
Multisensory Research 28 (2015) 525–557 brill.com/msr

Review

Making Sense of the Body: the Role of Vestibular Signals

Christophe Lopez ∗

Laboratoire de Neurosciences Intégratives et Adaptatives, Aix Marseille Université, CNRS,
NIA UMR 7260, 13331, Marseille, France

Received 22 January 2015; accepted 6 March 2015

Abstract
The role of the vestibular system in posture and eye movement control has been extensively described.
By contrast, how vestibular signals contribute to bodily perceptions is a more recent research area in
the field of cognitive neuroscience. In the present review article, I will summarize recent findings
showing that vestibular signals play a crucial role in making sense of the body. First, data will be pre-
sented showing that vestibular signals contribute to bodily perceptions ranging from low-level bodily
perceptions, such as touch, pain, and the processing of the body’s metric properties, to higher level
bodily perceptions, such as the sense of owning a body, the sense of being located within this body
(embodiment), and the anchoring of the visuo-spatial perspective to this body. In the second part of
the review article, I will show that vestibular information seems to be crucially involved in the visual
perception of biological motion and in the visual perception of human body structure. Reciprocally,
observing human bodies in motion influences vestibular self-motion perception, presumably due to
sensorimotor resonance between the self and others. I will argue that recent advances in the mapping
of the human vestibular cortex afford neuroscientific models of the vestibular contributions to human
bodily self-consciousness.
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1. Introduction

Current research in neuroscience and experimental psychology has accumu-
lated a large body of data showing that the most crucial sense of self stems
from the integration of exteroceptive, interoceptive and muscular propriocep-
tive signals (review in Blanke, 2012; Blanke and Metzinger, 2009; Serino et
al., 2013). While a strong emphasis has traditionally been put on the role
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of visual and somatosensory information in constructing the bodily self, re-
cent neuroscientific investigations aimed at unraveling the contributions of
the more ‘hidden’ and covert senses such as the vestibular and interoceptive
senses.

In the present review article, I argue that vestibular information is crucially
involved in bodily self-consciousness. For the sake of clarity, I propose that
vestibular signals contribute to perceiving bodies ‘from within’ as well as ‘from
the outside’ (following a distinction proposed by Tsakiris et al., 2011). Per-
ceiving bodies from within refers to the fact that the vestibular sense is often
referred to as a ‘personal sense’ similarly to interoceptive and muscular propri-
oceptive senses (Craig, 2009; Lenggenhager and Lopez, 2015a, 2015b; Seth,
2013). Data will be presented showing that vestibular signals interact with
somatosensory, muscular proprioceptive and interoceptive signals in various
brainstem, thalamic and cortical structures to modulate the sense of the bodily
self. I will summarize findings showing that artificial vestibular stimulations
influence various bodily perceptions ranging from low-level sensations, such
as touch and pain detection, the internal models of the body’s metric properties
(the perceived width and length of one’s own body parts), to higher level bod-
ily perception and cognition, including the sense of owning a body, the sense
of being located within the physical body, and the anchoring of the first-person
perspective to this body. Perceiving bodies from the outside refers to the influ-
ence of vestibular signals on the interpretation of visual information about our
conspecifics’ bodies, for example the interpretation of the motion and posture
of another body. However, perceiving other bodies also plays a role in the per-
ception of our own body. This line of research has been very productive during
the past few years, demonstrating that the observation of other bodies strongly
modulates self perception and consciousness (e.g., Faivre et al., 2015; Maister
et al., 2015; Rizzolatti and Craighero, 2004; Serino et al., 2008).

2. Perceiving Bodies ‘from within’

This first part describes how vestibular signals modulate processing of so-
matosensory signals and complex bodily perceptions. To understand how
vestibular signals influence the perception of the body from within we shall
first examine how somatosensory, muscular proprioceptive and interoceptive
signals are integrated with vestibular signals in the brain. Electrophysiolog-
ical investigations in animals have demonstrated convergence of vestibular
and somatosensory signals in several brain structures along the vestibulo-
thalamo-cortical pathway, including the vestibular nuclei in the brainstem,
several thalamic nuclei and multiple cortical areas (reviews in Angelaki and
Cullen, 2008; Dieterich and Brandt, in press; Lopez, 2015; Lopez and Blanke,
2011; Ventre-Dominey, 2014).



C. Lopez / Multisensory Research 28 (2015) 525–557 527

Regarding multisensory convergence in the brainstem, bimodal neurons
that respond to stimulation of muscular proprioceptive, tactile and vestibu-
lar receptors have been identified in the vestibular nuclei (Roy and Cullen,
2004). Vestibular nuclei neurons also respond to the observation of visual pat-
terns moving coherently (optokinetic stimulation: Waespe and Henn, 1978)
and to eye movements signals (Tomlinson and Robinson, 1984). In addition,
vestibular signals project to other brainstem structures involved in interocep-
tive and nociceptive processing and in autonomic regulation, including the
parabrachial nucleus and nucleus of the solitary tract (review in Balaban, 1999,
2004). A contribution of the parabrachial nucleus in perceiving the body from
within is very likely because parabrachial nucleus neurons not only respond
to natural vestibular stimulation (McCandless and Balaban, 2010), but are also
involved in nociceptive and cardiovascular pathways to the cerebral cortex and
amygdala (Herbert et al., 1990; Moga et al., 1990).

In the thalamus, vestibular responses have been recorded in the ventral pos-
terior group of nuclei (for reviews on the human ‘vestibular’ thalamus, see
Conrad et al., 2014; Lopez and Blanke, 2011): vestibular-responding neurons
in these nuclei respond to proprioceptive signals from joints and muscles and
code for passive movements of the neck, shoulders, legs and vertebral column
(Blum and Gilman, 1979; Deecke et al., 1977). Tactile stimulation applied
to a cat’s paws also activate thalamic vestibular-responding neurons (Sans et
al., 1970). Vestibular thalamic neurons also respond to the motion of visual
patterns. For example, about half of the vestibular neurons of the lateral genic-
ulate nucleus respond to optokinetic stimulation and most of them are activated
by saccadic eye movements (Magnin and Putkonen, 1978).

