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Abstract
Our body is a unique entity by which we interact with the external world. Consequently, the way
we represent our body has profound implications in the way we process and locate sensations and in
turn perform appropriate actions. The body can be the subject, but also the object of our experience,
providing information from sensations on the body surface and viscera, but also knowledge of the
body as a physical object. However, the extent to which different senses contribute to constructing
the rich and unified body representations we all experience remains unclear. In this review, we aim
to bring together recent research showing important roles for several different sensory modalities in
constructing body representations. At the same time, we hope to generate new ideas of how and at
which level the senses contribute to generate the different levels of body representations and how
they interact. We will present an overview of some of the most recent neuropsychological evidence
about multisensory control of pain, and the way that visual, auditory, vestibular and tactile systems
contribute to the creation of coherent representations of the body. We will focus particularly on some
of the topics discussed in the symposium on Multimodal Contributions to Body Representation held
on the 15th International Multisensory Research Forum (2015, Pisa, Italy).
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1. Introduction

Our body is an essential component of our sense of self and what we use to
interact with the external world. We carry our bodies everywhere in every mo-
ment of time, and as a consequence, we are all constantly and inevitability
confronted with bodily-related information (Bermúdez et al., 1995). Bodily
sensations originating from the skin surface or from the vestibular and propri-
oceptive senses contribute major information about the way we are constituted
as an individual (Longo et al., 2010). For instance, they provide information
about the structural relations of our body parts, such as location and posture
of our limbs at a given moment in time. Importantly, these sensations consti-
tute just one source of bodily-related information. As we move through and
explore our world, we are also exposed to informative visual inputs about the
appearance of our bodies. Similarly, we are exposed to auditory signals that
originate from our body. These signals do not only provide information about
the length and thickness of our bodies, but also about our internal states, such
as those related to heart beat and respiration (Gibson, 1966). All these inputs
are combined to construct the large variety of body representations that we
have (de Vignemont, 2010; Schwoebel and Coslett, 2005). These represen-
tations include, for instance, those related to what we perceive our body as
being like, but also the knowledge we have about bodies in general or the
emotions and attitudes that may be directed towards one’s own body (Longo
et al., 2010).

The way in which we represent our body strongly relies on this inflow
of inputs from different sensory modalities and, critically, on how they are
integrated. A well-known example of these interactions is the ‘Rubber Hand Il-
lusion’ (Botvinick and Cohen, 1998). In this classical experimental paradigm,
participants observe a rubber hand being stroked while their unseen real hand
is also touched in synchrony. After several seconds of synchronous stroking,
participants tend to perceive the location of their own occluded hand misplaced
toward the rubber hand (Tsakiris and Haggard, 2005). Participants also tend
to perceive the felt tactile sensation originating from the rubber hand, as if
they could experience touch through it (Pavani et al., 2000), which generally
results in a feeling of ownership over the fake hand (Longo et al., 2008a). This
illusion is a clear example of the plasticity of body representations. The cross-
modal temporal correlations between vision and touch, along with top-down
influences originating from the representation of one’s own body, leads to the
quasi-instantaneous incorporation of a fake hand into the body representation
(Tsakiris and Haggard, 2005). The critical role of inputs from the different
senses to this illusion is supported by neuroimaging studies in humans in
which activity in multisensory brain areas has been found to be associated
with the illusion (Ehrsson et al., 2004, 2005; Tsakiris et al., 2007).
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Given the multisensory nature of body representations, it is difficult to iso-
late the relative contributions of each modality to the formation of a coherent
bodily self. This review aims to provide an overview, though non-exhaustive,
of the most recent evidence of the contribution of the different sensory modal-
ities to body representation. Specifically, we focused on the topics discussed
in the symposium titled “Multimodal Contributions to Body Representation”
(15th International Multisensory Research Forum, 2015, Pisa, Italy). We will
start by describing the contribution of vision, which provides a generous
amount of information in specifying the relative proportions of our body.
In this respect, it has been shown that there are large distortions in the vi-
sual perception of the relative lengths of individuals’ bodily proportions. We
will discuss the origin of these distortions as well as their role as a compen-
satory mechanism to achieve a reasonable degree of tactile size constancy. In
the next section we will describe how similar distortions emerge also when
the sensory input is tactile. In a further section, we will provide behavioural
demonstrations that vestibular signals contribute to bodily awareness modu-
lating the weighting of other sensory signals. We will also discuss how sounds
that accompany almost every of our bodily movements are used to form body
representations. Finally, we will explore how vision of the body modulates the
perception of pain and discuss the role that some aspects of body representa-
tion, such as body ownership, has in maintaining intact responses to painful
stimuli. The review will end with a concluding remark on the current state of
the art of research on sensory contributions to body representations and pro-
posals for future investigations.

2. Visual Contribution to Body Representation

Unlike the perception of non-corporal objects, which can also be perceived by
one modality in isolation, the body is always experienced via sensory inputs
from several modalities. However, in humans, vision has traditionally been
considered the dominant sense as well as the most reliable in terms of spatial
perception (Power and Graham, 1976; Rock and Victor, 1964).

Several studies have shown that vision, and in particular, visual information
about the body, influences body representations at several stages of process-
ing. For instance, non-informative vision of a body part, but not of a neutral
object, seems to improve tactile spatial resolution at that body part (Kennett et
al., 2001; Konen and Haggard, 2014; Longo et al., 2008b; Press et al., 2004;
Taylor-Clarke et al., 2004; Tipper et al., 1998, 2001), affect somatosensory
intra-cortical inhibition (Cardini et al., 2011) and modulate tactile size per-
ception (Longo and Sadibolova, 2013), amongst other effects (e.g., Serino
et al., 2007). These results suggest that higher visual representations of the
body interact with the neural circuits devoted to tactile processing. Seeing the
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body has also shown to produce limb-specific modulation of skin temperature
(Sadibolova and Longo, 2014), suggesting a modulatory effect of vision on the
autonomic system. Moreover, seeing a body part in a certain position affects
the location where we perceive touch (e.g., Azañón and Soto-Faraco, 2008;
Gallace and Spence, 2005; Soto-Faraco et al., 2004) and visual experience
during development seems to shape, more generally, the way in which touch
is processed in adulthood (Nava et al., 2014; Röder et al., 2004, 2008).

As mentioned above, vision can also have striking effects in situations such
as the rubber hand illusion (RHI), where a tactile-proprioceptive conflict is
introduced (Botvinick and Cohen, 1998; Tamè et al., 2013). Interestingly, the
RHI only occurs when the rubber hand is placed in an anatomically plausible
position (Pavani et al., 2000; Tsakiris and Haggard, 2005), which suggest that
this phenomenon is modulated by top-down signals that originate from the vi-
sual representation of one’s own body (see also Pavani and Zampini, 2007).
Furthermore, this illusion can be induced as a full-body experience, with the
feeling of ‘global ownership’ of another body (studied in the full-body illu-
sion; for a review see Blanke and Metzinger, 2009). Interestingly, blind and
sighted individuals perform differently in a somatic version of the rubber hand
illusion. Sighted participants experience a strong illusion, whereas blind in-
dividuals do not, when measured with a questionnaire (Nava et al., 2014;
Petkova et al., 2012), suggesting a contribution of vision in shaping the way
we perceive our bodies to be. One hypothesis is that the lack of vision both
during development and adulthood provides a more ‘veridical’ percept of self-
touch and a less flexible representation of their own body in space (Petkova et
al., 2012).

These studies, which span just a limited range of examples in the literature,
demonstrate the impact that both developmental and online visual information
has in modulating the representation of our own body. These reports assume
that vision of the body is accurate, however, recent evidence suggest that this
may not always be the case — visual perception of one’s body dimensions can
be highly distorted in some situations (Linkenauger et al., 2015). The rest of
this section will focus on this evidence.

In a recent study, Linkenauger and colleagues (2015) have found that neu-
rologically intact individuals have large distortions in the perception of their
own body proportions, even when looking at their bodies in a mirror (Linke-
nauger et al., 2015). Specifically, when using the hand or foot as a metric to
estimate the lengths of their body parts, participants tended to overestimate
the size of each body part, but not of corporeal objects (such as a body-size
cylinder) (Linkenauger et al., 2015). Moreover, the magnitude of these distor-
tions varied across body parts in inverse relation to the tactile sensitivity of that
body part — and consequently its representation in the primary somatosensory
cortex (see Fig. 1). Thus, the length of less tactilely sensitive body parts, such
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Figure 1. Scaled illustrations of individuals’ perceptions of their body proportions (right) and
their actual body proportions (left).

as the torso, were overestimated more than more sensitive body parts, such
as the arm (Linkenauger et al., 2015). Importantly, when using a hand-length
wooden dowel (or a drawing of their hand) as a metric to estimate their body
parts, individuals overestimated their body proportions slightly but to a drasti-
cally reduced magnitude, and the overestimation did not systematically differ
across different body parts. By contrast, when a non-sensitive body part was
used as a metric (i.e., the forearm), individuals underestimated, rather than
overestimated their body parts, with a gradient in which less sensitive body
parts were underestimated less.

