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1. Introduction
We experience our environment from an egocentric, first-person perspective. Only during rare conditions, such as Out-of-Body Experiences (OBEs), do people claim they experience their environment from a disembodied perspective (Ionta et al., 2011). Experimental inductions of multisensory conflicts demonstrate that the experience of an egocentric perspective should not be taken for granted, as it is dynamically shaped by visual, somatosensory and vestibular signals (Ehrsson, 2007; Pfeiffer et al., 2013).
The vestibular system encodes self-orientation and self-motion with respect to gravity. Critically, vestibular disorders may evoke OBEs (Lopez & Elziere, 2017) and direct stimulation of the temporo-parietal vestibular cortex may induce a disembodied perspective (Blanke, Ortigue, Landis, & Seeck, 2002). This suggests an important vestibular contribution in anchoring the visuo-spatial perspective to the body.
Humans have a natural tendency to spontaneously adopt the visuo-spatial perspective of others in their environment. In the “dot-counting task” (Samson, Apperly, Braithwaite, Andrews, & Bodley Scott, 2010), participants determine if the number of dots in a visual scene match a number presented at the start of the trial. The visual scene includes a task-irrelevant avatar. Under conditions where the avatar “sees” a number of dots incongruent with the number of dots visible from the participants' viewpoint, response times increase. This reflects the implicit simulation of the avatar's viewpoint, referred to as “altercentric intrusion”. Here we combined the dot-counting task with low-intensity galvanic vestibular stimulation (GVS), known to modulate self-perception in a polarity-dependent manner. Left-anodal/right-cathodal GVS activates predominantly the right hemisphere, whereas right-anodal/left-cathodal GVS activates predominantly the left hemisphere (Fink et al., 2003). Since the vestibular system has been shown to contribute in anchoring the visuo-spatial perspective to the body, we hypothesize that altering its activity during the dot-counting task will disrupt the natural tendency to altercentric intrusions by interfering with multisensory processing in brain regions involved in perspective taking, such as the temporo-parietal cortex.




2. Methods
[bookmark: _Hlk492294992]Thirty-two right-handed volunteers were included (Study 1: n = 16, 22.3±4.0 years; Study 2: n = 16, 24.2±4.2 years). The sample size for each study was a priori decided based on a power analysis (see Supplementary Methods).
A 1mA square wave GVS was delivered through a pair of carbon-rubber electrodes placed over the left and right mastoid processes, using both left-anodal/right-cathodal and right-anodal/left-cathodal configurations (Figure 1A). Sham stimulation was also delivered at the same intensity through electrodes placed at the base of the neck (Ferrè, Lopez, & Haggard, 2014).
Visual stimuli, presented on a computer screen, consisted of a 3D room whose left and right walls contained from 0 to 3 blue balls. In Study 1, a task-irrelevant avatar in the middle of the room faced either the left wall (8 participants) or right wall (8 participants) (Figure 1B). The manipulation of the number of balls aligned to the left and right walls created scenarios where the avatar and the participant “saw” the same number (congruent viewpoints) or different number (incongruent viewpoints) of balls. A number was presented on the screen at the start of each trial, after which participants indicated whether this number matched (i.e. matching trials) or mismatched the total number of blue balls they saw. Participants completed three blocks of 78 trials during which left-anodal/right-cathodal GVS, right-anodal/left-cathodal GVS or sham stimulation was applied in a quasi-balanced order.
[bookmark: _Hlk493512909]In Study 2, the avatar was replaced by an arrow (Figure 1D), to exclude GVS effects on visuo-spatial attention and on the ability to inhibit conflicting information (Nielsen, Slade, Levy, & Holmes, 2015; Santiesteban et al., 2014). Experimental design and procedures were otherwise identical to Study 1. 

3. Results
To quantify the extent to which the avatar's viewpoint interfered with the participants’ viewpoint, we calculated a Congruency Effect (CE) as the difference in response times between incongruent and congruent viewpoints for the matching trials (Nielsen et al., 2015). Mismatching trials were discarded from the main analysis following previous procedures (Samson et al., 2010, see Supplementary Methods). A repeated-measures ANOVA with Stimulation (left-anodal/right-cathodal GVS, right-anodal/left-cathodal GVS and sham stimulation) as a within-subject factor and Avatar orientation (facing left, facing right) as a between-subject factor revealed that the CE was significantly modulated by Stimulation (F2,28 = 3.50, p < 0.05, η2p = 0.20; Figure 1C). Post-hoc analysis corrected for multiple comparisons showed a significantly reduced CE for left anodal/right cathodal GVS compared to sham stimulation (Bonferroni test: p = 0.041). By contrast, the CE for right anodal/left cathodal GVS did not differ from sham stimulation (Bonferroni test: p = 0.395) and left anodal/right cathodal GVS (Bonferroni test: p = 0.868). There was no effect of Avatar orientation and no Stimulation × Avatar orientation interaction (all F < 3.0 and p > 0.1). Critically, the CE was significantly higher than zero for right-anodal/left-cathodal GVS (t15 = 3.53, p < 0.005) and sham stimulation (t15 = 3.78, p < 0.005), indicating, as expected, altercentric intrusion. By contrast, for left-anodal/right-cathodal GVS the CE did not differ from zero (t15 = 1.43, p = 0.17), suggesting a suppression of altercentric intrusion. 
A similar analysis applied to the CE for the number of errors revealed no effect of Stimulation, Avatar orientation and interaction (all F < 2.2 and p > 0.1; Supplementary Figure 1).
[bookmark: _Hlk492292926]Although mismatching trials are commonly discarded from analysis (Supplementary Methods), we have analysed them to investigate any potential GVS influence on visuo-spatial attention. This analysis revealed no effect of Stimulation on the CE for mismatching trials (F2,28 = 0.64, p = 0.533, η2p = 0.04). Similarly, no effect of Stimulation on the CE emerged on Study 2 (F2,28 = 1.85, p = 0.174, η2p = 0.11; Figure 1E). This pattern of results confirms that the reduction in CE for the matching trials was not due to any GVS effect on visuo-spatial attention, or on the ability to inhibit conflicting information (see Supplementary Results). 

