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Abstract In two experiments we investigated whether
bistable visual perception is influenced by passive own
body displacements due to vestibular stimulation. For this
we passively rotated our participants around the vertical
(yaw) axis while observing different rotating bistable
stimuli (bodily or non-bodily) with different ambiguous
motion directions. Based on previous work on multimodal
effects on bistable perception, we hypothesized that ves-
tibular stimulation should alter bistable perception and that
the effects should differ for bodily versus non-bodily
stimuli. In the first experiment, it was found that the rota-
tion bias (i.e., the difference between the percentage of
time that a CW or CCW rotation was perceived) was
selectively modulated by vestibular stimulation: the per-
ceived duration of the bodily stimuli was longer for the
rotation direction congruent with the subject’s own body
rotation, whereas the opposite was true for the non-bodily
stimulus (Necker cube). The results found in the second
experiment extend the findings from the first experiment
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and show that these vestibular effects on bistable percep-
tion only occur when the axis of rotation of the bodily
stimulus matches the axis of passive own body rotation.
These findings indicate that the effect of vestibular stimu-
lation on the rotation bias depends on the stimulus that is
presented and the rotation axis of the stimulus. Although
most studies on vestibular processing have traditionally
focused on multisensory signal integration for posture,
balance, and heading direction, the present data show that
vestibular self-motion influences the perception of bistable
bodily stimuli revealing the importance of vestibular
mechanisms for visual consciousness.

Keywords Bistable perception - Biological motion -
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Introduction

When observers are presented with ambiguous visual
information, their percept often changes between possible
alternative interpretations, a phenomenon that is known as
bistable perception. Over the last decades, several studies
have shown that multimodal interactions between action
and perception (Wohlschlager 2000; Mitsumatsu 2009) and
between touch and vision (Blake et al. 2004; Konkle et al.
2009; Butz et al. 2010) lead to systematic changes in
bistable perception. For instance, touching a rotating globe
affected the perceived rotation direction of a visually pre-
sented globe, whose rotation direction was ambiguous
(Blake et al. 2004). Similarly, it was found that repeated
exposure to tactile motion induces visual motion afteref-
fects that bias the perceived direction of ambiguous visual
motion in the direction of the visual motion aftereffect
(Konkle et al. 2009).
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Recently, several stimuli showing a human body or body
parts that are characterized by ambiguous visual motion
have been described (Troje and McAdam 2010; Hirai et al.
2011). As vestibular stimulation has been shown to mod-
ulate perceptual, cognitive, and conscious aspects of bodily
processing (Lenggenhager et al. 2008; Lopez et al. 2009,
2010; Ferre et al. 2011), we here investigated whether
observer motion, conveyed by vestibular signals, modu-
lates the perception of bistable moving human bodies.
Given the functional importance of integrating vestibular
with visual motion information for self-motion perception
and the prominent neural interactions between vestibular
and visual motion processing (e.g., Chowdhury et al. 2009;
Liu and Angelaki 2009), one may expect that vestibular
information may also influence bistable visual motion
perception of human bodies.

In the present study we hypothesized that the seen
rotation direction of a bistable rotating body can be mod-
ulated by vestibular information regarding passive rotation
of one’s own body. In two experiments subjects were
rotated on a human motion platform while observing
bistable stimuli with an ambiguous rotation direction
(alternating randomly between clockwise, CW, and coun-
terclockwise, CCW, rotations) and representing bodily
(human avatars) or non-bodily control stimuli (Necker
cube). If direction-specific vestibular information modu-
lates bistable perception, we should expect that the rotation
bias (i.e., the difference between the percentage of time
that a CW or CCW rotation was perceived) differs between
actual CW and CCW rotations of the observer.