The receptive fields of neurons in the primary somatosensory cortex rep-
resenting sensitive skin surfaces, such as the hand or the foot, are smaller
and denser than those representing less sensitive skin surfaces, such as the
torso (Penfield and Rasmussen, 1950). This leads to a larger representation in
the primary somatosensory cortex for more sensitive body parts (Penfield and
Boldrey, 1937). This differential distribution results in objects feeling larger on
more sensitive body parts, because the object stimulates more somatosensory
receptive fields than on less sensitive body parts, an effect popularly referred to
as Weber’s illusion (Weber, 1996 [1834], see next section). Given that the es-
timation of body parts’ lengths were distorted in inverse relation to the size of
the cortical somatosensory representation, Linkenauger and colleagues (2015)
suggest that a compensatory mechanism is responsible to produce a reasonable
degree of tactile size constancy across different body parts, thereby possi-
bly counteracting Weber’s illusion. The fact that these distortions were only
present when comparing body parts relative to one another, and drastically re-
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duced when comparing body parts with an object (e.g., dowel), suggest that
this effect arises from systematic asymmetries in the representation of differ-
ent parts of the body. Several studies support the relation between perceived
size of a body part and its cortical somatosensory representation. For instance,
decreases in a body part’s sensitivity via anaesthesia leads to increases in the
perception of its size (Gandevia and Phegan, 1999). Furthermore, chronic pain
in a given body part typically reduces the size of the cortical somatosensory
representation of that body part and increases the perceived size of the body
part (Gandevia and Phegan, 1999; Moseley, 2005).

Nonetheless, preliminary findings have shown that these distortions are also
present when individuals use an experimenter’s hand to estimate the experi-
menter’s body dimension, which casts some doubt on the reverse distortion
hypothesis. Additionally, these distortions appear when viewing the bodies of
people in pictures, so it is possible that they are driven by an internal model of
the body used to organize the visual information specific to the human bodies.
However, these two explanations are not mutually exclusive in that this inter-
nal model could possibly have been shaped by the need for reverse distortion.
Future research will aid in coming to a more definitive answer to the origin of
these distortions.

Overall, the evidence from the studies we just described suggests that vision
influences the way we represent our bodies. Moreover, even with sufficient
visual information specifying our body proportions, large distortions are nev-
ertheless present. As we will see in the next section, these distortions arise
most likely from the influences of the tactile modality.

3. Touch, Proprioception and the Body

Touch and the body are intimately related given that the primary receptor sur-
face for touch — the skin — is physically co-extensive with the surface of
the body. Indeed, touch along with related senses such as nociception (the fo-
cus on the last section) are commonly termed the ‘bodily senses’, highlighting
their profound and intimate link. Investigations of the link between touch and
the body have often focused on the perception of tactile size or distance. This
is because judging how far apart two touched locations on the skin are does not
appear to be specified by any afferent signal, but appears to require referencing
to a representation of body size and shape, which Longo and colleagues re-
ferred to as the ‘body model’ (Longo et al., 2010). The idea of the body model
arose from the observation that nothing in the flow of raw afferent signals pro-
vides direct information on the exact metric spatial relations among stimuli.
For example, if afferent signals indicate that touches occurred on either side
of the hand, determining the distance between the touches requires referenc-
ing to a representation of hand size. Indeed, several types of manipulation of
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high-level representation of body size and shape have been found to produce
systematic modulation of tactile size perception. Taylor-Clarke and colleagues
(Taylor-Clarke et al., 2004), for example, used a visual distortion procedure
to give participants prolonged visual experience of their forearm magnified
and hand minified. After this exposure, perceived tactile distances were ex-
panded on the forearm and compressed on the hand compared to baseline.
Analogous effects have been found following other sorts of bodily illusions,
such as those induced by proprioceptive-tactile illusions (de Vignemont et al.,
2005), auditory–tactile illusions (Tajadura-Jiménez et al., 2012), the rubber
hand illusion (Bruno and Bertamini, 2010), and tool use (Canzoneri et al.,
2013; Miller et al., 2014). Even passive, non-informative vision of the stimu-
lated limb modulates perceived tactile distance (Longo and Sadibolova, 2013).
Moreover, perceived tactile distances are expanded across body-part bound-
aries (de Vignemont et al., 2009; Le Cornu Knight et al., 2014), suggesting
that the high-level segmentation of the body into discrete parts also influences
tactile perception.

In contrast to the research just presented, other work has shown that tactile
distance perception is not fully determined by high-level body representations,
but is also shaped by quite low-level aspects of somatosensory organization.
As mentioned above, Ernst Weber (1834/1996), experimenting on himself,
discovered the curious illusion which now bears his name. Moving the two
points of a compass across his skin, he found that the distance between them
felt larger when applied to a sensitive skin surface (e.g., the palm of the hand)
than when applied to a less sensitive surface (e.g., the forearm). Weber’s Il-
lusion has been confirmed and extended by subsequent research, which has
shown a systematic relation between the tactile spatial sensitivity of skin sur-
faces and the perceived distance between touched points (Cholewiak, 1999;
Taylor-Clarke et al., 2004). One natural interpretation of this effect is that the
metric structure of tactile space preserves the characteristic distortions of early
maps of the skin in somatosensory cortex, the so-called ‘Penfield homunculus’
(Penfield and Boldrey, 1937). Critically, however, the magnitude of Weber’s il-
lusion is dramatically smaller than would be expected if tactile distances were
perceived in direct proportion to the cortical magnification factors of different
skin surfaces. This suggests the operation of a process of tactile size constancy
which (partially) corrects for these distortions, a process possibly related to
the higher-level body referencing described in the preceding paragraph. This
poses a parallel between the distortions observed in vision and touch, with a
putative common origin and mediated by similar processes of size constancy.

In its classic form described above, Weber’s illusion compares the perceived
size of tactile distances presented to different skin surfaces. In this sense, it
investigates the relative size of each part. An analogous logic, however, can
be used to investigate the represented shape of individual skin surfaces by
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comparing the perceived size of tactile distances in different orientations on a
single skin surface. Longo and Haggard (2011), for example, found that tac-
tile distances oriented across the width of the hand dorsum were perceived
as approximately 40% larger than identical distances rotated 90° along the
length of the hand. This effect is dramatically reduced on the palmar surface
of the hand. Intriguingly, this difference between skin surfaces mirrors dif-
ferences in the shape of receptive fields of neurons in somatosensory cortex,
which are elongated along the proximo-distal axis on hairy skin (Alloway et
al., 1989) but more circular on glabrous skin (DiCarlo et al., 1998). This sug-
gests that the geometry of receptive fields in somatotopic cortical maps may
play a fundamental role in shaping the structure of tactile space. Additional
studies have revealed similar anisotropies on other skin surfaces, including
the forearm (Green, 1982; Le Cornu Knight et al., 2014), the face (Longo et
al., 2015), and the leg (Green, 1982). This suggests that distortion may be a
general feature of the representation of tactile space.

Interestingly, similar distortions have been found in proprioception. In anal-
ogy to tactile distance perception, the absolute location of body parts in space
also require the referral of a ‘body model’, as proprioceptive information is
unable to signal the length of limb segments (Longo et al., 2010; Proske
and Gandevia, 2012). As for touch, the body model mediating propriocep-
tive localisation seems to be systematically distorted (Longo, 2015; Longo
and Haggard, 2010). Longo and Haggard (2010) asked participants to rest
their hand still and point with the other hand to the locations of fingertips
and knuckles, while their hand was occluded from view. The results revealed
a distorted map with the fingers shorter than their actual size and the hand
broader than it really was, similar to the distortions found for touch. Critically,
these distortions are observed even for congenital phantom limbs (Longo et
al., 2012). In contrast to these distortions, explicit judgements of hand shape
using a template-matching task were accurate, suggesting that the body image
and the implicit body representation underlying human position sense are two
different representations. Furthermore, additional distortions related to propri-
oceptive signals have been found when subjects are asked to point to different
parts of their hidden arm (Gross et al., 1974). Participant responses show that
the resting arm is systematically perceived to be closer to the midline of the
body on the right–left dimension, and closer to the body on the near–far di-
mension than it really is (Gross et al., 1974; but see Rincon-Gonzalez et al.,
2011).

Finally, the influence of proprioception on body representation is evident
when using muscle vibration to generate proprioceptive misinformation about
limb position. For example, vibrating the biceps tendon produces the illusion
of elbow extension, while vibrating the triceps tendon produces the illusion of
elbow flexion. Lackner (1988), for instance, was able to generate in a matter
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of seconds systematic perceptual distortions of the body and its orientation
after applying vibration to different muscles. A classic example of these dis-
tortions is the Pinocchio illusion. By having participants grasping their nose
while vibrating the biceps or triceps tendons of the grasping arm, Lackner pro-
duced the illusion that the nose was either lengthening or coming inwards the
head, depending on which muscle was stimulated (Lackner, 1988; see also de
Vignemont et al., 2005; Ehrsson et al., 2005).

In this section we have discussed the role of body representations in pro-
viding metric structure to touch and position sense. In both cases, these repre-
sentations appear to be highly distorted, at least in the case of the hands, with
overrepresentation of hand width compared to length. Intriguingly, these per-
ceptual distortions mirror distortions in the geometry of tactile receptive fields
in somatosensory cortex. This suggests bilateral causal influences between
higher-level representations of the body and lower-level sensory representa-
tions.