In the cerebral cortex, convergence of vestibular, somatosensory and visual
signals has been reported in several areas. A main region of multisensory con-
vergence is the parieto-insular vestibular cortex located at the posterior end
of the lateral sulcus in several monkey species, at the junction of the insula
with the retroinsular and somatosensory cortex (Grüsser et al., 1990a, 1990b;
Guldin and Grüsser, 1998). Neurons responding to both vestibular and so-
matosensory stimulations have also been recorded in the intraparietal sulcus
(e.g., in the ventral intraparietal area) and primary somatosensory cortex in
monkeys (areas 2v and 3av in the hand/arm and neck/trunk representations),
and vestibulo-somatosensory integration has been shown in the secondary so-
matosensory cortex in humans (Bottini et al., 1995, 2001, 2005; Bremmer
et al., 2002; Fasold et al., 2008; Guldin and Grüsser, 1998; Schwarz and
Fredrickson, 1971). Visual-vestibular convergence has also been reported in
the extrastriate visual area MST, a region responding to optic flows and cru-
cially implicated in self-motion perception (Bremmer et al., 1999; Gu et al.,
2006).
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There is a severe lack of studies in humans concerning how vestibular sig-
nals are integrated with other sensory signals at the neural level, mainly due
to the difficulty in providing natural vestibular stimulation during electrophys-
iological recordings in humans (i.e., electroencephalography and magnetoen-
cephalography). In the past few years, several studies have shown that caloric
and galvanic vestibular stimulation can modulate detection of simple tactile
and nociceptive stimuli (Bottini et al., 1995, 2005; Ferrè et al., 2011, 2012,
2013a, 2013c; Vallar et al., 1990, 1993), but it remains difficult to provide
a definite opinion on how the vestibular information acts on the processing
of tactile and nociceptive information. Related studies on the interactions be-
tween the pain and touch systems have shown that multimodal interactions
are characterized by several mechanisms, including ‘multimodal convergence’
and ‘multimodal modulation’ (see Fig. 2 in Haggard et al., 2013). There is
multimodal convergence when two sensory signals are “integrated by simple
feedforward convergence onto a single higher-order neuron”, that is when this
neuron sums excitatory and inhibitory postsynaptic potentials from, e.g., tac-
tile and nociceptive afferents (Haggard et al., 2013). This form of multisensory
integration allows the integration of different stimulus features. By contrast,
there is multimodal modulation when one sensory signal (e.g., vestibular sig-
nal) changes the synaptic connection of another sensory pathway (e.g., no-
ciception) through projection to an interneuron. The action of one sensory
modality on another can be excitatory or inhibitory and this type of multisen-
sory integration modifies the gain of a sensory modality without adding new
information (Haggard et al., 2013).

A recent study measured the influence of caloric vestibular stimulation on
tactile and pain thresholds (Ferrè et al., 2013a) and allows speculating on
the type of multisensory integration involved. The authors found that caloric
stimulation decreased tactile thresholds, but increased pain thresholds. That
opposite effects were found for tactile and pain processing speaks against a
general and unspecific effect of vestibular stimulations on attention and aware-
ness (see also Bottini et al., 2013). Thus, the authors proposed that such effects
were compatible with an independent modulation of touch and pain process-
ing by vestibular signal, suggesting that vestibular signals modulate synaptic
connections in both the pain and tactile afferent pathways, but in opposite di-
rections. Because the effects of caloric vestibular stimulation were found to
be long lasting, the authors proposed that caloric vestibular stimulation might
evoke long-term potentiation in the tactile pathways, and long-term depres-
sion in the pain pathways. According to Ferrè et al. (2013a), it is unlikely that
the reported effects were due to multimodal convergence of vestibular and tac-
tile/pain signals on bimodal neurons. This mechanism implies that vestibular
stimulation evokes excitatory postsynaptic potentials in the touch pathways
and inhibitory postsynaptic potentials in the pain pathways. Given the short-
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term effect of postsynaptic potentials, they cannot account for the long-lasting
effects of the caloric vestibular stimulation.

If the hypothesis of a vestibular modulation of the synaptic gain of touch
and pain pathways is confirmed, a vestibular modulation of multisensory
events could also explain other changes in the conscious experience of touch
(‘somatosensation’) and the temporary remission of hemianesthesia in brain-
damaged patients, and several forms of depersonalization in patients with
peripheral vestibular disorders. Similarly, I propose that multimodal modula-
tion by the vestibular signals is also responsible for the vestibular influence on
higher-order body representations, such as the perceived shape and size of the
body (body’s metric properties), the experience of owning the body, and the
experience of perceiving the world from an embodied first-person perspective.

2.1. Body’s Metric Properties

A contribution of vestibular signals to internal models of the body is evident
from observations in patients with peripheral vestibular disorders. In the late
19th century and early 20th century, clinicians already noted that vestibular
disorders may result in perceiving body parts as enlarged (Bonnier, 1893,
1905; Schilder, 1935) or may induce more complex distortions of the body im-
age and self-consciousness (Menninger-Lerchenthal, 1946; Skworzoff, 1931).
In particular, Pierre Bonnier scrupulously reported distortions of the percep-
tion of the body shape and size in vestibular patients. One of his patients “felt
his head became enormous, immense, losing itself in the air; his body disap-
peared and his whole being was reduced to only his face” while for another
patient “her vertigo gave her the sensation that she no longer existed ‘as a
body”’. A third patient “experienced a short acute episode of vertigo with the
inability to perceive space, then it seemed to him that he was divided into
two persons, one who had not changed posture, and another new person on
his right, looking somewhat outwardly. Then the two somatic individuals ap-
proached each other, merged, and the vertigo disappeared” (Bonnier, 1905,
2009). Bonnier coined the term ‘aschématie’ to name these disorders (1905),
indicating that their common feature was a ‘loss of the (body) schema’ (re-
views in Lopez, 2013; Vallar and Papagno, 2003; Vallar and Rode, 2009). It is
notable that these disorders are reminiscent of neurological symptoms of aso-
matognosia (Dieguez et al., 2007), but seem to be evoked by pure peripheral
vestibular dysfunction, devoid of damage to the central nervous system.

