°, viewing distance = 351 

97 cm). Subjects could see the screen with a mirror mounted on the MRI head coil.  352 

 353 

Scanning Parameters  354 

 The MRI-data were collected on a Prisma 3 Tesla MRI scanner (Siemens, Erlangen, 355 

Germany). For the PIVC localizer, the temperature control experiment, and the PIC localizer a 20-356 

channel head coil was used and T2*-weighted echo-planar imaging (EPI) data were collected with 357 

the following parameters: time-to-repeat (TR) = 2 s, time-to-echo (TE) = 30 ms, flip angle (FA) = 358 

90°, in-plane acquisition matrix (IM) = 64 x 64, 32 axial slices, voxel size = 3 x 3 x 3 mm, inter-slice 359 

gap = 0.5 mm. All other functional MRI data were acquired with a 64-channel head/neck coil and the 360 

following EPI parameters: TR = 1 s, TE = 33 ms, multiband factor 4, FA = 59°, IM = 96 x 96, 48 361 

axial slices, voxel size = 2.5 x 2.5 x 2.5 mm, no inter-slice gap. Anatomical scans were also collected 362 
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with the 64-channel coil. For the high-resolution T1-weighted anatomical scan of each participant’s 363 

brain we used a magnetization prepared rapid gradient echo sequence (TR = 2.3 s, TE = 2.32 ms, FA 364 

= 8°, IM = 256 x 256, 192 sagittal slices, voxel size = 0.9 x 0.9 x 0.9 mm, inter-slice gap = 0.45 365 

mm). Diffusion-weighted structural imaging data were acquired with a single-shot, spin-echo 366 

sequence with echo-planar read-out (TR = 3.9 s, TE = 78 ms, multiband factor 2, FA = 90°, IM = 367 

106 x 106, 72 axial slices, voxel size = 2 x 2 x 2 mm, no inter-slice gap). Diffusion was probed along 368 

64 equally distributed orientations at b-values 1000 sec/mm2 and 2000 sec/mm2. Nine volumes 369 

without diffusion weighting (b-zero) were interspersed.  370 

 371 

MRI Analysis  372 

 Each participant’s high-resolution anatomical scan of the brain was reconstructed and inflated 373 

using Freesurfer (Martinos Center for Biomedical Imaging, Charlestown, MA, USA) (Dale et al., 374 

1999; Fischl et al., 1999). Functional MRI data were preprocessed and analyzed with the FSFAST 375 

toolbox. Preprocessing included motion-correction, co-registration to the reconstructed anatomical 376 

brain scan, smoothing with a three-dimensional Gaussian kernel (full-width at half-maximum = 3 377 

mm for all scans with 2.5 mm3 voxel size; for all other scans the smoothing kernel was set to 5 mm), 378 

and intensity-normalization. The co-registrations were carefully checked and manually corrected if 379 

necessary.  380 

 The fMRI data were analyzed with a general linear model (GLM) approach. For each 381 

analysis except the resting state scan a block-design was used. Each GLM contained motion 382 

correction parameters and a linear scanner drift predictor as regressors-of-no-interest. The BOLD 383 

response was modeled using the SPM canonical hemodynamic response function.  384 

 The GLM for the PIVC localizer contained three regressors-of-interest for the two CVS 385 

conditions and the baseline condition. The first 10 s of each trial served as ramp for temperature 386 

changes and were not included in the analysis. Thus, each regressor-of-interest modeled a period of 387 
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50 s for each trial and condition. PIVC was defined by contrasting CVS (both caloric stimulation 388 

conditions combined) with baseline.  389 

 There were two regressors-of-interest for the visual motion and static baseline blocks in the 390 

GLM of the PIC localizer scan. PIC was defined by contrasting visual motion with baseline.  391 