4. Discussion and conclusion
Left anodal/right cathodal GVS decreased altercentric intrusion compared to sham stimulation. In right-handed participants, such GVS polarity is known to activate the temporo-parietal and parieto-insular cortex with a right hemisphere dominance (Fink et al., 2003; Lopez, Blanke, & Mast, 2012) and there is an overall right-sided dominance of vestibular information processing (Dieterich, Kirsch, & Brandt, 2017). Importantly, both areas are crucial for embodiment and perspective taking: lesions and epilepsy affecting these brain regions evoke the sensation of perceiving the environment from a disembodied perspective (Blanke et al., 2002; Ionta et al., 2011). Accordingly, theta oscillations originating from the right temporo-parietal junction reflect an imaginary disembodied perspective (Wang et al., 2016). Thus, GVS might have modulated activity in the right temporo-parietal junction, promoting an egocentric perspective.
Disruption to the multisensory processes involved in embodied perspective – as in OBEs – might require stronger current intensities than the one used in this study. GVS below 1 mA improves cognitive and sensorimotor performances (Wilkinson et al., 2014) and promotes interpretation of tactile stimuli from an egocentric perspective (Ferre et al., 2014). Thus, low-intensity GVS used in our study may have increased the natural role of the vestibular system in anchoring the visuo-spatial perspective to the body.
Importantly, the decreased altercentric intrusion by GVS is not due to redirection of visuo-spatial attention by GVS or avatar orientation. Results from Study 2 indicate that the influence of GVS on the CE is specific to the avatar stimuli, to which mental states can be ascribed. Avatars and arrows redirect spatial attention to one side. For example, Santiesteban et al. (2014) found altercentric interference for arrow stimuli, concluding that the CE is due to general attentional processes. By contrast, Nielsen et al. (2015) found a weaker response to the incongruence of the viewpoint of an arrow vs. an avatar. Recent evidence show that altercentric intrusions do not arise because avatars prompt a shift in spatial attention, but rather because participants attribute mental states to avatars (Furlanetto, Becchio, Samson, & Apperly, 2016).
Our results highlight the crucial, yet so far neglected, contribution of vestibular inputs in maintaining an embodied first-person perspective. The right temporo-parietal junction is potentially involved in this process, integrating signals from different sensory pathways. Disruption in the integration of these signals leads to a disembodied self.
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Figure legend

Figure 1. Experimental setup and results. (A) Sham stimulation, right-anodal/left-cathodal galvanic vestibular stimulation (GVS), and left-anodal/right-cathodal GVS were delivered in separate blocks through carbon-rubber electrodes placed over the mastoid processes for GVS, or at the base of the neck for sham stimulation. (B) Study 1: Visual stimuli presented either a congruent or an incongruent viewpoint of the avatar’s perspective to that of the participants’. Each trial started with a fixation cross (750 ms), followed by a number (1000 ms) and then the visual scene (maximum time 2000 ms). Participants had to indicate with a button press whether the number of blue balls observed from their viewpoint matched or mismatched the number presented at the start of the trial. The example illustrates a matching trial with an incongruent viewpoint. (C) Bar plot represents the average congruency effect in milliseconds (difference between the response times in the trials with incongruent and congruent viewpoint) calculated for the matching trials during sham stimulation, right-anodal/left cathodal GVS and left-anodal/right cathodal GVS for Study 1. * denotes a significant difference between stimulation conditions. § denotes significant differences with respect to zero. Vertical bars represent the standard error of mean. (D) Study 2: Visual stimuli presented either a congruent or an incongruent viewpoint of where the arrow was pointing to that of the participants’. The timing of each trial and procedure was the same as in Study 1. (E) Bar plot represents the average congruency effect in milliseconds calculated for the matching trials during sham stimulation, right-anodal/left cathodal GVS and left-anodal/right cathodal GVS for Study 2. Vertical bars represent the standard error of mean.
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