The relation between vestibular signals and body schema has only recently
been put under neuroscientific scrutiny using caloric and galvanic vestibular
stimulations and well-controlled psychophysical paradigms in healthy partici-
pants. In a study by Lopez et al. (2012c), participants had their left hand placed
on a table and covered by a digitizing tablet. Using a stylus held in their right
hand, participants were asked to repeatedly point to the tablet at the position
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above four anatomical landmarks (the tip of the middle finger, the wrist, the
knuckle of the little finger and the knuckle of the index finger). The perceived
length of the hand was calculated as the distance between the tip of the middle
finger and the wrist; the width of the hand was calculated as the distance be-
tween the knuckles of the little finger and index finger. Results indicated that
right warm/left cold caloric vestibular stimulation significantly increased the
perceived length and width of the hand when compared to sham stimulation
(air at body temperature in both ears). This data is compatible with reports by
vestibular patients that their ‘neck swells during dizziness’, ‘extremities had
become larger’ or ‘feet seem to elongate’ (Schilder, 1935).

Another study by Ferrè and colleagues (2013c) used low-intensity galvanic
vestibular stimulation to manipulate bodily awareness. The authors found no
influence of galvanic vestibular stimulation on the model of the shape of the
hand (perceived length and width), in contrast with the study by Lopez et al.
(2012c). The discrepancy between both studies may be accounted for by the
methods used to stimulate the vestibular receptors since caloric stimulation
used by Lopez et al. (2012c) usually induces stronger vestibular sensations
than the 1 mA galvanic vestibular stimulation used by Ferrè et al. (2013c).
Although Ferrè and colleagues (2013c) did not find an influence of galvanic
vestibular stimulation on the body model, they reported the interesting finding
that galvanic vestibular stimulation significantly modulated the localization of
tactile stimuli applied to the dorsum of the hand. They found that tactile stim-
uli applied to the dorsum of the hand were perceived as shifted towards the
participant’s wrist. Thus, vestibular stimulation influenced somatoperception,
i.e., “the processes of constructing percepts and experiences of somatic objects
and events” (Ferrè et al., 2013c; Longo et al., 2010), very likely by modulat-
ing integration of tactile and proprioceptive signals at the level of the primary
somatosensory cortex, posterior parietal cortex and temporo-parietal junction.
As noted above, all these brain regions integrate vestibular and somatosensory
signals and are involved in localizing tactile events on the body as well as
in localizing body parts (Blanke et al., 2002; Bremmer et al., 2002; Corradi-
Dell’Acqua et al., 2008, 2009; Felician et al., 2004; Schwarz and Fredrickson,
1971; Schwarz et al., 1973; Seyal et al., 1997; Wolpert et al., 1998; Zu Eulen-
burg et al., 2013a).

2.2. Body Ownership

After having described the influence of vestibular signals on body’s metric
properties, I shall now describe the influence of vestibular signals on the
sense of owning a body, which is considered one of the main constituents
of human self-consciousness (Blanke, 2012; Blanke and Metzinger, 2009; De
Vignemont, 2007; Tsakiris, 2010; Tsakiris and Haggard, 2005). Traditionally,
a strong emphasis has been put on the role of visual and somatosensory signals
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in body ownership. This is because self-attribution of body parts strongly re-
lies on the synchrony between visual feedback from one’s own actions and the
somatosensory feedback from this action, or it relies on the synchrony between
the vision and experience of a tactile stimulus applied to the skin (Botvinick
and Cohen, 1998; Jeannerod, 2003; Tsakiris and Haggard, 2005). Recent neu-
roscientific approaches have induced illusory ownership over a rubber hand
by applying synchronous tactile stimulation on a fake hand presented in the
participant’s field of view and on the participant’s (hidden) hand. This rubber
hand illusion has become a widely used experimental paradigm to investi-
gate the multisensory foundations of body ownership (Botvinick and Cohen,
1998; Costantini and Haggard, 2007; Kammers et al., 2009; Moseley et al.,
2008; Tsakiris and Haggard, 2005). More recently, the question has arisen as
to whether other sensory signals, such as vestibular and interoceptive signals,
could play a significant role in body ownership (Aspell et al., 2013; Brugger
and Lenggenhager, 2014; Lopez et al., 2008; Suzuki et al., 2013; Tsakiris et
al., 2011).

Regarding the vestibular contribution to body ownership, clinical obser-
vations in patients with right-brain damage suggested that vestibular signals
modulate activity in brain regions involved in body ownership. In patients
suffering from somatoparaphrenia — who fail to recognize their left hand
as belonging to their own body (e.g., one patient claimed: ‘It’s my mother’s
[hand]. . . I found it in my bed’; Bisiach et al., 1991) — caloric vestibular stim-
ulation (cold water in the left ear) temporarily suppressed somatoparaphrenic
delusions, improving self-attribution of their hand (Bisiach et al., 1991; Rode
et al., 1992; Schiff and Pulver, 1999). There is also recent evidence that caloric
vestibular stimulation reduced somatoparaphrenia for the right hand in a pa-
tient with a left-brain damage (Ronchi et al., 2013). Injection of cold water in
the right ear suppressed the delusional belief that the patient owned only one
hand (the left hand).

Lopez et al. (2010b) applied galvanic vestibular stimulation during the rub-
ber hand illusion in healthy participants. They found that galvanic vestibular
stimulation (right cathodal/left anodal stimulation) significantly increased illu-
sory ownership for the rubber hand and the intensity of illusory touch, i.e., the
experience that touch originates from the rubber hand, measured by question-
naires (Fig. 1A). Yet, this effect was irrespective of the synchrony between
the touch applied to the participant’s hand and the touch seen on the rubber
hand. The authors interpreted this finding as an increase in visual capture, a
mechanism by which visual signals dominate tactile signals in some exper-
imental conditions (Pavani et al., 2000). This hypothesis was confirmed by
the application of caloric vestibular stimulation during a non-visual variant of
the rubber hand illusion (Lopez et al., 2012a). In this variant, an experimenter
holds the participant’s right hand and uses the participant’s right index finger
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Figure 1. Methods to create illusory ownership of a rubber hand. (A) In the visual variant of
the rubber hand illusion, participants observe a rubber hand (RH) placed in front of them while
their physical hand (PH) is hidden. The synchronous application of a tactile stimulation on the
rubber and physical hands (using two similar paintbrushes) can evoke the sensation that the
rubber hand feels like the participant’s own hand (Lopez et al., 2010b). (B) In the non-visual
variant of the rubber hand illusion, the experimenter moves the participant’s right hand to touch
the rubber hand (RH) while at the same time the experimenter applies a tactile stimulation on
the participant’s left physical hand (PH). Participants report that it feels as if they were touching
their left hand (instead of the rubber hand) with their right index finger and that it seems like
the rubber hand belonged to them (Lopez et al., 2012a).