 The localizer experiment for the representation of the lower left visual quadrant in the OC 392 

was analyzed by constructing two regressors-of-interest for stimulation in the lower left quadrant and 393 

stimulation in the other quadrants. The representation of the lower left quadrant was defined by 394 

contrasting stimulation in this quadrant with stimulation in all other quadrants. Furthermore, the 395 

representation of the lower left quadrant was confined to the early visual cortex, which was 396 

determined by phase-encoded retinotopic mapping.  397 

 For the attentional tracking task, three regressors-of-interest were constructed: one regressor 398 

for the passive viewing condition, another one for the attentional tracking condition and a third one 399 

for the baseline condition. The regressors for passive viewing and attentional tracking included the 400 

14 s long period during which disks moved while subjects either passively viewed or attentively 401 

tracked them. Three additional regressors-of-no-interest were included for cueing, response, and 402 

feedback phases (2 s each). For the primary analysis only the tracking trials where subjects 403 

responded correctly were used. A regressor-of-no-interest covered the tracking trials with incorrect 404 

responses (if any). For the attentional tracking experiment following rTMS we conducted an 405 

additional control analysis, for which all tracking trials were included in the analysis irrespective of 406 

correct or incorrect subject response. This was done in order to rule out the possibility that 407 

differences in the number of analyzed trials had contributed to any differences between rTMS 408 

conditions found in the primary analysis.  409 

 The resting state scans were analyzed with a GLM containing the time-course of the seed 410 

region (PIVC and PIC in the right hemisphere, respectively) as regressor-of-interest. Additional 411 

regressors-of-no-interest in the resting state GLM were the time-courses of the white matter, the 412 
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ventricles and the cerebrospinal fluid, which were extracted using a principal component analysis, as 413 

implemented in the FSFAST processing pipeline.  414 

 For each participant the ROIs were defined on the surface of the inflated right hemisphere of 415 

the reconstructed brain at a threshold of p < 0.05 [false-discovery-rate (FDR) corrected] (Frank et al., 416 

2016a). For each subject and hemisphere, PIVC was defined by using activation in the mid-posterior 417 

Sylvian fissure during CVS (Figure 4h). Voxels in PIVC that were also activated in the temperature 418 

control experiment (at a threshold of p < 0.05 FDR-corrected) were removed from the definition of 419 

PIVC. The mean number of voxels in the right hemisphere overlapping between CVS and 420 

temperature stimulation was 3% (SE = 9%). No overlaps between PIC and temperature-related 421 

activations were observed in any participant. For a subset of subjects (n = 10 subjects out of n = 15 422 

subjects in total in the rTMS experiment) we observed that PIC consisted of separate anterior and 423 

posterior clusters, similar to a previous study (Frank et al. 2016a,b). However, since this was not the 424 

case for each subject, we combined anterior and posterior clusters for all MRI analyses (Figure 4i). 425 

The mean Talairach-coordinates (with SE) for the ROIs (in each case for the right hemisphere) were: 426 

PIVC: X = 40 (±1), Y = -10 (±1), Z = 15 (±1); PIC: X = 49 (±2), Y = -29 (±1), Z = 21 (±1); parietal 427 

rTMS: X = 27 (±1), Y = -68 (±2), Z = 33 (±2), occipital rTMS: X = 14 (±1), Y = -91 (±1), Z = 9 428 

(±1); sham rTMS: X = 23 (±1), Y = -88 (±1), Z = 21 (±1).  429 

 430 

DTI Analysis  431 

 The diffusion data were preprocessed and analyzed as described previously (Wirth et al., 432 

2018). In brief, the FMRIB’s Diffusion Toolbox (FDT) (Behrens et al., 2007) was used to correct for 433 

head motion and eddy current distortions. Moreover, diffusion vectors were corrected for head 434 

motion (Leemans and Jones, 2009). The b-zero images were automatically registered to the 435 

reconstructed individual brains. Co-registrations were carefully checked and manually corrected if 436 

necessary. For each voxel a distribution of diffusion parameters was modeled by means of Markov 437 

Chain Monte Carlo sampling with two anisotropic compartments unless prevented by automatic 438 
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relevance detection. Probabilistic tractography was conducted with PIVC and PIC, respectively, in 439 

the right hemisphere as the seed for each subject. To this aim, for each vertex in the seed region 440 