More specifically, we made the following predictions.
First, for bodily stimuli we expected that participants
would perceive the rotation direction via a process of
embodied perspective taking. Several studies have shown
that in spatial perspective taking participants adopt the
position and perspective of the observed person (Parsons
1987; Zacks et al. 1999; Arzy et al. 2006; Tadi et al. 2009)
and that such own body transformations may occur spon-
taneously without any imagery instructions (Thirioux et al.
2010). With respect to the perception of bistable stimuli,
we accordingly expected that participants would perceive a
bistable body more often as rotating in the direction con-
gruent with their own rotation direction. As mental trans-
formation of non-bodily objects has been dissociated from
those of bodily objects (i.e., Zacks et al. 2003) and as
vestibular stimulation interferes differently with mental
transformations of bodily and non-bodily objects (i.e.,
Lenggenhager et al. 2008), we predicted that bistable per-
ception of a non-bodily stimuli such as the Necker cube
would not be influenced or differently influenced by
observer rotation (i.e., be perceived more often as rotating
in the direction opposite to one’s own body).
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Methods
Subjects

In the first experiment 14 subjects participated (3 females,
mean age = 23.6 years), and in the second experiment
12 subjects participated (5 females, mean age = 21.8 years).
All participants had normal or corrected-to-normal vision.
Subjects received 20 CHF for participation. Both experi-
ments were approved by the local ethics committee: La
Commission d’ethique de la recherche Clinique de la Faculté
de Biologie et de Médecine—at the University of Lausanne,
Switzerland. All subjects gave informed consent prior to
participation and were fully debriefed after the experiment.
The study was conducted in accordance with the declaration
of Helsinki.

Stimuli

In the first experiment 3 different stimuli were used, rep-
resenting a female avatar, a male avatar, and a Necker cube
(see left side of Fig. 1 for example stimuli and supple-
mentary material online). Both female and male avatars
were included as they differed strongly in the number of
perceptual features (e.g., hair, breasts) that might play a
role in bistable perception. For the avatars we used 3D
models adopting a standing posture with the arms stretched
out that were available from open source libraries and that
have been used previously (Troje and McAdam 2010). For
the Necker cube, we used a tilted wireframe. In the second
experiment we only used the female avatar (as in Experi-
ment 1), but shown in either a vertical or horizontal posi-
tion and as rotating either around the yaw axis or around
the roll axis (see left side of Fig. 2). These 3D models were
imported in Blender (http://www.blender.org/), which is an
open source 3D rendering software package. The figures
were rendered orthographically with the camera viewpoint
placed in the middle. The rotation speed of all stimuli was
90°/s, in line with previous studies on bistable perception
(e.g., Blake et al. 2004; Troje and McAdam 2010). The 3D
figures used to render the 2D stimuli were always rotated
clockwise, and this resulted in 2D stimuli with a bistable
rotation direction. Rendered images were presented at a
resolution of 1,024 x 768 pixels, and the avatars were
about 250 x 400 pixels in size, whereas the Necker cube
was about 350 x 350 pixels in size.

Experimental setup
The experiment was conducted in complete darkness in a

sound-shielded room in which a human motion platform
was placed. A chair was mounted on a beam platform
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Fig. 1 Example stimuli and effects of rotation on bistable perception
in Experiment 1. Left side Example snapshots of the video stimuli
used in Experiment 1, representing a female avatar (a), a male avatar
(b), and the Necker cube (c¢). The gray arrow indicates the axis of
rotation: yaw rotations for all stimuli. Right side The graphs represent
the relative duration that a CW rotation (light bars) or CCW rotation
(dark bars) was perceived, with respect to the rotating direction of the
chair (CW: left side of graph, CCW: right side of graph). a Data in

(diameter = 200 cm) fixed on an electrical engine. The
electrical engine was digitally servo-controlled (PCI-7352)
and its software controller allowed for a precise positioning
(£0.01) and for the execution of rotation profiles expressed
as sequences of positions at 100 Hz. All the rotations were
carried out around the yaw axis. A 22" computer screen
was mounted on the chair with an adjustable but fixed arm,
placed at 40 cm away from the subject’s eyes. Images were
generated by an onboard computer which was controlled
from the outside by network desktop sharing (WIFI). A
rumble pad PC game controller (Saitek P2600) was con-
nected to the computer to measure subjects’ responses.
Subjects were seated in the chair wearing seatbelts, with
their head aligned to their body’s z-axis and precisely
located in the center of rotation. An infrared surveillance
camera was mounted on the chair showing the face of the
subjects and allowed to monitor participants’ eye move-
ments. Another infrared camera displayed the chair itself.