4. Vestibular Contributions to Body Representation

The vestibular sense, similar to touch, is intimately related to the inner experi-
ence of having a body. Three orthogonal semi-circular canals detect rotational
movements of the head in the three-dimensional space (i.e., pitch, yaw and
roll), and two otolith organs (utricle and saccule) sense translational acceler-
ation, including the gravitational vertical. Information from these vestibular
peripheral organs is integrated with several other classes of signals about the
body, such as vision, touch, and proprioception. This convergence seems to
reflect a fundamental mechanism for maintaining the perception of the body
relative to the external environment (Berthoz, 1996).

Interestingly, no unimodal vestibular cortex has been identified in the mam-
malian brain. For instance, several classical somatosensory areas also receive
vestibular inputs. The somatosensory cortices respond to both vestibular and
somatosensory signals (Bottini et al., 1995; Lopez and Blanke, 2011; Lopez
et al., 2012a; zu Eulenburg et al., 2013), and are thus good candidates for me-
diating interactions between the vestibular and somatosensory systems. For
example, artificial vestibular stimulation modulates psychophysical thresholds
for both touch and pain (Ferrè et al., 2011, 2013a, b), and enhances specific
waves of somatosensory-evoked potentials generated in the right opercular re-
gion (Ferrè et al., 2012). Clinical observations also lend support to the notion
of cross-modal interactions between the vestibular and somatosensory systems
(Kerkhoff et al., 2011; Schmidt et al., 2013; Vallar et al., 1990, 1993).

Vestibular signals also contribute to other, more cognitive, aspects of bodily
representation. For instance, vestibular inputs are important for the perception
of the size and shape of body parts (Lopez et al., 2012b). As we have described
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in the previous section, no peripheral receptors are directly informative about
such features, and therefore this knowledge is plausibly linked to the distorted
body model proposed by Longo and colleagues (2010). At least for the hand,
these distortions included a radial–ulnar gradient of magnification of the digits
and shrinkage toward the proximo-distal axis. Interestingly, vestibular stimula-
tion appears to increase the perceived length and width of the hand compared
to sham stimulation (Lopez et al., 2012b; but see also Ferrè et al., 2013c),
suggesting it forms an input to such internal models of the body.

The most convincing evidence for vestibular contributions to body repre-
sentation comes from neuropsychological patients. Indeed, case studies of
individuals with right hemisphere damage have found temporary remissions
of somatoparaphrenia (i.e., denial of ownership of contralesional body parts,
Vallar and Ronchi, 2009) following artificial vestibular stimulation (Bisiach et
al., 1991; Rode et al., 1992). These reports suggest a vestibular contribution to
body ownership, such as the feeling that one’s body belongs to oneself, over
and above any particular bodily sensation (Metzinger, 2003). This hypothesis
has been recently explored in healthy participants using the rubber hand illu-
sion (Botvinick and Cohen, 1998). Combining the rubber hand illusion with
artificial vestibular stimulation revealed a vestibular-induced modulation of
the strength of the illusion (Ferrè et al., 2015). Indeed, the vestibular stimula-
tion polarity that predominantly activates the vestibular projections in the right
hemisphere produced a smaller proprioceptive shift toward the rubber hand
compared with the opposite polarity (Ferrè et al., 2015). The right hemisphere
vestibular network therefore, increases the salience of intrinsic somatosensory
and proprioceptive signals about hand position, and decreases the salience
of visual information responsible for visual capture during the rubber hand
illusion. However, Lopez and colleagues (Lopez et al., 2010) found a vestibu-
lar induced enhancement of the RHI as measured by questionnaires using
the same stimulation polarity, but no reliable effects on proprioceptive drift.
Nonetheless, it is important to note that the experimental setup and vestibular
stimulation procedure used in these studies differed in several aspects, render-
ing any direct comparison difficult. First, the duration of vestibular stimulation
was much longer in Lopez et al. (2010) than Ferrè et al. (2015). Second, Lopez
et al. (2010) used a blocked design, whereas Ferrè et al. (2015) used a ran-
domised, event-related design. Finally, it is notable that proprioceptive drift
(Ferrè et al., 2015) and questionnaires (Lopez et al., 2010) are two different
and independent aspects of the rubber hand illusion (Rohde et al., 2011).

A coherent representation of the body is more than having ownership over
single body parts. The feeling of ‘mineness’, i.e., the feeling that one’s body
belongs to oneself, implies a spatial unity between the self and the physical
body. Indeed, a first-person perspective tags almost all our bodily experiences.
This can be seen as a proxy of the spatial unity between the self and the physi-
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Figure 2. Effect of vestibular stimulation (GVS) on perspective-taking. (a) An ambiguous letter
(b, d, p, or q) was traced by the experimenter on the participant’s forehead. The task was to
name the letter. (b) GVS (right-anodal/left-cathodal) or sham stimulation was applied on dif-
ferent blocks. (c) Vestibular stimulation increased the probability that ambiguous letters were
interpreted with an internal first-person perspective. Adapted with permission from Ferrè et al.,
2014. This figure is published in colour in the online version.

cal body. Recently, Ferrè and colleagues (2014) investigated whether vestibu-
lar signals influence the perspective people take (first-person perspective vs
third-person perspective) in interpreting ambiguous tactile stimuli (Natsoulas
and Dubanoski, 1964). Artificial vestibular stimulation was delivered while
an experimenter drew ambiguous letters (b, d, p, q) on the participant’s fore-
head, a well-established task of implicit perspective-taking (Fig. 2a, b). These
letters can be perceived either from the internal first-person perspective (e.g.,
letter ‘b’ perceives as letter ‘d’) or from an external third-person perspective
(e.g., letter ‘b’ perceived as letter ‘b’). Vestibular stimulation increased the
likelihood that ambiguous letters were interpreted with an internal first-person
perspective (Fig. 2c).

The vestibular system provides fundamental information about the posi-
tion and motion of the body, relative to the external environment. However,
the studies presented in the present chapter suggest that vestibular signals are
not only an input for motor control and postural responses, but also a distinct
source of information about one’s own body.

5. Auditory Contributions to Body Representation

The link between audition and body representations has received far less at-
tention than that of other modalities. Thus, the extent to which the auditory
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system contributes to constructing body representations remains largely un-
explored. Nevertheless, there is some evidence that sounds generated when
interacting with objects and surfaces can change body awareness and impact
on the perception of the body as a physical object.

Some studies have demonstrated that sounds coming from external sources
or emanating from one’s body have an effect on the overall body aware-
ness. For instance, Murray and colleagues (2000) conducted a study in which
earplugs were used to induce hearing loss. Participants in this study reported
a sensation of detachment from the surroundings. They also reported altered
awareness of their movements and of their own bodily sounds, such as the
sounds produced when breathing, eating or by their blood-flow (Murray et al.,
2000). Other studies have shown that hearing pre-recorded heartbeat sounds
influences participants’ beliefs about their own heart rate (Phillips et al., 1999)
and eventually elicits changes in participants’ own heart rate and emotional
state (Tajadura-Jiménez et al., 2008). In virtual reality contexts, sounds repre-
senting one’s body moving (i.e., a sonic self-avatar) are known to enhance the
sensation of self-motion and of presence in the virtual environment (Väljamäe
et al., 2008). Further, in sports and rehabilitation contexts, sound feedback
of body movements is sometimes provided to enhance body and movement
awareness (Cesarini et al., 2014; Großhauser et al., 2012; Sigrist et al., 2013;
Singh et al., 2014).

Listening to action related sounds can affect action planning and execution.
Indeed, neuroscience research has shown that listening to sounds that were
produced when performing certain actions activates the same brain areas that
would have been recruited when preparing to perform these actions (Aglioti
and Pazzaglia, 2010; Pazzaglia et al., 2008). Other studies have shown that
real-time alteration of the sounds produced when performing actions results
in an adjustment of motor behavior. For instance, delaying walking sounds or
altering cues that are related to the strength applied when tapping a surface,
results in the adjustment, respectively, of the walking (Menzer et al., 2010)
and tapping behavior (Tajadura-Jiménez et al., 2015a).

Sound can also have an effect on the perceived body as a physical ob-
ject. A few studies have shown effects of sound in perceived body material
properties. For instance, altering the spectra and/or amplitude of the sounds
produced when rubbing two hands together changes the perceived smooth-
ness and dryness of the skin (Jousmäki and Hari, 1998). Similarly, hearing the
sound produced when an object hits marble in synchrony with the feeling of
an object hitting one’s own hand, makes this hand to be felt stiffer and heavier
(Senna et al., 2014). People also feel as if their body were made of metal-
lic parts (‘robotized’) when they receive sound and vibro-tactile stimuli, built
from recordings of a real robot actuation, simultaneously with their move-
ments (Kurihara et al., 2013). These studies used spatialized sounds in order
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to give the impression that the sounds were actually coming from one’s own
body (i.e., either originating from the stimulated body part, as in Kurihara et
al., 2013, or manipulated so that they were perceived as if originating from the
same position of the manipulated body part, as in Senna et al., 2014). Nonethe-
less, a few studies have shown that altering the spatial location of action related
sounds with respect to the manipulated body part can, for instance, lead to
alterations in tactile distance and in the represented body dimensions, if the
spatial manipulations are kept within certain limits, so that the sounds are still
perceived as coming from one’s body (Tajadura-Jiménez et al., 2012, 2015b).
For instance, altering the spatial location of sounds produced when one’s own
hand taps a surface, with the resulting sounds originating at a double distance
at which one is actually tapping, can lead to changes in the represented length
of the arm. These changes were measured by looking at variations in the per-

Figure 3. Manipulating sound-feedback and sensing gait and emotion (GSR: Galvanic Skin
Response; FSR: Force Sensitive Resistor). Short adaptation periods to altered walking sounds
led to lower perceived body weight, to the adoption of gait patterns typical of lighter bodies and
to an enhanced emotional state. Adapted with permission from Tajadura-Jiménez et al., 2015c,
© 2015 ACM, Inc. http://dx.doi.org/10.1145/2702123.2702374. Reprinted by permission. This
figure is published in colour in the online version.

http://dx.doi.org/10.1163/22134808-00002531
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ception of tactile distances on the tapping arm and variations in subjective
feelings of arm length (Tajadura-Jiménez et al., 2012, 2015b). Similarly, al-
tering the frequency spectra of sounds produced when walking, so that the
resulting sounds are consistent with those produced by either a lighter or heav-
ier body, can result in changes in the representation of one’s own entire body
size and weight (Tajadura-Jiménez et al., 2015c; Fig. 3). Changes in the walk-
ing sounds were also connected to changes in walking behavior and emotional
state (see also Tonetto et al., 2014).