20,000 streamlines (maximum steps = 2000, step length = 0.5 mm, curvature threshold = 0.2), each 441 

based on separate samples of the voxel-wise diffusion distribution, were calculated. Tractography 442 

was limited to the right hemisphere and tracks were terminated when leaving the hemisphere. 443 

Circular pathways were prevented and distance corrections were applied. Track frequencies 444 

corresponding to the accumulated number of streamlines were converted to track probabilities (Ptrack) 445 

by dividing the log-scaled track frequency by the maximum log-scaled track frequency (Wirth et al., 446 

2018). For the display of cortical track terminations, track probabilities at voxels 1 mm below the 447 

white/gray matter boundary were projected onto the cortical surface for each subject (Beer et al., 448 

2013). Group results were displayed at a threshold of Ptrack = 0.25 commensurate with previous work 449 

(Wirth et al., 2018). 450 

 451 

Statistical Analysis 452 

 The sample size of this study was determined based on previous studies (Brandt et al., 1998; 453 

Cuturi and MacNeilage, 2014; Frank et al. 2016a,b; Roberts et al., 2017; Schindler and Bartels, 454 

2018; Solomon-Harris et al., 2016; Wirth et al., 2018). Behavioral data (that is, accuracy on the 455 

attentional tracking task and ratings on Likert scales) were analyzed using non-parametric statistics 456 

(Friedman’s ANOVA, followed by post-hoc Wilcoxon-signed rank tests). All other data were 457 

analyzed using parametric statistics (repeated measures ANOVA, followed by post-hoc paired-458 

sample t-tests). When the assumption of sphericity for the ANOVA was violated (as shown by 459 

Mauchly’s test of sphericity) the Huynh-Feldt correction was used. For all statistical tests, the two-460 

tailed α-level was set to 0.05. We report the following measures of effects size for different statistical 461 

tests: r for non-parametric Wilcoxon signed-rank tests, partial η2 for parametric ANOVAs, and 462 

Cohen’s d for t-tests.  463 

 464 
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Results 465 

 In the first behavioral experiment subjects received vestibular cues by means of CVS while 466 

either keeping their eyes closed, passively viewing moving visual stimuli, or attentively tracking a 467 

subset of the moving visual stimuli (Figure 1a). At the end of each trial subjects rated the magnitude 468 

of their vestibular sensations during the trial.  469 

 Subjects’ vestibular sensations were significantly different between eyes closed, passive 470 

viewing and attentive tracking conditions [Friedman’s ANOVA, χ2(2) = 20.4, p < 0.001] (Figure 1b). 471 

Specifically, post-hoc Wilcoxon signed-rank tests showed that vestibular sensations were 472 

significantly greater in the eyes-closed condition compared with passive viewing (Z = -3.13, p = 473 

0.002, r = -0.57) and attentive tracking (Z = -3.35, p < 0.001, r = -0.61), suggesting that the 474 

processing of visual stimuli both with and without attention decreased vestibular sensations. 475 

Importantly, vestibular sensations were significantly weaker during attentive tracking compared with 476 

passive viewing (Z = -3.08, p = 0.002, r = -0.56), suggesting that the suppression of vestibular 477 

sensations was greater in magnitude when attention was directed towards visual processing. 478 

Participants achieved a mean accuracy of 91% correct (SE = 1%) on the attentional tracking task. 479 

They sensed self motion primarily in the yaw direction (on average, in 57% of all trials, SE = 2%), 480 

followed by roll (on average, in 25% of all trials, SE = 2%), while pitch or a combination of different 481 

directions were reported in the remaining trials.  482 

 In the next experiment, we examined activity in core areas of the vestibular cortex (the areas 483 