Percept: *p<.05
*p<.0l
*% ccw ** 1 W p< 001
cw ccw
Chair
Percept:
* ccw |
cw ccw
Chair
.“Percept:- .
* ccw |
cw ccw
Chair

response to the female avatar stimulus. b Data from the male avatar
stimulus. ¢ Data in response to the Necker cube. Please note that
p values indicate whether the observed rotation bias (i.e., the
difference between the percentage of time that a CW or CCW
rotation was perceived) is different from the rotation bias obtained
from the permuted distribution (i.e., p values reflect whether the
observed rotation bias is significantly affected by the actual rotation
profile of the chair)

During the experiment, communication was possible
between the subject and the experimenter. The experiment
was conducted in complete darkness.

Experimental procedure

At the beginning of the experiment, subjects were
instructed to track the perceived rotation direction of the
stimuli on the screen. They were told that the rotation
direction of the stimulus varied randomly and instructed to
hold the left button pressed if they perceived the stimulus
as rotating in a counterclockwise direction and the right
button if they perceived the stimulus as rotating in a
clockwise direction. At the beginning of each block, sub-
jects practiced while the chair was standing still. After it
was established that the subjects understood the task and
were able to perceive the stimulus in both directions, the
experiment was started.
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During each block, the motion platform generated 20
clockwise and 20 counterclockwise rotations in a random
order. Each rotation profile consisted of four phases start-
ing with a 2,000-ms acceleration to a speed of 45°s,
2,000-3,000 ms of constant speed, 2,000-ms deceleration
to 0°s followed by a 2,000-3,000-ms no-movement
interval. The rotation profile and speed were based on
previous studies, showing that this acceleration/decelera-
tion profile results in a robust oculogyral illusion (Clark
and Stewart 1968; Carriot et al. 2011), and on own pilot
studies with the present paradigm showing strongest effects
of rotation on bistable perception when the rotation speed
changed dynamically. The constant

movement and

Fig. 2 Example stimuli and
effects of rotation on bistable
perception in Experiment 2. Left
side: Example snapshots of the
video stimuli used in
Experiment 2, representing a
female avatar in a vertical
orientation (a, ¢) or a horizontal
orientation (b, d). The gray
arrow indicates the axis of
rotation: yaw rotations (a, d) or
roll rotations (b, ¢). Right side
Graphs represent the relative
duration that a CW rotation
(light bars) or CCW rotation
(dark bars) was perceived, with
respect to the rotating direction
of the chair (CW: left side of
graph, CCW: right side of
graph). a Data in response to the
female avatar in a vertical
position and rotating along the
yaw axis (similar to the first
stimulus in Experiment 1).

b Data in response to the female
avatar in a horizontal position
and rotating along the roll axis.
¢ Data in response to the female
avatar in a vertical position and
rotating along the roll axis.

d Data in response to the female
avatar in a horizontal position
and rotating along the yaw axis

@ Springer

no-movement interval varied pseudorandomly between
2,000 and 3,000 ms in steps of 100 ms to prevent the subject
from anticipating the onset and offset of the rotations. For
each subject a different 6-minute sequence of rotation pro-
files was generated, and each subject was always rotated
using the same rotation profile for each block.