Overall, these studies provide evidence that sounds can impact on body
awareness, body movement and body representations. The studies reporting
auditory-driven changes in body representations showed that those changes
were connected to effects in tactile perception, motor behaviour and emotional
state. These results suggest that the way we represent our body is supramodal
and that it has profound implications in the way we perform actions and in
emotional state.

6. Neuropsychological Evidence About Multisensory Control of Pain

Among the sensory input we can experience, pain is surely the most un-
pleasant. However, pain is also fundamental for our survival, given that its
occurrence is usually linked to a current or potential damage to the body. Pain
responses start with the mere knowledge of a threatening stimulus approach-
ing the body (anticipation, Ploghaus et al., 1999; expectation, Brown et al.,
2008) and trigger defensive reactions on direct (Graziano and Cooke, 2006)
and indirect pain experience, for instance, when observing the pain of others
(Avenanti et al., 2006). To this aim, pain is strictly linked to the representa-
tion of the body, with dedicated neural pathways for sensory analysis, reflex
reactions and cognitive appraisal of the painful experience (Price, 2000). In-
deed, it has been recently proposed that pain experience may have critically
contributed to shaping sensorimotor representation of the body and its sur-
rounding space for defensive purposes (Haggard et al., 2013).

The interaction between body representation and pain is bi-directional. On
one side, the integration of pain experience with the ongoing representation
of our body is critical to localize the source of a painful stimulus and react
to it. On the other side, pain conditions, and in particular chronic pain, can
affect the way in which we experience our body, leading to sensorimotor dis-
turbances. For example, complex regional pain syndrome (CRPS-1) may lead
to motor (Galer et al., 1995) or proprioceptive (Lewis et al., 2010) impair-
ments, following a ‘neglect-like’ pattern. This is reminiscent of the behaviour
of patients who fail to attend to the contralesional side of their body or space,
following brain damage (Vallar and Maravita, 2009). Furthermore, clinical
conditions consisting of chronic pain symptoms, even those as common as low
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back pain, can deeply affect the general feeling about the physical integrity of
the body and its motor potentials, triggering deleterious avoidance behaviours
that strongly limit the patients’ daily life activities and progressively deepen
their clinical picture (Jensen et al., 2001).

In the present section, we will consider two aspects of the influence of body
representation on pain experience that have recently attracted the attention
of researchers: first, the modulatory interaction between vision of the body
and pain; second, the necessity of an intact sense of body ownership for the
processing of pain stimuli.

The first issue is grounded on the evidence that pain is subject to significant
multisensory integration, similarly to other sensory modalities. On an early
level, concurrent somatosensory input are known to reduce pain sensations
as famously theorized, for example, by the gate-control theory (Melzack and
Wall, 1965). Proprioception has also shown to affect pain processing, with
the reduction of pain sensation on crossing the arms (Gallace et al., 2011;
Valentini et al., 2015), in line with the notion of an interplay between different
mappings of somatic sensations in somatotopic coordinates and in the exter-
nal space (Azañón et al., 2015; Yamamoto and Kitazawa, 2001). Also touch
and temperature have shown interesting effects on pain perception, as demon-
strated through the thermal grill illusion (Craig and Bushnell, 1994; Kammers
et al., 2010).

Above all, vision has shown to exert a strong influence on pain experience.
Early studies in neurological patients have assessed the reduction of chronic
pain following amputation or complex regional pain syndrome (McCabe et
al., 2003; Ramachandran and Altschuler, 2009), by looking at a parasagit-
tal mirror where the reflected image of the intact limb mimics the affected
limb beyond the mirror (the so-called Mirror Box setting). Further evidence
gathered from neurologically intact individuals have shown similar reduc-
tions of experimentally-induced acute pain by vision of a body part (Longo
et al., 2009). The close relationship between visual analysis of body parts and
pain processing has been recently quantified through functional imaging work
showing a close relationship between posterior areas devoted to the visual rep-
resentation of the body and elements of the pain network, while looking at
body parts targeted by painful laser stimulations (Longo et al., 2012).

Intriguingly, as in the case of touch (Kennett et al., 2001) and movement
(Bernardi et al., 2013; Marino et al., 2010), the distortion of visual feedback
about the body can modulate pain perception. A reduction of pain can be ob-
tained by providing visual feedback of a reduced image of the affected body
part, in patients suffering from chronic pain, or a visually reduced reflection of
the intact limb, in patients suffering from phantom limb pain (Moseley et al.,
2008; Ramachandran et al., 2009). In these situations, pain feelings decrease
following visual reduction and increase following visual magnification of the
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affected body part. By contrast, in neurologically intact humans, visual body
magnification reduces perceived intensity as well as physiological responses
to pain (Mancini et al., 2011; Romano and Maravita, 2014). The work by Ro-
mano and Maravita (2014) explored the dynamics of the analgesic response
induced by visual magnification of the body using skin conductance, show-
ing that reduced arousal and perceived intensity of pain on stimulus contact
were preceded by increased arousal responses when the threatening stimu-
lus approached the body. In other words, more intense anticipatory responses
were followed by reduced somatic pain responses, as consequence of visual
body magnification. Thus, opposite effects of visual magnification have been
found in chronic or acute pain conditions, with increased and reduced re-
sponses to pain, respectively. This could be due to the different correlates of
chronic and acute pain in the brain, as well as the plastic changes that are
likely induced by chronic pain conditions, both in the processing of sensory
inputs and in body representations. Neural changes following chronic pain are
known to occur at all levels in the central nervous system. In the afferent noci-
ceptive and somatosensory pathways, deep synaptic and molecular membrane
reorganization processes occur following either chronic neuropathic pain or
deafferentation (Gold and Gebhart, 2010). In the cortex a large amount of
plasticity occurs following deafferentation. The amount of such plasticity, in
particular the shift of the hand area in the body representation in the primary
somatosensory cortex, has been linked to the amount of phantom limb pain,
calling for a ‘maladaptive plasticity’ in such patients (Flor et al., 1995, 2006;
Foell et al., 2014; Lotze et al., 2001; though see Makin et al., 2015, for re-
cent contrasting evidence). This evidence suggests a strict link between body
representation (or, better, disruption of body representation) and the sensory
experience of pain. Furthermore, it has been proposed that therapeutic strate-
gies based on electrical stimulation of the brain, may reduce pain by targeting
the neural maladaptive sensory reorganization (Bolognini et al., 2013, 2015).

Regarding the second aspect of interest in this section, i.e., the necessity of
an intact sense of body ownership for the processing of pain stimuli, recent
findings have uncovered the role of body awareness in maintaining intact re-
sponses to nociceptive stimuli. In particular, the interaction with threatening
stimuli in peripersonal space, that typically produces alerting anticipatory re-
sponses, has shown to be disrupted by defective bodily awareness following
brain damage. In a group of patients affected by somatoparaphrenia, Romano
and colleagues (Romano et al., 2014a) have shown an absence of anticipa-
tory electrodermic response to the vision of approaching threatening stimuli,
as compared to the non-affected hand or to the contralesional hand of pa-
tients affected by anosognosia (i.e., denial of sensory deficit but not of body
ownership) or hemiplegia, but without any delusion of body ownership. Such
findings suggest that intact sense of body ownership is necessary in order to
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evaluate the impact of an incoming threat and produce a preparatory response
towards it. Furthermore, they highlight that somatoparaphrenic patients are
not only impaired in their inner representation of the body (Vallar and Ronchi,
2009), but also in their possibility of monitoring their peripersonal space for
incoming threats. This underlines the strong link between the representation
of the body and the peripersonal space (Macaluso and Maravita, 2010; Mar-
avita et al., 2003), where the potentially negative and threatening value of
visual stimuli approaching the body is taken into account, in order to trigger
defensive behaviors (Graziano and Cooke, 2006; Haggard et al., 2013). A log-
ically related finding linking body awareness and pain processing is the recent
discovery that, when the sense of body ownership is partially transferred to
an avatar, following a Full Body Illusion paradigm, the response to a painful
stimulus is reduced (Romano et al., 2014b).