PIVC and PIC, respectively; Figure 2a) during passive viewing and attentive tracking of visual 484 

motion cues. A 2 x 2 repeated measures ANOVA with the factors of brain area (PIVC, PIC) and 485 

visual condition (passive viewing, attentive tracking) yielded a significant two-way interaction 486 

between brain area and visual condition [F(1,19) = 71.2, p < 0.001, partial η2 = 0.79], indicating that 487 

differential activity changes between PIVC and PIC were augmented in the attentive tracking 488 

compared with the passive viewing condition (Figure 2c,d). Furthermore, there was a significant 489 

main effect of brain area [F(1,19) = 86.9, p < 0.001, partial η2 = 0.82], indicating that activity 490 
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changes from baseline were in opposite directions between PIVC and PIC. There was no significant 491 

main effect of visual condition [F(1,19) = 0.35, p = 0.56, partial η2 = 0.02]. Post-hoc paired-sample t-492 

tests between activity during attentive tracking and passive viewing showed that PIVC was more 493 

strongly inhibited during attentive tracking compared with passive viewing [t(19) = -4.52, p < 0.001, 494 

d = -1.01]. This effect was specific to PIVC and did not occur in core cortical areas of other sensory 495 

systems (e.g., the primary somatosensory or auditory cortex; Figure 2b). On the contrary, PIC was 496 

more strongly activated in attentive tracking compared with passive viewing [t(19) = 5.87, p < 0.001, 497 

d = 1.31]. Participants achieved a mean accuracy of 89.2% correct (SE = 1.46%) across runs on the 498 

attentional tracking task. The differential activity changes in PIVC and PIC during attentive tracking 499 

compared with passive viewing replicate previously reported results by Frank et al. (2016a). 500 

 The results of this experiment suggest that attention can modulate the magnitude of activity 501 

change in core areas of the vestibular cortex during visual processing. Specifically, compared with 502 

passive viewing, attentive visual processing increased the magnitude of inhibition of PIVC and of 503 

activity enhancement of the visual-vestibular PIC. Furthermore, the results of this experiment 504 

suggest that the attention-induced inhibition is specific to PIVC and does not include core areas of 505 

other sensory cortices.  506 

 In the next two experiments we aimed to identify the cortical areas from which the attentional 507 

modulation originates. First, the structural and functional connectivity from PIVC and PIC, 508 

respectively, were measured. The results showed that PIVC and PIC shared structural and functional 509 

connectivity with the PPC (Figure 3), a central region of the cortical attention network (Culham et 510 

al., 2001; Carrasco, 2011). Across subjects, the connected subsection of the parietal cortex was 511 

located in the intraparietal sulcus and the surrounding cortex (Brodmann areas 7 and 19) and 512 

overlapped with the locations of areas IPS1, V6A and V7, as defined by the multimodal 513 

classification of the cerebral cortex by Glasser et al. (2016) (Figure 4). These results suggest that the 514 

PPC might be the origin of the attentional modulation of activity in core vestibular areas.  515 
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 We examined this hypothesis in a fourth experiment by using inhibitory rTMS over PPC to 516 

reduce its potential modulatory influence over the vestibular cortex, thus reducing the inhibition of 517 

PIVC as well as reducing the activity enhancement of PIC during visual attentional tracking. 518 

Inhibitory rTMS was applied in three randomized separate sessions over the PPC, the OC and a 519 

control region located in between these two brain areas for sham rTMS (Figure 4, Figure 5a).  520 

 If rTMS successfully inhibited PPC and OC, behavioral performance on the tracking task 521 

should decrease compared with the sham control condition, because PPC and OC are both critical to 522 

performing attentional tracking (Culham et al., 2001; Frank et al., 2016a). A Friedman’s ANOVA 523 

across subjects’ attentional tracking performance in the three rTMS conditions revealed significant 524 

differences between the rTMS conditions [χ2(2) = 6.20, p = 0.045] (Figure 5b). Post-hoc Wilcoxon 525 

signed-rank tests showed that performance after parietal rTMS was significantly lower compared 526 

with sham rTMS (Z = -2.51, p = 0.01, r = -0.46). A similar, marginally significant trend but with 527 

moderate effect size was observed for rTMS over OC (Z = -1.85, p = 0.065, r = -0.34). Performance 528 

did not differ significantly between rTMS over PPC and OC (Z = -0.67, p = 0.50, r = -0.12). These 529 

results show that rTMS decreased subjects’ attentional tracking performance, indicating that 530 

functional processing in the PPC and OC was impaired after inhibitory rTMS.   531 