to stroke the rubber hand on its dorsal surface (Fig. 1B). The experimenter
also strokes with her own index finger the dorsal surface of the participant’s
left hand to create the corresponding tactile input. Caloric vestibular stimula-
tion did not modulate the intensity of illusory hand ownership, suggesting that
vestibular signals do not interfere with the tactile-proprioceptive mechanisms
underlying ownership for body parts when visual feedback from the body sur-
face is absent. In none of their studies the authors (Lopez et al., 2010b, 2012a)
found that vestibular stimulation changed the amplitude of the proprioceptive
drift, that is the error of localization of the participant’s index finger towards
the rubber hand. By contrast, a recent study (Ferrè et al., 2015) showed that
low-intensity galvanic vestibular stimulation modulated the amplitude of the
proprioceptive drift: right cathodal/left anodal stimulation decreased the pro-
prioceptive drift with respect to that measured after left cathodal/right anodal
stimulation. While it is difficult to reconcile results from these studies, it is
notable that illusory hand ownership (as measured by questionnaires in Lopez
et al., 2010b) and the proprioceptive drift (as measured in Ferrè et al., 2015)
are two independent aspects of the rubber hand illusion (Rohde et al., 2011).

Results from the studies about the influence of vestibular stimulation on
illusory body ownership (Ferrè et al., 2015; Lopez et al., 2010b, 2012a) are
also helpful to understand how vestibular stimulation influences somatopara-
phrenic delusion (Bisiach et al., 1991; Rode et al., 1992; Schiff and Pulver,
1999). In three clinical studies showing that caloric vestibular stimulation
abolishes somatoparaphrenia for the left arm, the arm was visually presented
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to the patient — for example, “when the examiner brought [the patient’s] left
arm in her good visual field, she recognized it as hers and no longer claimed
it was the examiner’s” (Rode et al., 1992). Thus, the influence of vestibular
stimulation on abnormal sense of ownership in these patients could be due
to the influence of vestibular signals on visual processing and visual neglect
(e.g., Cappa et al., 1987; Rubens, 1985). An additional direct modulation of
tactile, proprioceptive and motor signals processing by vestibular stimulations
in these patients is also very likely, as demonstrated by other behavioral stud-
ies (Bottini et al., 2013; Bresciani et al., 2002; Ferrè et al., 2011, 2012, 2013a,
b, 2015; Rode et al., 1992). More work is now needed in this rare clinical con-
dition to establish whether remissions of somatoparaphrenic delusion during
caloric vestibular stimulation are supported by visuo-vestibular interactions,
vestibulo-somatosensory interactions, or both.

To conclude this section I note that vestibular contributions to other bodily
disorders involving abnormal forms of body ownership have been proposed.
Ramachandran and McGeoch (2007) proposed that caloric vestibular stimu-
lation could be used to treat patients with a desire for amputation of healthy
body parts, a disorder known as body identity integrity disorder (BIID) or
xenomelia. A recent study endeavored to test this hypothesis during the appli-
cation of caloric vestibular stimulation in 13 participants suffering from BIID
(Lenggenhager et al., 2014). The authors found that neither left nor right cold
caloric vestibular stimulation reduced in those patients the subjective evalua-
tion of ‘degree of estrangement’ for their limb. This negative result indicates
that the underlying mechanisms may differ in BIID and somatoparaphrenia.
While BIID is a long-term condition that has often been consolidated since
childhood (Brugger et al., 2013), somatoparaphrenia can be observed during
the acute phase after brain injury and may be more prone to modulations by
vestibular stimulation.

2.3. Embodiment and First-Person Perspective

A relation between vestibular processing and embodiment — the experience
of self-location within the physical body — has been proposed on the basis
of observations in patients with peripheral vestibular disorders and epileptic
patients. Patients suffering from peripheral vestibular disorders may report be-
ing detached from their body and experience symptoms of depersonalization,
the experience that the body and self appear strange or unreal (Bonnier, 1905,
1893; Jauregui-Renaud et al., 2008; Lopez, 2013; Schilder, 1935; Yen Pik
Sang et al., 2006). In some instances, vestibular patients may even report see-
ing or feeling the presence of their own double (Bonnier, 1905; Skworzoff,
1931). Epileptic patients may also report out-of-body experiences, charac-
terized by the feeling that their self is located outside their physical body
(disembodiment), and that the environment is experienced from this extra-
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corporeal location (disembodied perspective). It is interesting to note here that
such disembodied experiences are frequently associated with vestibular sen-
sations, such as the feeling of levitation, lightness and floating in the room
(Blanke and Mohr, 2005; Blanke et al., 2004; Heydrich et al., 2011; Lopez et
al., 2010a). Thus, a triple misintegration of vestibular signals with somatosen-
sory and visual information regarding self-location in space has been proposed
to explain illusory sensations of disembodiment (Blanke, 2012; Blanke et al.,
2002, 2004; Lopez et al., 2008). Recent data indicate that the temporo-parietal
junction and the posterior insula, which are considered two main vestibular
regions, may be involved in the sense of embodiment and first-person perspec-
tive (Bense et al., 2001; Dieterich et al., 2003; Heydrich and Blanke, 2013;
Ionta et al., 2011; Lopez and Blanke, 2011; Lopez et al., 2012b; Mazzola
et al., 2014; Pfeiffer et al., 2014; for recent reviews, see: Lenggenhager and
Lopez, 2015a, b).