In summary, the experimental evidence briefly reviewed above calls for a
strict relationship between pain processing and vision, and adds to broader
evidence that the processing of pain is integrated with that of other sensory
modalities in shaping peripersonal space (Haggard et al., 2013). On one side,
it shows that vision, altering the online representation of the body, affects pain.
On the other, it shows that disrupted body representation, as observed in so-
matoparaphrenic patients, affects pain processing, suggesting, again, a strict
link between body knowledge and the monitoring of peripersonal space for
pain processing (Romano et al., 2014a).

7. Discussion

In this review we described some of the most recent evidence of the contribu-
tion of each sensory modality to the creation of coherent representations of the
body, focusing on the topics discussed in the symposium on Multimodal Con-
tributions to Body Representation (15th International Multisensory Research
Forum, 2015, Pisa, Italy). We have seen how different sensory modalities and
their interactions can contribute to form body representations and influence
bodily-related experiences. In this respect, we have shown that the perceived
visual proportion of the body is distorted with an overestimation of the di-
mension of each body part. These distortions are inversely related to tactile
sensitivity of the skin area, which has led researchers to interpret this disparity
as a compensatory mechanism, possibly necessary to achieve a good degree
of tactile size constancy across different body parts. Analogous distortions
emerge also when the sensory input is tactile. For instance, we have shown that
tactile distances oriented across the width of the hand dorsum are perceived
larger than identical distances presented along the length of the hand and that
this effect is dramatically reduced on the palmar surface of the hand. Notably,
perceptual differences between the dorsum and the palm mirror the shape of
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receptive fields in the primary somatosensory cortex, suggesting a critical role
of the geometry of the tactile receptive fields in shaping the structure of the tac-
tile space. Therefore, perception of the tactile distance on the body is not fully
determined by high-level body representations, but is also shaped by quite
low-level aspects of somatosensory organization. With regard to the vestibular
system, it seems to provide a direct input to these internal models of the body,
with the ability to modify intrinsic properties of it, such as the perception of its
size and shape. Intriguingly, some studies have highlighted a vestibular contri-
bution to critical aspects of body awareness, such as the feeling that one’s body
belongs to oneself or the perspective we take in interpreting ambiguous bod-
ily signals. We have also demonstrated that sounds coming both from external
sources and from one’s own body have consequences on the way we perceive
and represent our bodies. In particular, we have highlighted changes in body
awareness, in the perception of body size and length and even in the way we
plan and execute actions. Even more striking, altering some components of
the sounds produced when performing actions modify the perceived material
we are made of. Finally, we have highlighted the modulatory effect that other
sensory modalities have on pain perception and the necessity of an intact sense
of body ownership for a correct processing of pain stimuli. For instance, we
have shown that a magnified vision of a body part can induce analgesic effects
in healthy subjects, while exacerbates pain in patients suffering from chronic
pain and amputees with phantom limb pain. Overall, we have shown that the
different sensory modalities, mostly in combination, play a fundamental role
in the way we construct the variety of multisensory representations that we
use to perceive, feel or remember our bodies, and that ultimately are critical to
interact with the environment.

We have discussed each modality in its own section, focusing on one modal-
ity at a time. Such a divide-and-conquer approach is useful experimentally, but
highly implausible in reality. Indeed, when perceiving the body, it is nearly
impossible to obtain sensory information from a single modality in isolation.
This issue becomes even more complex when studying the tactile modality,
as somatosensory and proprioceptive systems provide simultaneously constant
information about the body, and ‘turning off’ input from these sensory systems
is virtually impossible. The results of the studies reviewed here, therefore, pro-
duce an image of the representation of the body as a multisensory concept with
the different senses interacting to contribute to the formation of body represen-
tations.

Despite the large amount of evidence reported in this review, we believe that
several key questions remain unanswered. Among others, a relevant question
is the weight or impact each modality has on different body representations.
Namely, whether there is a sense that is primarily used to determine the way in
which we perceive our body. Vision, which is considered to be the dominant
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sense in many aspects of cognition and perception, might be expected to be
similarly dominant in the representation of our body. However, in the case of
body representations, touch, nociception, and proprioception might also play
crucial roles, given their physically co-extent with the surface of the body.
The vestibular sense, mediating position and body motion, and audition, with
its intimate relation with action, are also plausible suspects. A related ques-
tion is whether in particular situations, such as in visually impaired or deaf
individuals, the intact sensory modalities are able to produce complete and
holistic bodily experiences. Assuming that this is the case, a straightforward
question relates to the compensatory mechanisms that allow people with sen-
sory deficits to overcome these impairments (see Nava et al., 2014; Petkova et
al., 2012). Further, in future studies it would be interesting to explore the de-
velopment of multisensory integration (Burr and Gori, 2012) used to achieve
appropriate body representations. Indeed, a growing body of literature in the
topic have found that children and even newborns are sensitive to body-related,
synchronous visuo–tactile stimuli (Bremner et al., 2008), suggesting that key
processes underlying body perception are present at birth (Filippetti et al.,
2013, 2015; Marshall and Meltzoff, 2011). Finally, it is important to highlight
that action is often a missing concept in the body representation literature.
It is an implicit statement that the way we represent our body has profound
implications in the way we perform appropriate actions. However, although
considered (Cardinali et al., 2009), little attention has been given to the re-
lation between body representations and actual movement or goal directed
actions. For instance, some of the distortions reported in the tactile and visual
sections of this review might be functional to action, or similarly, the high
malleability of body representations might be strictly linked to the fact that we
can perform appropriate actions.

Taken together, we have described ways in which vision, touch, audition,
pain and the vestibular system shape body representations during the daily
multisensory experiences and how these representations affect the way we
perceive the world through the senses. Further experiments investigating the
relationship between action execution and body representation will certainly
be an important direction for future research. This may help to unfold, if it
exists, a functional reason for this peculiar way in which we represent our
body.

Acknowledgements

We would like to thank two anonymous reviewers for their constructive com-
ments on an early version of the manuscript. EA, LT, and MRL were supported
by a grant from the European Research Council (ERC-2013-StG-336050) un-
der the FP7 to MRL. ERF was supported by European Union Seventh Frame-

http://dx.doi.org/10.1163/22134808-00002531


20 E. Azañón et al. / Multisensory Research (2016)

work Programme (EU FP7) project VERE WP1. AM was supported by a FAR
grant from the University of Milano-Bicocca. AT was supported by the ESRC
grant ES/K001477/1 (“The hearing body”).

References

Aglioti, S. M. and Pazzaglia, M. (2010). Representing actions through their sound, Exp. Brain
Res. 206, 141–151.

Alloway, K. D., Rosenthal, P. and Burton, H. (1989). Quantitative measurements of receptive
field changes during antagonism of GABAergic transmission in primary somatosensory cor-
tex of cats, Exp. Brain Res. 78, 514–532.

Avenanti, A., Minio-Paluello, I., Minio Paluello, I., Bufalari, I. and Aglioti, S. M. (2006).
Stimulus-driven modulation of motor-evoked potentials during observation of others’ pain,
NeuroImage 32, 316–324.

Azañón, E. and Soto-Faraco, S. (2008). Changing reference frames during the encoding of
tactile events, Curr. Biol. 18, 1044–1049.

Azañón, E., Stenner, M. P., Cardini, F. and Haggard, P. (2015). Dynamic tuning of tactile local-
ization to body posture, Curr. Biol. 25, 512–517.

Bermúdez, J., Marcel, A. and Eilan, N. (1995). The Body and the Self. MIT Press, Cambridge,
MA, USA.

Bernardi, N. F., Marino, B. F., Maravita, A., Castelnuovo, G., Tebano, R. and Bricolo, E. (2013).
Grasping in wonderland: altering the visual size of the body recalibrates the body schema,
Exp. Brain Res. 226, 585–594.

Berthoz, A. (1996). How does the cerebral cortex process and utilize vestibular signals?, in:
Disorders of the Vestibular System, R. Baloh and G. Halmgyi (Eds), pp. 113–125. Oxford
University Press, New York, NY, USA.

Bisiach, E., Rusconi, M. L. and Vallar, G. (1991). Remission of somatoparaphrenic delusion
through vestibular stimulation, Neuropsychologia 29, 1029–1031.

Blanke, O. and Metzinger, T. (2009). Full-body illusions and minimal phenomenal selfhood,
Trends Cogn. Sci. 13, 7–13.

Bolognini, N., Olgiati, E., Maravita, A., Ferraro, F. and Fregni, F. (2013). Motor and parietal
cortex stimulation for phantom limb pain and sensations, Pain 154, 1274–1280.

Bolognini, N., Spandri, V., Ferraro, F., Salmaggi, A., Molinari, A. C. L., Fregni, F. and Maravita,
A. (2015). Immediate and sustained effects of 5-day transcranial direct current stimulation
of the motor cortex in phantom limb pain, J. Pain 16, 657–665.

Bottini, G., Paulesu, E., Sterzi, R., Warburton, E., Wise, R. J., Vallar, G., Frackowiak, R. S.
and Frith, C. D. (1995). Modulation of conscious experience by peripheral sensory stimuli,
Nature 376(6543), 778–781.

Botvinick, M. and Cohen, J. (1998). Rubber hands ‘feel’ touch that eyes see, Nature 391(6669),
756.

Bremner, A. J., Mareschal, D., Lloyd-Fox, S. and Spence, C. (2008). Spatial localization of
touch in the first year of life: early influence of a visual spatial code and the development of
remapping across changes in limb position, J. Exp. Psychol. Gen. 137, 149–162.