 A 3 x 2 x 2 repeated measures ANOVA with the factors of rTMS condition (sham, PPC, OC), 532 

visual condition (passive viewing, attentive tracking), and brain area (PIVC, PIC) was conducted on 533 

fMRI activity changes following rTMS (Figure 5c,d). Most importantly, there was a significant 534 

three-way interaction between rTMS condition, visual condition, and brain area [F(2,28) = 5.83, p = 535 

0.008, partial η2 = 0.29], suggesting that inhibitory rTMS over PPC and OC reduced the influence of 536 

attention on PIVC and PIC whereas sensory-driven activity changes induced by passive visual 537 

processing remained unaffected (Figure 5c,d). Furthermore, there was a significant main effect of 538 

brain area [F(1,14) = 121.7, p < 0.001, partial η2 = 0.90] and a significant two-way interaction 539 

between visual condition and brain area [F(1,14) = 96.1, p < 0.001, partial η2 = 0.87], thus 540 

replicating the differential activity changes in PIVC and PIC during passive viewing and attentive 541 
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tracking (see Figure 2c,d). No other main effects or interactions were significant. A control analysis 542 

for which all attentional tracking trials (that is, also trials with incorrect subject responses with 543 

respect to the tracking task) were included showed a similar three-way interaction between rTMS, 544 

visual condition, and brain area [F(1.53,21.4) = 6.13, p = 0.01, partial η2 = 0.30]. 545 

 Post-hoc paired sample t-tests on the activity differences between attentive tracking and 546 

passive viewing were conducted to illustrate the effects of inhibitory rTMS on attention-modulated 547 

activity changes in the vestibular cortex. The results show that the inhibition of PIVC was 548 

significantly weaker after rTMS over PPC compared with sham rTMS [t(14) = 2.77, p = 0.02, d = 549 

0.72] (Figure 5e). On the contrary, the inhibition of PIVC after rTMS over OC was not significantly 550 

different from sham stimulation [t(14) = 1.08, p = 0.30, d = 0.28]. The enhancement of activity of 551 

PIC was significantly less pronounced after rTMS over OC compared with sham stimulation [t(14) = 552 

-2.15, p = 0.049, d = -0.56] as well as compared with rTMS over PPC [t(14) = -3.47, p = 0.004, d = -553 

0.89] (Figure 5f). These results indicate that inhibitory rTMS over PPC reduced the attention-554 

modulated inhibition of PIVC, whereas rTMS over OC reduced the attention-modulated activity 555 

enhancement of PIC.  556 

 557 

Discussion  558 

 Our results support a critical role of attention networks in the parietooccipital cortex for 559 

modulating activity of the vestibular cortex when visual processing is prioritized. Although it has 560 

been observed that PIVC, a core area of the vestibular cortex, is inhibited during visual processing 561 

(Brandt et al., 1998; Deutschländer et al., 2002; Kleinschmidt et al., 2002; Frank et al., 2016a,b), it 562 

has remained unclear how the inhibition is modulated in magnitude and from where in the brain this 563 

modulatory influence originates (Brandt and Dieterich, 1999; Frank and Greenlee, 2018).  564 

 In a previous study, we observed that PIVC became more strongly inhibited the greater the 565 

attentional load was on the visual system, suggesting a possible connection between visual attention 566 

and cross-modal inhibition of the vestibular system (Frank et al., 2016a). Here, we find support that 567 



Attentional modulation of the vestibular cortex 
 

 