On the basis of these clinical observations we can propose that one of the
main functions of vestibular signals could be to link the self to the body
and to promote an embodied, first-person, perspective. As noted earlier, in-
terference with the temporo-parietal junction may evoke vestibular sensations,
break down the sense of unity between the self and the body, and evoke an
extracorporeal, third-person, perspective (Blanke et al., 2002). In support of
this proposition are recent data from whole-body mental imagery showing
that natural vestibular stimulation (evoked by a rotating chair) impairs men-
tal simulation of disembodied self-location (Deroualle et al., 2014; Van Elk
and Blanke, 2013). In a recent study, Ferrè and colleagues (2014) questioned
the influence of vestibular signals on spatial perspective taking, using for the
first time an implicit and non-visual measure of perspective taking (known as
graphesthesia task; Natsoulas and Dubanoski, 1964). They applied galvanic
vestibular stimulation to healthy participants while an experimenter drew am-
biguous letters (b, d , p, q) on the participant’s forehead using a cotton bud.
Ambiguous letters can be perceived either from the participant’s first-person
viewpoint (e.g., when the experimenter draws the letter b, the participant per-
ceives the letter d) or from a disembodied third-person viewpoint (e.g., when
the experimenter draws the letter b, the participant perceives the letter b). The
data showed that galvanic vestibular stimulation increased the likelihood that
ambiguous letters were ‘read’ from a first-person perspective. The authors in-
terpreted this finding as a consequence of the natural role of vestibular signals
in anchoring the self to the participant’s body. In this experiment, galvanic
vestibular stimulation was applied at low intensity, which may have increased
the contribution of vestibular signals to embodied self-location and body own-
ership (Lopez et al., 2008). Further studies are needed to determine whether
galvanic vestibular stimulation would need to be applied a higher intensity, or
may be combined with additional visual and somatosensory mismatches (as
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for example in Blanke et al., 2014; Lenggenhager et al., 2007; Macauda et al.,
2014; Pfeiffer et al., 2013), to disturb the mechanisms that produce the usual
experience of an embodied self.

3. Perceiving Bodies ‘from the Outside’

In this second part, I describe reciprocal relations between the vestibular sense
and visual perception of bodies. That is: (1) How vestibular signals influ-
ence the visual interpretation of other’s body posture and movements and,
conversely, (2) how observing human bodies in motion influences vestibular
self-motion perception. In particular, I will examine how observing one’s own
body (from the outside) being passively rotated can change the experience that
‘I have been moved’.

3.1. Vestibular Signals Influence the Visual Perception of Other’s Body
Posture and Movement

The visual system is highly tuned to detect bodies in motion, as this is crucial
for the survival of the species. For example, the observation of dots that have
been placed at main body joints is enough to detect that a body is moving
within a random pattern of dots and affords the perception of social features
such as the gender and emotion of the moving body (Brooks et al., 2008; Jo-
hansson, 1973; Troje and Westhoff, 2006; Westhoff and Troje, 2007). This
ability is supported by several brain areas selectively activated by the obser-
vation of whole bodies, faces and other body parts (reviews in Peelen and
Downing, 2007; Puce and Perrett, 2003). Although visual detection of bio-
logical motion is very accurate, it also benefits from other sensory signals,
including sounds related to the body movements (Brooks et al., 2007).

Of importance for the present review article, human bodies located around
us are exposed to the gravitational field and consequently their motion is
strongly constrained by physical laws of gravity and the biomechanics inherent
to human morphology (Bonnet et al., 2005). As the vestibular otolithic system
encodes gravitational acceleration, it is reasonable to propose that vestibular
signals influence the visual interpretation of human body postures and move-
ments. Several behavioral studies have demonstrated that biological motion
perception is slower and less accurate when the pattern of dots depicting a
body in motion is presented upside down with respect to gravity (i.e., inver-
sion effect; Chang et al., 2010; Troje, 2003; Troje and Westhoff, 2006), an
effect already present at birth (Bardi et al., 2014; Vallortigara and Regolin,
2006). There is evidence that such inversion effect is partly due to a disrup-
tion of configural processing of the body structure and to the processing of the
motion of the dots representing the feet (Troje and Westhoff, 2006). The pat-
tern of vertical motion of the feet is strongly constrained by gravity and visual
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processing of this motion may be influenced by mostly preconscious internal
models of gravity (Lacquaniti et al., 2013; Maffei et al., 2015).

Interestingly, there is evidence to suggest that gravitational information is
also used to interpret and perceive the structure of human bodies that are not
in motion. Lopez and colleagues (2009) investigated the influence of gravity
signals with respect to the observer’s body orientation on visual perception of
bodies, using a paradigm requiring participants to judge the stability of human
body postures. Instead of using the apparent motion of the body, as in previous
biological motion perception studies, the authors presented static pictures with
implied motion (Fig. 2A). In these pictures the movement of the body was not
apparent, but suggested by the depiction of a body that was, or was not, in the
process of falling. Participants observed the picture of a virtual body seen from
the back, more or less tilted, and standing on a circular platform. They were
asked to indicate as fast as possible whether the body would fall over onto this
platform. Visual stimuli were presented in different orientations with respect to
gravity and the participants were also tested while seated on a chair and lying
right side down on a mattress (Fig. 2B). The task required that participants
judge the stability of the human body postures with respect to the platform

Figure 2. Influence of gravity and the observer’s body position on the visual perception of
human body postures. (A) Visual stimuli are pictures representing a human body seen from
the back and tilted either to the right or to the left on a platform. (B) Observers were tested
upright and lying right side down. For each orientation of the observer, all visual stimuli were
presented in four orientations with respect to gravity: upright, upside down, and rotated by 90°
clockwise (CW) and counterclockwise (CCW). (C) Mean percentage of postures perceived as
unstable is shown as a function of the amplitude and direction of the human body roll: leftward
roll (blue curves) vs. rightward roll (red curves); roll with respect to the platform. Histograms in
the inserts represent the mean point of subjective instability (PSI). Data are presented for only
two orientations of the platform (upright and 90° CCW). Detailed results can be found in Lopez
et al. (2009). This figure is published in color in the online version.
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Figure 2. (Continued.)

and imagined the direction of gravity that was concordant with the orientation
of the platform, rather than with true physical gravity.

Results revealed that when participants were tested in the seated position
judgments of stability were strongly modulated by the orientation of the im-
ages. While postures of avatars tilted to the right and left sides of the plat-
form were judged similarly unstable when pictures were oriented vertically
(Fig. 2C), this was not the case when pictures were tilted. For example, when
pictures were tilted by 90° in the counterclockwise direction, human postures
tilted rightward on the platform (i.e., opposite from the direction of grav-
ity) were judged as more stable than the same postures tilted leftward (i.e.,
downward, in the direction of gravitational pull). Figure 2C shows the corre-
sponding shift of the psychometric curve and increase in the point of subjective
instability for the postures shown tilted rightward on the platform.