In different blocks, subjects were required to report the
perceived rotation direction of the visual stimulus on the
screen while they received passive whole-body rotations
along the yaw axis. During each block the stimulus was
continuously presented on the screen for 6 min, aligned
with the onset of the rotating profile of the chair, resulting
in a total number of 90 chair rotations. During the
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experiment white noise was presented over the subjects’
headphones and a black blanket covered the chair, to avoid
the participant from inferring the rotation direction based
on auditory or visual cues (residual light emanating from
the stimulus display). Stimulus presentation and button
press responses were controlled and stored for offline
analysis using Presentation software version 12.2 (Neuro-
behavioral Systems, Davis, CA, USA).

Analysis

Based on previous work on bistable stimulus perception,
we focused our analysis on the total number of switches
and the relative duration of perceived CW and CCW
rotations of the stimulus (Wohlschlager 2000; Blake et al.
2004; Jackson et al. 2008; Butz et al. 2010). To assess
whether the rotation direction of the participant’s body had
an effect on the perceived rotation direction of the different
bistable stimuli, we calculated the percentage of time that
subjects perceived the stimulus as rotating in the CW or
CCW direction for both rotation directions of the chair
(CW vs. CCW). Thus, for all CW and CCW chair rotations,
we obtained the percentage of time that subjects perceived
the stimulus as rotating in a CW direction and a CCW
direction. The difference between the percentage of time
that a CW or a CCW direction of the visual stimuli was
perceived has been used previously under different exper-
imental conditions (Blake et al. 2004; Jackson et al. 2008)
and provides a measure of the “rotation bias”: (1) a posi-
tive rotation bias reflects a preference for perceiving the
visual stimulus as rotating in a CW direction, (2) a rotation
bias of zero reflects no preference for perceiving the visual
stimulus as rotating in a CW or CCW direction, and
(3) a negative rotation bias reflects a preference for per-
ceiving the visual stimulus as rotating in a CCW direction.
If the rotation direction of the chair has an effect on the
perceived rotation direction of the stimulus, we should
expect the rotation bias to differ between CW and CCW
chair rotations.

For each subject, we calculated the rotation bias sepa-
rately for the 2 different yaw rotation directions of the chair
(CW vs. CCW), and for each visual stimulus (3 in Experi-
ment 1 and 4 in Experiment 2). To statistically evaluate the
observed effects, we used two methods. First, a random
permutation test was conducted on the rotation biases. To
this end, a randomization distribution was created by
randomly permuting the rotation profiles across different
subjects 1,000 times. The observed rotation biases were
compared to the 95th percentile of the permuted distribu-
tion, and the p value was calculated as the proportion of
values of the permuted distribution that was equal to or
bigger than the observed rotation bias. Note that if the
observed rotation biases are significantly induced by the

rotation direction of the chair, we should expect the
observed rotation biases to lie outside the 95th percentile of
the permuted distribution and a resulting p value of p < .05.
To correct for multiple comparisons, a Bonferroni correc-
tion was applied. Second, a classical analysis of variance
was conducted by analyzing the percentage of time that
subjects perceived the stimulus as rotating in a CW or CCW
direction for both rotation directions of the chair (CW vs.
CCW). In the first experiment, a 3 (Stimulus Type: Female
Avatar, Male Avatar, Necker Cube) x 2 (Chair Direction:
CW vs. CCW) x 2 (Perceived Direction: CW vs. CCW)
repeated measures ANOVA was used. In the second
experiment, a 4 (Stimulus Type: Horizontal—Yaw, Hori-
zontal—Roll, Vertical—Yaw, Vertical—Roll) x 2 (Chair
Direction: CW vs. CCW) x 2 (Perceived Direction: CW vs.
CCW) repeated measures ANOVA was used. The rationale
for including the ANOVA is that it allows for a more direct
assessment of the central hypothesis, that is, effects of
observer rotation on bistable perception should be reflected
in an interaction between Chair Direction and Perceived
Direction. In addition, if the rotation bias differs between
the different stimuli, an interaction is expected between
Stimulus Type, Chair Direction, and Perceived Direction.