24 

24 

visual attention can modulate activity in core areas of the vestibular cortex and that this modulatory 568 

influence originates from attention-networks in the parietooccipital cortex. Specifically, we find that 569 

vestibular sensations of self motion were suppressed to a greater extent when visual stimuli were 570 

processed attentively rather than passively, suggesting that attention increased the magnitude of 571 

vestibular suppression. This interpretation is supported by our findings with functional MRI showing 572 

that the inhibition of PIVC increased when visual stimuli were processed attentively rather than 573 

passively. The cortical origin of this modulatory influence of visual attention over PIVC appeared to 574 

be the PPC, which we found to be structurally and functionally connected with PIVC. Specifically, 575 

inhibitory rTMS over PPC reduced the magnitude of inhibition of PIVC during attentive visual 576 

processing, suggesting that PPC exerted less modulatory influence over PIVC. For PIC, a visual-577 

vestibular area located posterior to PIVC, we found that activity increased when visual stimuli were 578 

processed attentively and that this enhancement of activity was associated with activity in attention-579 

networks in the OC.  580 

 Previous studies found that the core of the vestibular cortex is inhibited during visual 581 

processing (Brandt et al., 1998; Deutschländer et al., 2002; Kleinschmidt et al., 2002). However, 582 

these studies did not differentiate between different subregions within the core of the vestibular 583 

cortex. Here, we have replicated the inhibition of PIVC but additionally found that PIC, a visual-584 

vestibular area located in close vicinity posterior to PIVC (Frank et al., 2014, 2016b; Frank and 585 

Greenlee, 2018), exhibited enhanced activity when subjects attentively tracked visual motion cues, 586 

corroborating previous findings (Frank et al., 2016a). Our rTMS results suggest that the enhancement 587 

of activity in PIC is associated with activity in the OC. The OC is subject to strong influence by 588 

attention, potentially originating from higher-order attention networks (Carrasco, 2011). Since PIC is 589 

strongly associated with the visual network (Frank et al., 2016b), we speculate that this attention-590 

modulated enhancement of activity in the OC during attentive visual tracking is propagated to PIC.  591 

 Our results are limited in that they are based on the assumption of direct connectivity 592 

between PPC and the core of the vestibular cortex. Although, there is evidence supporting the 593 



Attentional modulation of the vestibular cortex 
 

 

25 

25 

existence of such a pathway (Uesaki et al., 2017; Wirth et al., 2018; Dionisio et al., 2019; for non-594 

human primates: Guldin and Grüsser, 1998; for review: Lopez and Blanke, 2011; see Figure 3), the 595 

attentional modulation of activity in the vestibular cortex might also emerge through corticofugal 596 

projections from PPC to the thalamus or the vestibular nuclei in the brainstem (Faugier-Grimaud and 597 

Ventre, 1989). If the thalamus or the vestibular nuclei are inhibited by PPC, fewer excitatory signals 598 

will reach the PIVC and, as a result, the activity of the PIVC will be reduced. Future studies are 599 

necessary to disambiguate the possibilities of corticocortical or corticofugal projections as the 600 

underlying neuroanatomical substrate of attentional modulation of the vestibular cortex.  601 

 Our study is further limited in that we only investigated changes of activity of the vestibular 602 

cortex when visual processing was prioritized, begging the question whether attention can exert its 603 

modulatory influence also in the opposite direction, that is, modulating activity in the visual system 604 

when vestibular processing is prioritized. Although there is evidence for the inhibition of the visual 605 

cortex during stimulation of the vestibular cortex (Wenzel et al., 1996; Deutschländer et al., 2002; 606 

Seemungal et al., 2013; Mazzola et al., 2014), the cross-modal effects of attention directed towards 607 

vestibular processing on the visual cortex have not yet been measured. Finally, future studies are 608 

necessary to investigate whether attention also modulates the inhibition between other sensory 609 

systems, e.g., between the visual and auditory systems (Laurienti et al., 2002) and between the visual 610 

and somatosensory systems (Merabet et al., 2007).  611 

 In conclusion, our results suggest that attention can play a critical role in modulating activity 612 

of the vestibular system when visual processing is prioritized. Furthermore, our results indicate that 613 

this modulatory influence emerges from attention networks in the parietooccipital cortex. By 614 

modulating activity in the vestibular system, attention might shield the on-going processing of the 615 

prevailing visual cues from potentially conflicting vestibular signals. 616 

 617 

618 
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Figure Legends 811 

 812 

Figure 1 813 

Cross-modal effects of visual attention on vestibular sensations. (a) Stimulus conditions. Left: 814 