When pictures were tilted by 90° the interpretation of the image changed
with respect to both gravity and the observer’s body axis. As a result it was
not possible to determine the relative contribution of gravitational and body-
centered references for the visual judgment of body postures. However, par-
ticipants were also tested lying right side down. The results indicated that
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for pictures rotated by 90° counterclockwise, and thus presented in an upside
down orientation with respect to the observer, body postures tilted downward
(toward gravity) were perceived as more unstable than those tilted upward.
Because the human body postures were oriented symmetrically with respect
to the observer’s body, this result showed the gravitational influence on visual
perception of human body postures. In addition, when pictures were aligned
with the gravitational axis, thus tilted by 90° with respect to the observer’s
body axis, there was a difference between judgment of stability for the bodies
tilted leftward (perceived as more unstable) and rightward (perceived as more
stable). This effect is likely mediated by the orientation of the pictures with
respect to the participant’s body axis and indicates that the visual perception
of human body postures is also body-centered.

Altogether, the data summarized above suggests that internal representa-
tions of gravity and the observer’s body position influence the visual percep-
tion of static bodies with an implied motion. It is notable that while observers
were instructed to perform stability judgments with respect to the platform,
they were not able to ignore the influence of the gravitational pull. The results
demonstrate how gravitational signals (likely mediated by otolithic vestibu-
lar receptors) strongly constrain the visual processing of static pictures with
implied motion. Such an effect is also evident from research in experimental
psychology showing that gravity influences visual processing of other types
of static images, including letter recognition (Dyde et al., 2006), perception of
shape from shading (Jenkin et al., 2004), geometrical illusions (Clément et al.,
2012), and reversible figures (Yamamoto and Yamamoto, 2006). As we have
evolved under the constant acceleration of gravity, we have likely internalized
the ‘up’ and ‘down’ directions of gravity and the influence of the gravita-
tional pull on objects located in our visual environment. Developmental data
in humans also demonstrate a gravitational influence on visual perception of
moving objects as early as five to seven months after birth (Kim and Spelke,
1992).

The influence of gravity on visual perception can be interpreted in relation
to the existence of internal models of gravity in the brain (review in Lacquaniti
et al., 2013). Models of gravity have been revealed using tasks requiring to
estimate the time of collision of a ball that is falling down or requiring to
intercept a ball (Bosco et al., 2008; Indovina et al., 2005; Lacquaniti et al.,
2013; McIntyre et al., 2001; Miller et al., 2008; Senot et al., 2005; Zago and
Lacquaniti, 2005). Neuroimaging studies have revealed a network of brain re-
gions that are likely involved in the internal models of gravity. Areas located
in the depth of the lateral sulcus, such as the insula and retroinsular cortex,
are activated by the movement of objects that are displaced according to the
physical laws of gravity, but not by object motions that violate physical laws
of gravity (Indovina et al., 2005). Importantly, these areas overlap with the
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human vestibular cortex (Lopez, 2015; Mazzola et al., 2014). A recent fMRI
study showed that different brain regions may support the selective effect of
gravitational cues on biological motion perception (Maffei et al., 2015). These
authors found that gravitational cues (i.e., motion of a point-light display co-
herent with 1G or with microgravity) influenced biological motion perception
mainly in the occipito-temporal cortex.

3.2. Vestibular Influence on Mental Body Imagery

Many social situations require that we make judgments about another person’s
body or body parts. For instance, it can be useful to determine quickly if an-
other person is holding an object in her right or left hand. There is a large body
of evidence showing that such laterality judgments require mental rotation of
the observer’s body in space also known as imagined spatial transformations
of the body (Parsons, 1987a, b; Zacks et al., 1999, 2002). Interestingly, mental
rotation of one’s own body and body parts is a strongly embodied cognitive
process that takes into account postural somatosensory signals from the ob-
server’s body. Thus, the current spatial configuration of the observer’s body
influences the performance of mental spatial transformation of the body (Ionta
and Blanke, 2009; Ionta et al., 2007, 2012; Kessler and Thomson, 2010). For
example, participants are usually faster to decide if a visually presented hand
is a left or right hand when their own hands are in a congruent posture (e.g.,
palm down) rather than incongruent posture (e.g., palm up) (Ionta and Blanke,
2009; Ionta et al., 2007, 2012). Clinical investigations in patients with muscu-
lar proprioceptive deafferentation (Ter Horst et al., 2012) or premotor cortex
lesion (Arzy et al., 2006) indicate that normal sensorimotor processing is re-
quired to perform efficient mental own body transformations. Other studies
used brachial plexus anesthesia or imagined paralysis to demonstrate that so-
matosensory signals are used for mental rotations of body parts (Hartmann
et al., 2011; Silva et al., 2011). On the basis of this large corpus of evidence
showing that processing of somatosensory signals influences visual judgments
about another person’s body, it is justified to determine whether vestibular sig-
nals also contribute to mental rotations of visual objects and own body mental
transformations.

A relation between vestibular processing and mental imagery of the body or
other visual objects has been proposed by several authors (Grabherr and Mast,
2010; Lenggenhager et al., 2006; Lopez et al., 2011; Mast et al., 2007, 2014).
Clinical studies in patients with vestibular disorders indicate that mental ro-
tation of complex three-dimensional objects or bodies is less efficient than
in control participants, a finding that seems to be a consequence of bilateral
rather than unilateral vestibular deafferentation (Candidi et al., 2013; Grab-
herr et al., 2011; Péruch et al., 2011). More generally, motor imagery of the
entire body is impaired in patients with bilateral vestibular loss (Demougeot
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Figure 3. Examples of visual stimuli used during mental imagery tasks combined with vestibu-
lar stimulation. For the first three visual stimuli, participants indicated as fast and accurately
as possible whether the extended arm or colored hand (for the bodies) or leaf (for the plant)
was a left or right one. For the fourth stimulus, participants indicated which direction was east
on a view of a cockpit according to the position of the plane on a map. For the fifth stimulus,
participants realized mental rotation of letters and decided whether a presented letter matched
the result of the mental rotation. Arrows indicate increase or decrease in response time (RT) or
error rate (ER) as a result of vestibular stimulation (CVS: caloric vestibular stimulation, GVS:
galvanic vestibular stimulation). This figure is published in color in the online version.