Multisensory Research (2016) DOI:10.1163/22134808-00002531 21

Brown, C. A., Seymour, B., Boyle, Y., El-Deredy, W. and Jones, A. K. P. (2008). Modulation
of pain ratings by expectation and uncertainty: behavioral characteristics and anticipatory
neural correlates, Pain 135, 240–250.

Bruno, N. and Bertamini, M. (2010). Haptic perception after a change in hand size, Neuropsy-
chologia 48, 1853–1856.

Burr, D. and Gori, M. (2012). Multisensory integration develops late in humans, in: The Neural
Bases of Multisensory Processes, M. M. Murray and M. T. Wallace (Eds), pp. 345–362.
CRC Press, Boca Raton, FL, USA.

Canzoneri, E., Ubaldi, S., Rastelli, V., Finisguerra, A., Bassolino, M. and Serino, A. (2013).
Tool-use reshapes the boundaries of body and peripersonal space representations, Exp. Brain
Res. 228, 25–42.

Cardinali, L., Frassinetti, F., Brozzoli, C., Urquizar, C., Roy, A. C. and Farnè, A. (2009). Tool-
use induces morphological updating of the body schema, Curr. Biol. 19, R478–R479.

Cardini, F., Longo, M. R. and Haggard, P. (2011). Vision of the body modulates somatosensory
intracortical inhibition, Cereb. Cortex 21, 2014–2022.

Cesarini, D., Hermann, T. and Ungerechts, B. (2014). A realtime auditory biofeedback sys-
tem for sports swimming, in: Proceedings of the 20th International Conference on Auditory
Display (ICAD 2014), New York, NY, USA.

Cholewiak, R. W. (1999). The perception of tactile distance: influences of body site, space, and
time, Perception 28, 851–875.

Craig, A. D. and Bushnell, M. C. (1994). The thermal grill illusion: unmasking the burn of cold
pain, Science 265, 252–255.

de Vignemont, F. (2010). Body schema and body image — pros and cons, Neuropsychologia
48, 669–680.

de Vignemont, F., Ehrsson, H. H. and Haggard, P. (2005). Bodily illusions modulate tactile
perception, Curr. Biol. 15, 1286–1290.

de Vignemont, F., Majid, A., Jola, C. and Haggard, P. (2009). Segmenting the body into parts:
evidence from biases in tactile perception, Q. J. Exp. Psychol. 62, 500–512.

DiCarlo, J. J., Johnson, K. O. and Hsiao, S. S. (1998). Structure of receptive fields in area 3b of
primary somatosensory cortex in the alert monkey, J. Neurosci. 18, 2626–2645.

Ehrsson, H. H., Spence, C. and Passingham, R. E. (2004). That’s my hand! Activity in premotor
cortex reflects feeling of ownership of a limb, Science 305, 875–877.

Ehrsson, H. H., Holmes, N. P. and Passingham, R. E. (2005). Touching a rubber hand: feeling
of body ownership is associated with activity in multisensory brain areas, J. Neurosci. 25,
10564–10573.

Ferrè, E. R., Sedda, A., Gandola, M. and Bottini, G. (2011). How the vestibular system modu-
lates tactile perception in normal subjects: a behavioural and physiological study, Exp. Brain
Res. 208, 29–38.

Ferrè, E. R., Bottini, G. and Haggard, P. (2012). Vestibular inputs modulate somatosensory
cortical processing, Brain Struct. Funct. 217, 859–864.

Ferrè, E., Bottini, G., Iannetti, G. D. and Haggard, P. (2013a). The balance of feelings: vestibular
modulation of bodily sensations, Cortex 49, 748–758.

Ferrè, E. R., Day, B. L., Bottini, G. and Haggard, P. (2013b). How the vestibular system interacts
with somatosensory perception: a sham-controlled study with galvanic vestibular stimula-
tion, Neurosci. Lett. 550, 35–40.

http://dx.doi.org/10.1163/22134808-00002531


22 E. Azañón et al. / Multisensory Research (2016)

Ferrè, E. R., Vagnoni, E. and Haggard, P. (2013c). Vestibular contributions to bodily awareness,
Neuropsychologia 51, 1445–1452.

Ferrè, E. R., Lopez, C. and Haggard, P. (2014). Anchoring the self to the body: vestibular con-
tribution to the sense of self, Psychol. Sci. 25, 2106–2108.

Ferrè, E. R., Berlot, E. and Haggard, P. (2015). Vestibular contributions to a right-hemisphere
network for bodily awareness: combining galvanic vestibular stimulation and the “Rubber
Hand Illusion”, Neuropsychologia 69, 140–147.

Filippetti, M. L., Johnson, M. H., Lloyd-Fox, S., Dragovic, D. and Farroni, T. (2013). Body
perception in newborns, Curr. Biol. 23, 2413–2416.

Filippetti, M. L., Orioli, G., Johnson, M. H. and Farroni, T. (2015). Newborn body perception:
sensitivity to spatial congruency, Infancy 20, 455–465.

Flor, H., Elbert, T., Knecht, S., Wienbruch, C., Pantev, C., Birbaumer, N., Larbig, W. and Taub,
E. (1995). Phantom-limb pain as a perceptual correlate of cortical reorganization following
arm amputation, Nature 375(6531), 482–484.

Flor, H., Nikolajsen, L. and Staehelin Jensen, T. (2006). Phantom limb pain: a case of maladap-
tive CNS plasticity? Nat. Rev. Neurosci. 7, 873–881.

Foell, J., Bekrater-Bodmann, R., Diers, M. and Flor, H. (2014). Mirror therapy for phantom
limb pain: brain changes and the role of body representation, Eur. J. Pain 18, 729–739.

Galer, B. S., Butler, S. and Jensen, M. P. (1995). Case reports and hypothesis: a neglect-like
syndrome may be responsible for the motor disturbance in reflex sympathetic dystrophy
(Complex Regional Pain Syndrome-1), J. Pain Symptom Manage. 10, 385–391.

Gallace, A. and Spence, C. (2005). Visual capture of apparent limb position influences tactile
temporal order judgments, Neurosci. Lett. 379, 63–68.

Gallace, A., Torta, D. M. E., Moseley, G. L. and Iannetti, G. D. (2011). The analgesic effect of
crossing the arms, Pain 152, 1418–1423.

Gandevia, S. C. and Phegan, C. M. (1999). Perceptual distortions of the human body image
produced by local anaesthesia, pain and cutaneous stimulation, J. Physiol. 514, 609–616.

Gibson, J. J. (1966). The Senses Considered as Perceptual Systems. Houghton Mifflin, Boston,
MA, USA.

Gold, M. S. and Gebhart, G. F. (2010). Nociceptor sensitization in pain pathogenesis, Nat. Med.
16, 1248–1257.

Graziano, M. S. A. and Cooke, D. F. (2006). Parieto-frontal interactions, personal space, and
defensive behavior, Neuropsychologia 44, 845–859.

Green, B. G. (1982). The perception of distance and location for dual tactile pressures, Percept.
Psychophys. 31, 315–323.

Gross, Y., Webb, R. and Melzack, R. (1974). Central and peripheral contributions to localization
of body parts: evidence for a central body schema, Exp. Neurol. 44, 346–362.

Großhauser, T., Bläsing, B., Spieth, C. and Hermann, T. (2012). Wearable sensor-based real-
time sonification of motion and foot pressure in dance teaching and training, J. Audio Eng.
Soc. 60, 580–589.

Haggard, P., Iannetti, G. D. and Longo, M. R. (2013). Spatial sensory organization and body
representation in pain perception, Curr. Biol. 23, R164–R176.

Jensen, M. P., Turner, J. A. and Romano, J. M. (2001). Changes in beliefs, catastrophizing,
and coping are associated with improvement in multidisciplinary pain treatment, J. Consult.
Clin. Psychol. 69, 655–662.



Multisensory Research (2016) DOI:10.1163/22134808-00002531 23

Jousmäki, V. and Hari, R. (1998). Parchment-skin illusion: sound-biased touch, Curr. Biol. 8,
R190.

Kammers, M. P. M., de Vignemont, F. and Haggard, P. (2010). Cooling the thermal grill illusion
through self-touch, Curr. Biol. 20, 1819–1822.

Kennett, S., Taylor-Clarke, M. and Haggard, P. (2001). Noninformative vision improves the
spatial resolution of touch in humans, Curr. Biol. 11, 1188–1191.

Kerkhoff, G., Hildebrandt, H., Reinhart, S., Kardinal, M., Dimova, V. and Utz, K. S. (2011).
A long-lasting improvement of tactile extinction after galvanic vestibular stimulation: two
Sham-stimulation controlled case studies, Neuropsychologia 49, 186–195.

Konen, C. S. and Haggard, P. (2014). Multisensory parietal cortex contributes to visual enhance-
ment of touch in humans: a single-pulse TMS study, Cereb. Cortex 24, 501–507.

Kurihara, Y., Hachisu, T., Kuchenbecker, K. and Kajimoto, H. (2013). Jointonation: robotization
of the human body by vibrotactile feedback, in: Proceedings SA’13 SIGGRAPH Asia 2013
Emerging Technologies, Hong Kong, Art. 11.

Lackner, J. R. (1988). Some proprioceptive influences on the perceptual representation of body
shape and orientation, Brain 111, 281–297.