Vestibular-only condition. Subjects kept their eyes closed and received vestibular cues via caloric 815 

vestibular stimulation (e.g., hot left and cold right; see Methods). Middle: Vestibular + Passive 816 

Viewing condition. Subjects passively viewed moving disks in the lower left visual quadrant and 817 

received caloric vestibular cues. Right: Vestibular + Attentive Tracking condition. Subjects 818 

attentively tracked a subset of moving disks as targets and received caloric vestibular cues. On each 819 

of the tracking trials, subjects signaled whether the disk highlighted at stimulus offset was among the 820 

tracked targets (see Methods). The circumference and outline of the lower left visual quadrant are 821 

shown in white for illustrative purposes only and were not visible during the experiment. (b) Mean 822 

(± standard-error-of-the-mean, SE) ratings of vestibular sensations during different visual conditions 823 

for n = 15 subjects. Larger values on the y-axis correspond to stronger vestibular sensations. 824 

Asterisks indicate significant differences between conditions (** = p < 0.01, *** = p < 0.001).  825 

 826 

Figure 2 827 

Cross-modal effects of visual attention on the blood-oxygenation-level-dependent (BOLD) response 828 

in core areas of the vestibular cortex. (a) Location of the parieto-insular vestibular cortex (PIVC) and 829 

the posterior insular cortex (PIC) in the mid-posterior Sylvian fissure (displayed on the inflated right 830 

hemisphere of a template brain). (b) Whole-brain random-effects group-analysis (n = 20 subjects) for 831 

the contrast attentive tracking vs. passive viewing. Red-yellow colors denote stronger activity during 832 

attentive tracking compared with passive viewing. Blue-white colors denote the reverse contrast. 6v/r 833 

= ventral/rostral area 6 (derived from the anatomical segmentation by Glasser et al., 2016). AI = 834 

Anterior Insula. FEF = Frontal Eye Fields. HG = Heschl’s Gyrus (corresponding to the primary 835 

auditory cortex). MT+ = human area MT+ (V5). PCG = Postcentral Gyrus (corresponding to the 836 
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primary somatosensory cortex). PFC = Prefrontal Cortex (dorsolateral part). PPC = Posterior Parietal 837 

Cortex. SMG = Supramarginal Gyrus. (c) and (d) Mean (± SE) activity measured as BOLD percent 838 

signal change in PIVC and PIC for the same subjects as in (b) during passive viewing and attentive 839 

tracking of visual motion cues. Note that PIVC and PIC were defined in independent localizer 840 

experiments (see Methods for details). Zero on the y-axis corresponds to activity during blank 841 

baseline while participants kept their eyes open. Asterisks indicate significant differences between 842 

passive viewing and attentive tracking conditions (*** = p < 0.001).  843 

 844 

Figure 3 845 

Structural and functional connectivity of PIVC and PIC with PPC. The results are based on group 846 

analyses (n = 20 subjects) and displayed on the inflated right hemisphere of a template brain. (a) 847 

Connectivity of PIVC (denoted by blue disk). Left: Structural connectivity as measured by 848 

probabilistic fiber tracking using diffusion weighted imaging. Red-yellow colors show the mean 849 

probabilities of track terminations from PIVC across subjects. Right: Functional connectivity using 850 

resting state fMRI measurements. Red-yellow colors correspond to significant functional 851 

connections from PIVC. (b) Same as (a) but for PIC. Note that structural and functional connections 852 

from the PIVC and PIC exist with the PPC.  853 

 854 

Figure 4  855 

Anatomical locations of target sites for repetitive transcranial magnetic stimulation (rTMS) and of 856 

core areas of the vestibular cortex in the right hemisphere. (a) Individual locations (for n = 15 857 

subjects in the rTMS experiment) of the sham rTMS site (located in Brodmann area 18). Each color 858 

corresponds to a different participant and shows the outline of the target region. The individual 859 

locations were used as target sites for rTMS. For displaying purposes overlapping areas were 860 

remapped from the individual inflated brains to an inflated template brain. This method preserves 861 

differences in the size and location of the rTMS target sites between different subjects. The enlarged 862 
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view of a subsection of the PPC is shown [see (d)]. Light gray = gyri. Dark gray = sulci. IPS = 863 