et al., 2011). Several studies have used vestibular stimulation to manipulate
mental imagery in healthy participants (Fig. 3). A recent study by Van Elk
and Blanke (2013) used passive whole-body rotations produced by a rotating
chair in participants performing a mental imagery task to decide whether a
virtual avatar had a left or right hand colored. These authors found that the
direction of the chair rotation interacted significantly with the direction of
the whole-body mental rotation: participants tended to be slower when the
two directions (physical body rotation and mental body rotation) were oppo-
site, suggesting that vestibular signals are used to mentally rotate one’s own
body in space. Several studies used artificial vestibular stimulations (caloric or
galvanic vestibular stimulation) to evaluate the contribution of vestibular sig-
nals to mental imagery. Various results have been reported: Falconer and Mast
(2012) found that caloric vestibular stimulation improved mental rotation of
bodies (shorter response times), whereas others reported that caloric vestibu-
lar stimulation impaired mental rotation of letters (larger number of errors,
Mast et al., 2006) and that galvanic vestibular stimulation impaired own-body
mental transformation (longer response times, Lenggenhager et al., 2008). In
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a task requiring changes in the visuo-spatial perspective, Dilda et al. (2012)
found that galvanic vestibular stimulation disturbed the participant’s ability to
orient themselves according to the main cardinal axis of a map.

The reasons for the discrepancies in the results summarized above are not
yet clear and further investigations are needed to understand the neurophys-
iological mechanism through which vestibular stimulation influences mental
imagery. It has been proposed that vestibular stimulation enhances updating
of the egocentric references and the body schema, and thus facilitates the
projection and mapping of bodily reference frames during own-body men-
tal transformations (Falconer and Mast, 2012). This hypothesis is in line with
neurological data showing that caloric vestibular stimulation may promote ac-
cess to the internal body model (Le Chapelain et al., 2001) as well as with
the fact that egocentric signals are used for mental own-body transformations
(Ionta et al., 2012). Other authors (Lenggenhager et al., 2008) have proposed
that artificial vestibular stimulation provides a self-motion signal to the brain
that has no physiological equivalent, and that such sensory signal can disturb
sensory processing in areas involved in mental rotations of bodies, such as the
posterior parietal cortex and temporo-parietal junction (Blanke et al., 2005;
David et al., 2006; Schwabe et al., 2009; Tadi et al., 2009; Zacks, 2008). Thus,
vestibular signals would disrupt own-body mental imagery in the same way as
transcranial magnetic stimulation applied over the temporo-parietal cortex dis-
turbs full-body mental rotations (Blanke et al., 2005).

A common feature of the studies reported above is that vestibular signals
appear to be preferentially used to mentally align one’s own body reference
with that of a distant avatar or human being, while used to a lesser extent
in mentally rotating objects in space. Accordingly, we have shown that gal-
vanic vestibular stimulation increases response time of laterality judgments
only for participants who used an own-body mental transformation strategy
(Lenggenhager et al., 2008). This was not the case for participants who used
an object-based mental transformation strategy to solve the same task, i.e., for
participants who did not mentally rotate their body in space. In conclusion,
vestibular signals may be preferentially used to simulate geometric transfor-
mations necessary to rotate one’s own body in space and this could occur in
the temporo-parietal regions involved in vestibular processing and mental im-
agery (Lopez and Blanke, 2011; Zu Eulenburg et al., 2013b).

3.3. Observation of Human Body Motion and Self-Motion Perception

Sections 3.1 and 3.2 focused on how vestibular signals influence visual per-
ception of human bodies, particularly for static images of humanoid figures.
In this section, we will examine the reverse influence: how the observation of
human bodies in motion influences vestibular perception. It should be noted
that this question constitutes a very novel development in the research field
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of vestibular cognition. Until now, studies on self-motion perception mea-
sured vestibular thresholds under various motion parameters and situations
(manipulating the frequency, acceleration and axis of the movement) or while
participants were exposed to various static or moving visual patterns (Grabherr
et al., 2008; Hartmann et al., 2013; Zupan and Merfeld, 2008). Visual envi-
ronments presented in earlier studies never included representations of human
beings, although the observation of human bodies moving in our extrapersonal
space is a very common feature of modern societies — we walk in streets
within crowds of people, practice team sports, etc. Vestibular cognition was
until recently lacking connections with the field of social neuroscience, which
could have dramatically hampered research on vestibular self-motion percep-
tion (for detailed descriptions, see Deroualle and Lopez, 2014; Lenggenhager
and Lopez, 2015a, b).

Cognitive neuroscience has recently accumulated a growing amount of evi-
dence showing that sensorimotor processing at the level of one’s own body
is influenced by the observation of others, an effect referred to as shared
body representations between self and others or sensorimotor resonance (De-
cety and Chaminade, 2003; Iacoboni, 2009; Thomas et al., 2006). Contagious
yawning and itching are prototypical examples of shared representations be-
tween others and the self. Research in this field repeatedly showed that ob-
serving a conspecific executing an action facilitates the execution of the same
action by the observer (Fadiga et al., 1995). This facilitation has been related
to a mirror neuron system in the human fronto-parietal cortex (Iacoboni et al.,
2005; Rizzolatti and Craighero, 2004; Rizzolatti and Sinigaglia, 2008, 2010).
In addition to the motor resonance between the self and others, the mirror
neuron system has been implicated in sensory resonance between the self and
others. For example, observing someone experiencing pain activates parts of
the cortical pain network in the observer’s brain, including the insula and an-
terior cingulate cortex (Singer et al., 2004), and observing someone smelling
disgusting odorants similarly activates parts of the observer’s insula involved
in disgust (Wicker et al., 2003). The accuracy of detection of tactile stimuli
applied to one’s own face is also modulated by the observation of bodies re-
ceiving a tactile stimulation. Serino and colleagues (2008) showed that the
observation of one’s own face being touched, as well as observing someone
else’s face being touched, facilitates tactile detection applied to the self, with
a stronger effect found for the observation of the self than the other face.