Le Cornu Knight, F., Longo, M. R. and Bremner, A. J. (2014). Categorical perception of tactile
distance, Cognition 131, 254–262.

Lewis, J. S., Kersten, P., McPherson, K. M., Taylor, G. J., Harris, N., McCabe, C. S. and Blake,
D. R. (2010). Wherever is my arm? Impaired upper limb position accuracy in complex re-
gional pain syndrome, Pain 149, 463–469.

Linkenauger, S. A., Wong, H. Y., Geuss, M., Stefanucci, J. K., McCulloch, K. C., Bülthoff,
H. H., Mohler, B. J. and Proffitt, D. R. (2015). The perceptual homunculus: the perception
of the relative proportions of the human body, J. Exp. Psychol. Gen. 144, 103–113.

Longo, M. R. (2015). Posture modulates implicit hand maps, Consc. Cogn. 36, 96–102.
Longo, M. R. and Haggard, P. (2010). An implicit body representation underlying human posi-

tion sense, Proc. Natl Acad. Sci. USA 107, 11727–11732.
Longo, M. R. and Haggard, P. (2011). Weber’s illusion and body shape: anisotropy of tactile

size perception on the hand, J. Exp. Psychol. Hum. Percept. Perform. 37, 720–726.
Longo, M. R. and Sadibolova, R. (2013). Seeing the body distorts tactile size perception, Cog-

nition 126, 475–481.
Longo, M. R., Schüür, F., Kammers, M. P. M., Tsakiris, M. and Haggard, P. (2008a). What is

embodiment? A psychometric approach, Cognition 107, 978–998.
Longo, M. R., Cardozo, S. and Haggard, P. (2008b). Visual enhancement of touch and the bodily

self, Consc. Cogn. 17, 1181–1191.
Longo, M. R., Betti, V., Aglioti, S. M. and Haggard, P. (2009). Visually induced analgesia:

seeing the body reduces pain, J. Neurosci. 29, 12125–12130.
Longo, M. R., Azañón, E. and Haggard, P. (2010). More than skin deep: body representation

beyond primary somatosensory cortex, Neuropsychologia 48, 655–668.
Longo, M. R., Iannetti, G. D., Mancini, F., Driver, J. and Haggard, P. (2012). Linking pain and

the body: neural correlates of visually induced analgesia, J. Neurosci. 32, 2601–2607.
Longo, M. R., Ghosh, A. and Yahya, T. (2015). Bilateral symmetry of distortions of tactile size

perception, Perception 44, 1251–1262.
Lopez, C. and Blanke, O. (2011). The thalamocortical vestibular system in animals and humans,

Brain Res. Rev. 67, 119–146.

http://dx.doi.org/10.1163/22134808-00002531


24 E. Azañón et al. / Multisensory Research (2016)

Lopez, C., Lenggenhager, B. and Blanke, O. (2010). How vestibular stimulation interacts with
illusory hand ownership, Consc. Cogn. 19, 33–47.

Lopez, C., Blanke, O. and Mast, F. W. (2012a). The human vestibular cortex revealed by
coordinate-based activation likelihood estimation meta-analysis, Neuroscience 212, 159–
179.

Lopez, C., Schreyer, H.-M., Preuss, N. and Mast, F. W. (2012b). Vestibular stimulation modifies
the body schema, Neuropsychologia 50, 1830–1837.

Lotze, M., Flor, H., Grodd, W., Larbig, W. and Birbaumer, N. (2001). Phantom movements and
pain. An fMRI study in upper limb amputees, Brain 124, 2268–2277.

Macaluso, E. and Maravita, A. (2010). The representation of space near the body through touch
and vision, Neuropsychologia 48, 782–795.

Makin, T. R., Scholz, J., Henderson Slater, D., Johansen-Berg, H. and Tracey, I. (2015). Re-
assessing cortical reorganization in the primary sensorimotor cortex following arm amputa-
tion, Brain 138, 2140–2146.

Mancini, F., Longo, M. R., Kammers, M. P. M. and Haggard, P. (2011). Visual distortion of
body size modulates pain perception, Psychol. Sci. 22, 325–330.

Maravita, A., Spence, C. and Driver, J. (2003). Multisensory integration and the body schema:
close to hand and within reach, Curr. Biol. 13, R531–R539.

Marino, B. F. M., Stucchi, N., Nava, E., Haggard, P. and Maravita, A. (2010). Distorting the
visual size of the hand affects hand pre-shaping during grasping, Exp. Brain Res. 202, 499–
505.

Marshall, P. J. and Meltzoff, A. N. (2011). Neural mirroring systems: exploring the EEG μ

rhythm in human infancy, Dev. Cogn. Neurosci. 1, 110–123.
McCabe, C. S., Haigh, R. C., Ring, E. F. J., Halligan, P. W., Wall, P. D. and Blake, D. R. (2003).

A controlled pilot study of the utility of mirror visual feedback in the treatment of complex
regional pain syndrome (type 1), Rheumatology 42, 97–101.

Melzack, R. and Wall, P. D. (1965). Pain mechanisms: a new theory, Science 150, 971–979.
Menzer, F., Brooks, A., Halje, P., Faller, C., Vetterli, M. and Blanke, O. (2010). Feeling in con-

trol of your footsteps: conscious gait monitoring and the auditory consequences of footsteps,
Cogn. Neurosci. 1, 184–192.

Metzinger, T. (2003). Phenomenal transparency and cognitive self-reference, Phenomenol.
Cogn. Sci. 2, 353–393.

Miller, L. E., Longo, M. R. and Saygin, A. P. (2014). Tool morphology constrains the effects of
tool use on body representations, J. Exp. Psychol. Hum. Percept. Perform. 40, 2143–2153.

Moseley, G. L. (2005). Distorted body image in complex regional pain syndrome, Neurology
65, 773.

Moseley, G. L., Parsons, T. J. and Spence, C. (2008). Visual distortion of a limb modulates the
pain and swelling evoked by movement, Curr. Biol. 18, R1047–R1048.

Murray, C., Arnold, P. and Thornton, B. (2000). Presence accompanying induced hearing loss:
implications for immersive virtual environments, Presence 9, 137–148.

Natsoulas, T. and Dubanoski, R. A. (1964). Inferring the locus and orientation of the perceiver
from responses to stimulation of the skin, Am. J. Psychol. 77, 281–285.

Nava, E., Steiger, T. and Röder, B. (2014). Both developmental and adult vision shape body
representations, Sci. Rep. 4, 6622.

Pavani, F. and Zampini, M. (2007). The role of hand size in the fake-hand illusion paradigm,
Perception 36, 1547–1554.



Multisensory Research (2016) DOI:10.1163/22134808-00002531 25

Pavani, F., Spence, C. and Driver, J. (2000). Visual capture of touch: out-of-the-body experi-
ences with rubber gloves, Psychol. Sci. 11, 353–359.

Pazzaglia, M., Smania, N., Corato, E. and Aglioti, S. M. (2008). Neural underpinnings of ges-
ture discrimination in patients with limb apraxia, J. Neurosci. 28, 3030–3041.

Penfield, W. and Boldrey, E. (1937). Somatic motor and sensory representation in the cerebral
cortex of man as studied by electrical stimulation, Brain 60, 389–443.

Penfield, W. and Rasmussen, T. (1950). The Cerebral Cortex of Man; a Clinical Study of Lo-
calization of Function. Macmillan, New York, NY, USA.

Petkova, V. I., Zetterberg, H. and Ehrsson, H. H. (2012). Rubber hands feel touch, but not in
blind individuals, PLoS ONE 7, e35912. DOI:10.1371/journal.pone.0035912.

Phillips, G. C., Jones, G. E., Rieger, E. J. and Snell, J. B. (1999). Effects of the presentation
of false heart-rate feedback on the performance of two common heartbeat-detection tasks,
Psychophysiology 36, 504–510.

Ploghaus, A., Tracey, I., Gati, J. S., Clare, S., Menon, R. S., Matthews, P. M. and Rawlins, J. N.
(1999). Dissociating pain from its anticipation in the human brain, Science 284, 1979–1981.

Power, R. P. and Graham, A. (1976). Dominance of touch by vision: generalization of the hy-
pothesis to a tactually experienced population, Perception 5, 161–166.

Press, C., Taylor-Clarke, M., Kennett, S. and Haggard, P. (2004). Visual enhancement of touch
in spatial body representation, Exp. Brain Res. 154, 238–245.

Price, D. D. (2000). Psychological and neural mechanisms of the affective dimension of pain,
Science 288, 1769–1772.

Proske, U. and Gandevia, S. C. (2012). The proprioceptive senses: their roles in signaling body
shape, body position and movement, and muscle force, Physiol. Rev. 92, 1651–1697.

Ramachandran, V. S. and Altschuler, E. L. (2009). The use of visual feedback, in particular
mirror visual feedback, in restoring brain function, Brain 132, 1693–1710.

Ramachandran, V. S., Brang, D. and McGeoch, P. D. (2009). Size reduction using Mirror Visual
Feedback (MVF) reduces phantom pain, Neurocase 15, 357–360.

Rincon-Gonzalez, L., Buneo, C. A. and Helms Tillery, S. I. (2011). The proprioceptive map
of the arm is systematic and stable, but idiosyncratic, PLoS ONE 6, e25214. DOI:10.1371/
journal.pone.0025214.