Results and discussion
Experiment 1

On average subjects perceived 47.6 (SD = 40.3) changes
in the rotation direction of the female avatar, 25.8
(SD = 34.8) changes in the rotation direction of the male
avatar, and 12.8 (SD = 3.9) changes in the rotation
direction of the Necker cube.

For all bistable stimuli, the rotation bias (i.e., the dif-
ference between the percentage of time that a CW or CCW
rotation was perceived) was modulated by the rotation
direction of the chair (see Fig. 1). Subjects perceived both
bodily stimuli (female and male silhouette) relatively
longer as rotating in the direction that was congruent with
the passive rotation direction of their body. In contrast,
subjects perceived the Necker cube relatively longer as
rotating in the direction that was opposite to the passive
rotation direction of their own body.

Statistical analysis using the permutation approach
confirmed that the observed rotation bias differed from the
randomization distribution for three of the six tested con-
ditions: for the female avatar for CW rotations (p < .01)
and CCW rotations (p < .01) and for the Necker cube for
CCW rotations (p < .001). Although for the male avatar a
trend was observed for CW rotations (p < .05) and for the
Necker cube for CW rotations (p < .05), these effects did
not survive correction for multiple comparisons.
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Statistical analysis using a repeated measures ANOVA
revealed a significant interaction between Stimulus Type,
Chair Direction, and Perceived Direction, F(2, 26) = 5.7,
p < .01, n* = .30. This interaction provides direct support
for the observation that the effects of vestibular stimulation
on bistable perception differ between the different stimuli.
Post hoc tests using a 2 (Chair Direction: CW vs. CCW) x 2
(Perceived Direction: CW vs. CCW) revealed a marginally
significant interaction between Chair Direction and Per-
ceived Direction for the female avatar, F(1, 13) = 4.0,
p = .06, n* = .24, reflecting that the perceived rotation
direction of the bistable bodily stimulus was modulated by the
rotation direction of the chair. For the Necker cube, a sig-
nificant interaction was observed between Chair Direction
and Perceived Direction, F(1, 13) = 8.6, p = .01, 172 = 40,
reflecting that the Necker cube was perceived more often as
rotating in the direction opposite to the rotation direction of
the chair. For the male avatar, no significant effects were
observed in the post hoc test (F < 1).

The results of the first experiment show that rotatory
vestibular cues alter bistable perception and that this effect
differs for bodily and non-bodily bistable cues. For the two
bodily stimuli that were shown on the screen, the perceived
duration tended to be longer when the perceived direction
of stimulus rotation matched the participant’s yaw rotation
direction (this was only significant for the female avatar).
This was different for a non-bodily stimulus often used in
bistable perception studies, the Necker cube, which was
perceived as rotating relatively longer in the rotation
direction that was opposite to the subjects’ own body
rotation direction. This shows that vestibular signals from
the semicircular canals influence the perception of visual
bistable stimuli, that this effect is direction-selective, and
that it depends on the type of visual object shown.

Experiment 2

In a second experiment we investigated whether the ves-
tibular effect on bistable perception depends on (1) the
congruency of the orientation of the depicted visual
stimulus on the screen (horizontal vs. vertical) with the
participant’s orientation and/or on (2) the congruency of
the depicted visual rotation axis of the avatar (roll rotation
vs. yaw rotation) with respect to the participant’s actual
rotation axis. We thus carried out a 2 x 2 factorial design
with the factors orientation and rotation while our partici-
pants were always exposed to yaw rotations and observed a
bistable female avatar (see left side of Fig. 2).! Based on

! In the second experiment only the female avatar was used, as this
stimulus showed the strongest effects in the first experiment, likely
because the stimulus contained more depth-cues (i.e. breasts and hair)
to disambiguate the rotation direction.
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pilot experiments and the data of Experiment 1, we
expected a maximal effect on bistable perception if the
orientation and rotation axis of the observed avatar are
congruent with the observer (i.e., relatively longer per-
ceived duration in the direction that is congruent with one’s
own rotation direction). In contrast, in the case the avatar is
depicted in a horizontal position and rotating around its roll
axis, we speculated that bistable perception is not altered or
altered in the opposite direction (as now neither the
depicted avatar’s rotation direction nor orientation is con-
gruent with the participant’s rotation direction and orien-
tation). For the two cases, where either rotation direction or
orientation was congruent, we expected intermediate
effects on bistable perception.