In the vein of studies on shared body representations mentioned above, we
have recently investigated whether observing passive whole-body movements
of another human influenced vestibular self-motion perception (Lopez et al.,
2013). Participants were passively rotated around their vertical body axis (yaw
rotations) while seated on a full-body motion platform (Fig. 4A). They were
asked to detect as fast and accurately as possible whether they were rotated to
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Figure 4. Influence of the observation of self and other whole-body motion on vestibular per-
ception. (A) Full-body motion platform used to measure self-motion perception. Participants
were rotated to their right or left side for 5 s (at 0.1°/s, 0.6°/s, 1.1°/s, and 4°/s) and were asked
to detect as fast as possible the direction of the rotation. (B) Participants were shown self and
other videos in a head-mounted display. During congruent trials the participant and the object
depicted in the video were rotated in the same direction (specular congruency). (C) The graph
illustrates the magnitude of the congruency effect for each participant (depicted by a dot) for
the observation of self and other videos. The congruency effect has been calculated as the dif-
ference in response time between the congruent trials (the participant is passively rotated on the
full-body motion platform to one side and the body depicted in the video rotates in a congruent,
specular, way) and the incongruent trials. Squares represent the average congruency effect for
self and other videos. (D) The congruency effect was positively correlated with the subscale
‘emotional reactivity’ of the empathy quotient for the observation of other videos, but not for
the observation of self-videos. Adapted from Lopez et al. (2013). This figure is published in
color in the online version.

their right or left side. At the same time, they were shown videos in a head-
mounted display depicting a front view of a body also rotated on the same
motion platform and with the same motion parameters. The video was either
a pre-recorded video of the participant’s body, another body, or a video of a
white cylinder rotating in the yaw plane. The motion of the observer’s body
and the body depicted in the video could be either congruent (a type of spec-
ular congruency) or incongruent, so as to create situations of visuo-vestibular
conflicts (Fig. 4B). Figure 4C shows the visuo-vestibular congruency effects
for self and other videos. While the visuo-vestibular congruency effect for
self-motion perception was evident when observing self-videos, this effect was
reduced when observing someone else’s body being rotated. Thus, observing
one’s own body moving in a direction incongruent to the physical body rota-
tion disrupts self-motion perception.
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Figure 4. (Continued.)

Results also revealed important interindividual differences in the sensitivity
to visuo-vestibular conflicts, so that participants were unequally affected by
the observation of another body passively rotated. Interestingly, there was a
positive correlation between the magnitude of the congruency effect for the
other videos (but not the self-videos) and a score of ‘emotional reactivity’,
a subscale of the empathy quotient (Baron-Cohen and Wheelwright, 2004;
Lawrence et al., 2004) (Fig. 4D). Participants that were more empathic tended
to be more disturbed by the observation of another body being moved in the
direction opposite to their own body. Lopez and colleagues (2013) have pro-
posed that observing a body being passively rotated may evoke implicit and
automatic third-person perspective taking, thus resulting in slower and less
efficient self-motion perception (in the same vein as automatic imitations of
other’s actions: Brass et al., 2009). In addition, the correlation between em-
pathy and congruency effects for the other videos established connections
between vestibular self-motion perception and shared body representations
between self and others. In line with this idea are data showing that empathy
scores are correlated with participants’ ability to put themselves into some-
one else’s shoes (Mohr et al., 2010) and their degree of self-identification with
someone else’s face (Sforza et al., 2010). In conclusion, results from this study
hint at the presence of a vestibular mirror neuron system whose neural bases
need to be addressed by neurophysiological and neuroimaging investigations.

4. Conclusions and Perspectives

A better understanding of the vestibular contribution to bodily perceptions —
in addition to the well-known vestibular control of posture, eye movements



C. Lopez / Multisensory Research 28 (2015) 525–557 545

and spatial memory — is an important step to improve the neuroscientific
models of body and self-representations. While several studies have shown
that vestibular signals modulate tactile and pain perceptions (i.e., perception
of the body ‘from within’), more work is now needed to improve our un-
derstanding of the neurophysiological mechanisms supporting the vestibular
effects on the body’s metric properties, body ownership and the experience
of the embodied self. For example, neurophysiological recordings in monkeys
have described the rules of visuo-vestibular integration in area MST, showing
that both sensory signals combine in a statistically optimal way, that is in ac-
cordance with Bayesian models (Fetsch et al., 2007, 2012; Gu et al., 2007) as
suggested by behavioral studies in humans (Butler et al., 2010; MacNeilage
et al., 2007; Prsa et al., 2012). The same approach should now be realized to
describe the rules of vestibulo-somatosensory integration in brain areas where
these signals converge, such as the parieto-insular vestibular cortex and intra-
parietal sulcus.

The present review article also aimed at highlighting a novel aspect of
vestibular research: the influence of vestibular signals on sensorimotor mech-
anisms important for human social cognition. As summarized above, this
influence is bidirectional (Fig. 5). Because vestibular and visual signals are in-

Figure 5. Reciprocal relations between vestibular perception and visual perception of human
bodies. Integration of visual and vestibular signals throughout the vestibulo-thalamo-cortical
pathways may underpin the reciprocal relations between vestibular and visual perception. This
figure also illustrates the connections between vestibular processing and social cognition, a
research area that needs to be developed. This figure is published in color in the online version.
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tegrated in various brain structures along the vestibulo-thalamo-cortical path-
ways, vestibular signals can modulate visual signals about other bodies. Thus,
internal models of gravity can modulate the way we interpret and anticipate
the motion of others and the posture of other bodies. Conversely, we have
shown that visual information about bodies being passively rotated can mod-
ulate the interpretation of one’s own body motion coded by the vestibular
organs (i.e., perception of the body ‘from the outside’). I have proposed the
idea that sensorimotor resonance and shared body representations — already
revealed for actions, touch, pain and smell — also exists for the vestibular sys-
tem (Deroualle and Lopez, 2014; Lopez et al., 2013). I am optimistic that this
proposition will open new avenues of research in the field of vestibular cog-
nition and propose that future neuroscientific investigations should endeavor
to investigate how social situations modulate the interpretation of vestibular
signals and their role for the body and the self. Establishing connections be-
tween the so far distinct fields of vestibular physiology and social neuroscience
should be mutually beneficial for both fields and will certainly unravel new
functions of the human vestibular sense of balance.
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