Intraparietal Sulcus. (b) Same as (a) but for the rTMS target site in PPC. Each outline corresponds to 864 

the area of overlap between structural and functional connectivity from PIVC to PPC in a different 865 

subject. Areas of overlap were located in Brodmann areas 7 and 19. MOG = Middle Occipital Gyrus. 866 

MOLS = Middle Occipital & Lunate Sulcus. OP = Occipital Pole. SOG = Superior Occipital Gyrus. 867 

(c) Anatomical locations of the average parietal and sham rTMS sites across subjects. The white dots 868 

denote the average locations of sham and parietal rTMS (referred to as “Sham” and “Parietal”; see 869 

Methods for mean Talairach-coordinates). Different colors correspond to different anatomical labels 870 

derived from the multimodal anatomical segmentation of the brain described by Glasser et al. (2016). 871 

IPS1 = Intraparietal Sulcus Area 1. V3 = Third Visual Area. V3A = Area V3A. V4 = Fourth Visual 872 

Area. V6A = Area V6A. V7 = Seventh Visual Area. (d) Subsection of PPC shown in (a), (b) and (c). 873 

(e), (f), (g) Same as (b), (c), (d), respectively, but for the rTMS site in the OC (referred to as 874 

“Occipital”; see Methods for mean Talairach-coordinates), located in Brodmann area 17. CS = 875 

Calcarine Sulcus. V1 = Primary Visual Cortex. (h) Same as (a) for PIVC. PCG = Postcentral Gyrus. 876 

SF = Sylvian Fissure. SMG = Supramarginal Gyrus. (i) Same as (a) for PIC. CS = Central Sulcus. 877 

ICS = Inferior Circular Sulcus of Insula. LG = Long Gyrus of Insula. PCS = Postcentral Sulcus. SCS 878 

= Superior Circular Sulcus of Insula. SG = Short Gyri of Insula. STG = Superior Temporal Gyrus. 879 

STS = Superior Temporal Sulcus. (j) and (k) Same as (c) and (d) but for the subsection of the 880 

Sylvian fissure and the surrounding cortex shown in (h) and (i). FOP2 = Frontal Opercular Area 2. 881 

IG = Insular Granular Complex. OP2-3 = Parietal Operculum Areas 2-3. PFcm = Area PFcm. PSL = 882 

Perisylvian Language Area. RI = Retroinsular Cortex. 883 

 884 

Figure 5 885 

Effects of rTMS on attentional tracking performance and BOLD. (a) Locations in PPC and OC for 886 

inhibitory rTMS. An intermediately located region was chosen for sham rTMS (see Figure 4 for the 887 

anatomical locations). (b) Mean (± SE) behavioral performance during attentive tracking after 888 
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inhibitory rTMS (n = 15 subjects). (c) and (d) Mean (± SE) BOLD activity in PIVC and PIC during 889 

passive viewing (light gray) and attentive tracking (dark gray) after inhibitory rTMS (n = 15 890 

subjects). Zero on the y-axis corresponds to activity during blank baseline while participants kept 891 

their eyes open. (e) and (f) Mean (± SE) attention-modulated BOLD activity in PIVC and PIC 892 

following inhibitory rTMS (n = 15 subjects). Values on the y-axis correspond to the activity-893 

difference between attentive tracking and passive viewing (see c and d). Asterisks indicate 894 

significant differences between conditions (* = p < 0.05, ** = p < 0.01). 895 

 896 