In the second experiment, 12 new subjects perceived on
average 33 (SD = 45.0) changes in the rotation direction
when the female avatar was presented in a vertical orien-
tation and rotated around the yaw axis (as in Experiment
1), 54.0 (SD = 47.2) changes in the rotation direction
when the female avatar was presented in a horizontal ori-
entation and rotated around the roll axis, 91.4 (SD = 43.5)
changes when the avatar was presented in a vertical ori-
entation and rotated around the roll axis, and 80.1
(SD = 42.7) changes when the avatar was presented in a
horizontal position and rotated around the yaw axis.

Similar to the first experiment, subjects perceived the
vertical avatar spinning around the yaw axis relatively
longer as rotating in the direction that was congruent with
their own rotation direction (Fig. 2a). In contrast, subjects
perceived the horizontal avatar rotating around the roll axis
relatively longer as rotating in the direction that was
opposite to their own rotation direction (Fig. 2b), resem-
bling the pattern observed for the Necker cube in Experi-
ment 1. The rotation bias was not modulated by the rotation
direction of the chair when the vertical avatar rotated on
the roll axis or when the horizontal avatar rotated on the
yaw axis (Fig. 2c, d). Thus, participants’ yaw rotation has
an effect on bistable perception only if the visual stimulus
seemed to rotate around the visual yaw axis (i.e., when
subjects observed an avatar in a vertical orientation rotating
around its “yaw” axis or when they observed an avatar in a
horizontal orientation rotating around its “roll” axis).

Statistical analysis using the permutation approach
confirmed that the observed rotation bias differed from the
randomization distribution for the avatar in a vertical
position rotating around the yaw axis (Fig. 2a) for CW
rotations (p < .01) and for the female avatar in a horizontal
position rotating around the roll axis (Fig. 2b) for CW
(p < .01) and CCW rotations (p < .01).

Statistical analysis using a repeated measures ANOVA
revealed a significant interaction between Stimulus Type,
Chair Direction, and Perceived Direction, F(3, 33) = 4.1,
p < .05, »* = .26. This interaction provides further support
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for the finding that the effects of vestibular stimulation on
bistable perception differ between the different stimuli.
Post hoc tests using a separate 2 (Chair Direction: CW vs.
CCW) x 2 (Perceived Direction: CW vs. CCW) repeated
measures ANOVA for each of the 4 different stimuli
revealed a significant interaction between Chair Direction
and Perceived Direction for the female avatar in a hori-
zontal position rotating around the roll axis, F(1, 11) =
6.2, p < .05. For the other stimuli, the post hoc ANOVAs
did not yield significant results.

Discussion

The present study shows that vestibular information has an
effect on bistable perception that is dependent on (1) the
rotation direction of the observer’s body, (2) whether a
bodily or a non-bodily bistable stimulus is presented, and
(3) the congruency of the orientation and the rotation axis
of the rotating stimulus with the motion profile of the
observer. The effect of vestibular stimulation on bistable
perception extends previous studies that have shown effects
of action and touch on bistable perception (Wohlschlager
2000; Blake et al. 2004; Konkle et al. 2009; Mitsumatsu
2009; Butz et al. 2010), to the domain of visuo-vestibular
interaction. Whereas in a previous study it was found that
touching a rotating globe affected the perceived rotation
direction of a visually presented globe, whose rotation
direction was ambiguous (Blake et al. 2004), the present
study shows that rotation of the entire observer affects the
perceived rotation of human bodies and objects.