Rock, I. and Victor, J. (1964). Vision and touch: an experimentally created conflict between the
two senses, Science 143, 594–596.

Rode, G., Charles, N., Perenin, M. T., Vighetto, A., Trillet, M. and Aimard, G. (1992). Partial
remission of hemiplegia and somatoparaphrenia through vestibular stimulation in a case of
unilateral neglect, Cortex 28, 203–208.

Röder, B., Rösler, F. and Spence, C. (2004). Early vision impairs tactile perception in the blind,
Curr. Biol. 14, 121–124.

Röder, B., Föcker, J., Hötting, K. and Spence, C. (2008). Spatial coordinate systems for tactile
spatial attention depend on developmental vision: evidence from event-related potentials in
sighted and congenitally blind adult humans, Eur. J. Neurosci. 28, 475–483.

Rohde, M., Di Luca, M. and Ernst, M. O. (2011). The rubber hand illusion: feeling of owner-
ship and proprioceptive drift do not go hand in hand, PLoS ONE 6, e21659. DOI:10.1371/
journal.pone.0021659.

Romano, D. and Maravita, A. (2014). The visual size of one’s own hand modulates pain antici-
pation and perception, Neuropsychologia 57, 93–100.

http://dx.doi.org/10.1163/22134808-00002531
http://dx.doi.org/10.1371/journal.pone.0035912
http://dx.doi.org/10.1371/journal.pone.0025214
http://dx.doi.org/10.1371/journal.pone.0025214
http://dx.doi.org/10.1371/journal.pone.0021659
http://dx.doi.org/10.1371/journal.pone.0021659


26 E. Azañón et al. / Multisensory Research (2016)

Romano, D., Gandola, M., Bottini, G. and Maravita, A. (2014a). Arousal responses to noxious
stimuli in somatoparaphrenia and anosognosia: clues to body awareness, Brain 137, 1213–
1223.

Romano, D., Pfeiffer, C., Maravita, A. and Blanke, O. (2014b). Illusory self-identification with
an avatar reduces arousal responses to painful stimuli, Behav. Brain Res. 261, 275–281.

Sadibolova, R. and Longo, M. R. (2014). Seeing the body produces limb-specific modulation
of skin temperature, Biol. Lett. 10, 20140157.

Schmidt, L., Utz, K. S., Depper, L., Adams, M., Schaadt, A.-K., Reinhart, S. and Kerkhoff, G.
(2013). Now you feel both: galvanic vestibular stimulation induces lasting improvements in
the rehabilitation of chronic tactile extinction, Front. Hum. Neurosci. 7, 90. DOI:10.3389/
fnhum.2013.00090.

Schwoebel, J. and Coslett, H. B. (2005). Evidence for multiple, distinct representations of the
human body, J. Cogn. Neurosci. 17, 543–553.

Senna, I., Maravita, A., Bolognini, N. and Parise, C. V. (2014). The marble-hand illusion, PLoS
ONE 9, e91688. DOI:10.1371/journal.pone.0091688.

Serino, A., Farnè, A., Rinaldesi, M. L., Haggard, P. and Làdavas, E. (2007). Can vision of the
body ameliorate impaired somatosensory function? Neuropsychologia 45, 1101–1107.

Sigrist, R., Rauter, G., Riener, R. and Wolf, P. (2013). Augmented visual, auditory, haptic, and
multimodal feedback in motor learning: a review, Psychonom. Bull. Rev. 20, 21–53.

Singh, A., Klapper, A., Jia, J., Fidalgo, A., Tajadura-Jimenez, A., Kanakam, N., Bianchi-
Berthouze, N. and Williams, A. (2014). Motivating people with chronic pain to do physical
activity: opportunities for technology design, in: CHI’14 Proceedings of the SIGCHI Con-
ference on Human Factors in Computing Systems, Paris, France, pp. 2803–2812.

Soto-Faraco, S., Ronald, A. and Spence, C. (2004). Tactile selective attention and body posture:
assessing the multisensory contributions of vision and proprioception, Percept. Psychophys.
66, 1077–1094.

Tajadura-Jiménez, A., Väljamäe, A. and Västfjäll, D. (2008). Self-representation in mediated
environments: the experience of emotions modulated by auditory–vibrotactile heartbeat, Cy-
berpsychol. Behav. 11, 33–38.

Tajadura-Jiménez, A., Väljamäe, A., Toshima, I., Kimura, T., Tsakiris, M. and Kitagawa, N.
(2012). Action sounds recalibrate perceived tactile distance, Curr. Biol. 22, R516–R517.

Tajadura-Jiménez, A., Furfaro, E., Bianchi-Berthouze, N. and Bevilacqua, F. (2015a). Sonifica-
tion of virtual and real surface tapping: evaluation of behavior changes, surface perception
and emotional indices, IEEE MultiMedia 1, 48–57.

Tajadura-Jiménez, A., Tsakiris, M., Marquardt, T. and Bianchi-Berthouze, N. (2015b). Action
sounds update the mental representation of arm dimension: contributions of kinaesthesia and
agency, Front. Psychol. 6, 689. DOI:10.3389/fpsyg.2015.00689.

Tajadura-Jiménez, A., Basia, M., Deroy, O., Fairhust, M., Marquardt, N. and Berthouze, N.
(2015c). As light as your footsteps: altering walking sounds to change perceived body
weight, emotional state and gait, in: CHI’15 Proceedings of the 33rd Annual ACM Confer-
ence on Human Factors in Computing Systems, Seoul, Republic of Korea, pp. 2943–2952.

Tamè, L., Farnè, A. and Pavani, F. (2013). Vision of the body and the differentiation of perceived
body side in touch, Cortex 49, 1340–1351.

Taylor-Clarke, M., Jacobsen, P. and Haggard, P. (2004). Keeping the world a constant size:
object constancy in human touch, Nat. Neurosci. 7, 219–220.

http://dx.doi.org/10.3389/fnhum.2013.00090
http://dx.doi.org/10.3389/fnhum.2013.00090
http://dx.doi.org/10.1371/journal.pone.0091688
http://dx.doi.org/10.3389/fpsyg.2015.00689
Cuevas
Cross-Out

Cuevas
Inserted Text
Jiménez



Multisensory Research (2016) DOI:10.1163/22134808-00002531 27

Tipper, S. P., Lloyd, D., Shorland, B., Dancer, C., Howard, L. A. and McGlone, F. (1998). Vision
influences tactile perception without proprioceptive orienting, Neuroreport 9, 1741–1744.

Tipper, S. P., Phillips, N., Dancer, C., Lloyd, D., Howard, L. A. and McGlone, F. (2001). Vision
influences tactile perception at body sites that cannot be viewed directly, Exp. Brain Res.
139, 160–167.

Tonetto, L. M., Klanovicz, C. P. and Spence, C. (2014). Modifying action sounds influences
people’s emotional responses and bodily sensations, Iperception 5, 153–163.

Tsakiris, M. and Haggard, P. (2005). The rubber hand illusion revisited: visuotactile integration
and self-attribution, J. Exp. Psychol. Hum. Percept. Perform. 31, 80–91.

Tsakiris, M., Hesse, M. D., Boy, C., Haggard, P. and Fink, G. R. (2007). Neural signatures of
body ownership: a sensory network for bodily self-consciousness, Cereb. Cortex 17, 2235–
2244.

Valentini, E., Koch, K. and Aglioti, S. M. (2015). Seeing one’s own painful hand positioned
in the contralateral space reduces subjective reports of pain and modulates laser evoked
potentials, J. Pain 16, 499–507.

Väljamäe, A., Tajadura-Jiménez, A., Larsson, P., Västfjäll, D. and Kleiner, M. (2008). Handheld
experiences: using audio to enhance the illusion of self-motion, IEEE MultiMedia Mag. 15,
68–75.

Vallar, G. and Maravita, A. (2009). Personal and extra-personal spatial perception, in: Handbook
of Neuroscience for the Behavioral Sciences, G. Bernston and J. Cacioppo (Eds), pp. 322–
336. John Wiley and Sons, New York, NY, USA.

Vallar, G. and Ronchi, R. (2009). Somatoparaphrenia: a body delusion. A review of the neu-
ropsychological literature, Exp. Brain Res. 192, 533–551.

Vallar, G., Sterzi, R., Bottini, G., Cappa, S. and Rusconi, M. L. (1990). Temporary remission of
left hemianesthesia after vestibular stimulation. A sensory neglect phenomenon, Cortex 26,
123–131.

Vallar, G., Bottini, G., Rusconi, M. L. and Sterzi, R. (1993). Exploring somatosensory hemine-
glect by vestibular stimulation, Brain 116, 71–86.

Weber, E. H. (1996). De subtilitate tactus, in: E. H. Weber on the Tactile Senses, 2nd edn.,
H. Ross and D. Murray (Eds), pp. 21–128. Academic Press, London, UK. [Original work
published 1834.]

Yamamoto, S. and Kitazawa, S. (2001). Reversal of subjective temporal order due to arm cross-
ing, Nat. Neurosci. 4, 759–765.

zu Eulenburg, P., Baumgärtner, U., Treede, R.-D. and Dieterich, M. (2013). Interoceptive and
multimodal functions of the operculo-insular cortex: tactile, nociceptive and vestibular rep-
resentations, NeuroImage 83, 75–86.

http://dx.doi.org/10.1163/22134808-00002531