Upright human bodies rotating along the same axis as
the observer tended to be perceived more often as rotating
in the same direction as the observer’s body. That is, CW
observer rotation biased the perceived body rotation in the
CW direction and vice versa for CCW rotations. We argue
that this effect reflects an automatic process of embodied
perspective taking, in which subjects determine the rotation
direction by adopting the position and perspective of the
avatar. Related mechanisms have been studied using
mental own body transformations, in which subjects are
explicitly asked to imagine themselves at the position of a
human figure that is presented in many different visual
orientations and views (Parsons 1987; Zacks et al. 1999;
Arzy et al. 2006; Tadi et al. 2009) and in studies showing
that visual motion signals and action observation influence
the body and movement representation systems in the brain
(Calvo-Merino et al. 2005; Chiavarino et al. 2007; van Elk
et al. 2008; Serino et al. 2010). Based on these findings, it
has been argued that observed movements are mapped
directly on the motor repertoire of the observer via a pro-
cess of “intermodal matching” or “motor resonance”
(Meltzoff and Moore 1997; Wohlschliger et al. 2003;

Schiitz-Bosbach and Prinz 2007). A similar mechanism
may be involved in the present study, in which observed
and felt body rotations recruit shared motion representa-
tions, thereby extending the intermodal matching account
to the visuo-vestibular domain.

This “embodiment” explanation is further supported by
the findings of the second experiment, showing that the
effect of own body rotation on bistable perception depen-
ded on (1) the congruence between the observer’s body
orientation on the motion platform and the orientation of
the observed body on the screen and (2) the congruence
between the axis of rotation of the observer’s body and the
observed body’s axis of rotation. Only when both the ori-
entation and rotation direction of the observed avatar were
congruent with the observer’s, the observed body tended to
be perceived as rotating relatively longer in the direction of
the observer’s body (i.e., one’s own body). Incongruent
orientation or rotation axis resulted in a different or in no
rotation bias. These findings further qualify the interaction
between observer motion and bistable perception and are
consistent with previous studies that have shown a visual
processing advantage for bodies aligned with the obser-
ver’s body axis orientation (Reed et al. 2003; Troje and
Westhoff 2000), effects of the observer’s body orientation
on the visual judgments of human bodies (Lobmaier and
Mast 2007; Lopez et al. 2009), and facilitated biological
motion perception when the displayed movements or
bodies are familiar (for review, see: Klopfer 1991; Schiitz-
Bosbach and Prinz 2007; Sebanz and Shiffrar 2009). Thus,
the present data suggest that vestibular information influ-
ences the bistable perception of a human avatar in a
direction-specific fashion only if the observed body is in
the same orientation and rotates around the same axis, via a
process of facilitated perspective taking or embodiment.

For stimuli that did not afford a process of embodied
perspective taking, opposite effects of vestibular stimula-
tion on bistable perception were observed. One of the most
classical stimuli used to study bistable visual perception,
the Necker cube, was perceived relatively longer as rotat-
ing in the direction opposite to one’s own body rotation.
That is, CCW observer rotation biased the perceived
Necker cube rotation in the CW direction and vice versa.
The size of the rotation bias was comparable to those
observed for tactile effects on visual motion judgments
(e.g., Butz et al. 2010), but differed with respect to its
direction. Thus, a congruent directional rotation bias was
observed for tactile and visual drum rotations on the
forearm (Blake et al. 2004), whereas we observed an
opposite directional rotation bias for observer rotation
paired with a bistable Necker cube rotation. A similar
effect was observed when a human silhouette was pre-
sented in a horizontal position and rotating in the roll axis,
in which case subjects perceived the bistable body
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relatively longer as rotating in a direction opposite to their
own body. We speculate that these findings are compatible
with directional effects observed during visuo-vestibular
illusions such as the oculogyral illusion, in which a sta-
tionary object is perceived as moving in space counter to
the preceding observer rotation (Graybiel and Hupp 1946;
Mergner et al. 1992). We argue that if embodied perspec-
tive taking is not possible (as is the case for incongruent
avatars and non-bodily objects such as the Necker cube),
participants are biased to perceive an object as rotating in a
direction opposite to their own body movement.

The finding that the direction of the effect of vestibular
stimulation on bistable perception depends on the type of
stimulus that is presented suggests a possible hierarchical
processing of bistable stimulus information. Given the
inherent difficulty in determining the relative rotation direc-
tion of an ambiguous stimulus, subjects may first attempt to
use an embodied perspective taking strategy. If this approach
is not afforded by the stimuli, participants revert to a strategy
whereby they determine the rotation direction as if viewed
from an external perspective. In addition, we would like to
point out that perceptual complexity differences between
stimuli cannot account for the differences observed between
bodily and non-bodily stimuli. That is, in the second experi-
ment similar effects as those for the Necker cube were
observed when a bodily stimulus was tilted in the horizontal
plane and rotating along the horizontal axis. Thus, the crucial
factor in modulating the effects of vestibular stimulation on
bistable perception is the similarity between the observed and
felt bodily rotations, rather than the visual complexity of the
stimulus involved.

The present findings on bistable perception of rotating
stimuli can also be compared with previous studies,
showing that vestibular stimulation, as induced by caloric
vestibular stimulation, can influence binocular rivalry
(Miller et al. 2000; Ngo et al. 2007, 2008). It was found for
instance that left hemispheric caloric vestibular stimulation
changes the predominance of subjects’ perceptions in
binocular rivalry using horizontal and vertical gratings and
the Necker cube (Miller et al. 2000). However, the
observed effects were not specific to caloric vestibular
stimulation and differed between subjects (Miller et al.
2000). The present study differs in important respects from
these previous findings. That is, we observed a direction-
specific effect of vestibular stimulation that depended on
the type of object that was presented (i.e., bodily vs. non-
bodily stimulus). Whereas caloric vestibular stimulation
results in an unnatural activation of the vestibular organ
(as well as other undesired side effects) and the activation
of a large network of cortical structures, involving both
visual and multisensory association areas (Lopez and
Blanke 2011), passive whole-body rotation provides a
natural way to selectively stimulate the semicircular canals.

@ Springer

We speculate that the selective modulation of bistable
perception by passive own body rotations reflects a top-
down influence of vestibular signals on higher visual areas
involved in visual motion processing, such as area MT and
V5 (Vaina et al. 2001; Born and Bradley 2005; Tailby et al.
2010; Tadin et al. 2011). This suggestion is supported by
previous studies showing a top-down influence of multi-
sensory information on bistable perception in area MT
(Vaina et al. 2001; Blake et al. 2004; Born and Bradley
2005) and by studies underlining the neural interactions
between vestibular and visual motion processing (e.g.,
Chowdhury et al. 2009; Liu and Angelaki 2009).

In sum, this study shows that vestibular semicircular
canal signals influence the perception of visual bistable
stimuli, that the effect is direction-selective, and that it
depends on the type of stimulus and on the orientation and
rotation axis of the visual stimulus. Studies in the domain
of vestibular processing have mainly focused on the inte-
gration of multisensory signals for body posture, balance,
and heading direction (Green and Angelaki 2010). Our
data reveal that passive own body displacements due to
vestibular stimulation systematically modulate bistable
perception, which is in line with the functional importance
of integrating vestibular with visual motion information
(Young et al. 1973; Buttner and Henn 1981). A more recent
line of work has started investigating the effects of ves-
tibular signals on mental imagery (Lenggenhager et al.
2008) and other aspects of cognition (Berthoz et al. 1995)
as well as bodily self-consciousness (Lopez et al. 2009,
2010; Ferre et al. 2011; Ionta et al. 2011). The present
study extends the latter line of research showing that low-
level vestibular signals regarding self-motion influence
mechanisms of visual consciousness that are further mod-
ulated by the type of bistable object that is seen.
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