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Introduction
On looking at one’s own hands, one immediately recognizes to whom they belong. One
automatically senses that these extremities are part of one’s own body without the need to
actively think about it. This percept of a body part or entire body as belonging to oneself
is called the sense (or feeling) of body ownership.1e5 The perceptual distinction between
what is part of one’s body and what is not is critical for survival and thus fundamentally
important for human perception, action, and cognition. Moreover, the sense of one’s own
body is the centerpiece of human conscious experience because it is from the perspective
of this bodily self that a person becomes aware of his or her surroundings. Importantly,
the sense of body ownership is multisensory in nature and cannot be easily reduced to a single sensory modality. The crucial aspect seems to be how all the impressions from the
different sensory modalities come together into a coherent percept of a single owned body
part (or body). This includes the feeling of the skin stretching around the digits and joints,
the feeling of coolness or warmth at the surface of the skin, the pressure and tension on
the muscles and tendons, and perhaps an ache in the wrist from yesterday’s tennis match.
Thus, the various sensations originating from the body and reaching the brain through
different peripheral and central pathways are effortlessly blended together into coherent percepts of one’s own body parts. The way the sense of body ownership emerges from the combination of individual sensory inputs is thus somewhat similar to the way one recognizes the
taste of one’s favorite red wine as a distinct yet rich composite of various tastes, smells, and
visual impressions. When viewed in this way, the term “sense of body ownership” is a
misnomer, strictly speaking, because it is not referring to a single basic sense analogous to
touch or olfaction, but rather a perception of one’s own body that arises from interpretation
of different kinds of afferent sensory signals. In this chapter, we will consider the problem
of body ownership from the perspective of multisensory perception and integration, focusing
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on recent behavioral and neuroimaging studies in humans that have addressed this issue
experimentally.
A good starting point for our discussions is a set of interesting observations published in
the neurological literature. We know that people with damage to their frontal and parietal
lobes can sometimes fail to recognize their paralyzed limbs as their own (asomatognosia:
loss of ownership of a limb; somatoparaphrenia: denial of ownership of a limb and confabulatory attribution of this limb to another person).6e11 This inability cannot be explained by
basic sensory impairments of vision or touch, as these individuals do see that they are looking
at a hand and can sometimes perceive somatic stimuli applied to the affected limb. Instead,
these neurological observations suggest that nonprimary areas in the frontal and parietal association cortices that have the capacity to integrate visual and somatosensory impressions
are responsible for generating the feeling of owning limbs. However, it is difﬁcult to make
inferences about the speciﬁc perceptual processes and neuronal mechanisms involved in
body ownership from neuropsychological studies alone because the lesions are typically
large, involving multiple areas and damaging the underlying white matter that connects
different parts of the brain.
Twenty years ago, a paper was published that sparked the modern interest in experimental studies of body ownership12 (for an earlier anecdotal observation see Ref. 13). In
this article, now cited over 1500 times according to Web of Science, the authors described
a fascinating perceptual illusion called the rubber hand illusion.12 To elicit this illusion, the
experimenter keeps the participant’s real hand out of the ﬁeld of vision (behind a screen, under the table, or under a box) while a realistic life-sized rubber hand is placed in front of the
participant (Fig. 8.1A). The experimenterdor an apparatusduses two small paintbrushes to
stroke the rubber hand and the participant’s hidden hand, synchronizing the timing of the
brushing as accurately as possible. After a short period of repeated stroking, approximately
10 seconds on average,14,15 the majority of people perceive that the rubber hand is their own
hand and that it senses the touches of the paintbrush. The illusion can be quantiﬁed subjectively with questionnaires and visual analogue rating scales,12,16 behaviorally as changes in
reported hand location toward the location of the rubber hand (“proprioceptive drift”),12,17

FIGURE 8.1 Induction of the classical version of the rubber hand illusion12 with synchronous brushstrokes
applied to the rubber hand, which is in view, and the participant’s real hand, which is hidden (A). The somatic rubber
hand illusion70 with a blindfolded participant is elicited by having the participant touch the rubber hand with her left
index ﬁnger at the same time as she receives touches on her real right hand (B). The invisible hand illusion42 was
induced by stroking “empty space” and the participant’s hidden real hand with very well-matched spatiotemporal
stroking patterns (C). The moving rubber hand illusion58 was produced by congruent movements of the rubber
hand’s index ﬁnger and the participant’s real index ﬁnger (D).
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and physiologically by recording skin conductance responses when the rubber hand is physically threatened or “injured”18 (for further discussions of these and other proposed methods,
see Ref. 2,19e23). What made this illusion so popular was that it provided scientists with a
model system in which to start to experiment with the sense of body ownership: one moment
the participant is looking at a lifeless piece of rubber, and the next moment the rubber hand
“comes alive” and becomes part of the participant’s perceived body, with the subjective feelings associated with a real limb. This explicit change in the sense of ownership of the rubber
hand is what sets this illusion apart from other well-known body illusions that involve
stretching, moving, or dislocating limbs and body parts.24e27 By systematically investigating
the perceptual rules that govern the rubber hand illusion and similar body ownership illusions (see below) and by clarifying the associated neuronal substrates of such illusory percepts with human brain imaging experiments, a great deal can be learned about how the
sense of ownership is generated under more natural conditions. In this chapter, we will
consider body ownership from a multisensory perspective, focusing on the multisensory processes that underpin this perceptual phenomenon. In particular, we will review studies that
show that body ownership shares many perceptual and neural similarities with fundamental
principles of multisensory integration, and we will discuss the parsimonious hypothesis that
body ownership can be explained as coherent multisensory perception of one’s own body.
We will not have time to discuss the fascinating philosophical implications of experimental
body ownership research.28 Alternative models of body ownership that are not based on
multisensory perception,29 models in which multisensory interactions are considered only
at the initial stage in a more complex cognitive architecture,3 and self-models based on predictive coding principles30e32 are also beyond the scope of the present discussion. The overall
structure of this chapter is that we will start by reviewing behavioral studies of the limb
ownership and rubber hand illusions, move on to the topic of functional magnetic resonance
imaging (fMRI) studies that have sought the neural correlates of limb ownership, and, ﬁnally,
turn to the issue of how a person comes to experience ownership of an entire body.

Perceptual rules of body ownership
One important goal for behavioral studies of body ownership has been to work out the
basic perceptual rules that determine the elicitation of ownership sensations. By clarifying
the fundamental constraints on the factors that elicit body ownership illusions, we can ascertain what kinds of processes are likely to mediate this perceptual phenomenon. As will be
discussed in detail below, the basic rules of body ownership bear striking similarities to
the temporal and spatial congruency principles that determine multisensory integration in
general,33e35 see chapter by Stein and Rowland, this volume. These principles state that
when two (or more) signals from two (or more) different sensory modalities occur at the
same time (temporal principle) and in the same place (spatial principle), they will be integrated, and multisensory perceptual unity will be experienced. The congruency of other stimulus features that inﬂuence multisensory binding, such as texture, shape, and orientation,35,36
also inﬂuences body ownership. The observation that the sense of body ownership is governed by the same principles as multisensory perception suggests that multisensory integration mechanisms play a critical role in this self-perceptual phenomenon.
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Temporal rule
The feeling of ownership of a limb depends on the temporal synchrony of multisensory
cues from that limb. Rubber hand illusion studies have repeatedly shown that the illusion
is abolished under asynchronous control conditions in which visual and tactile stimulation
have a temporal mismatch on the order of 500e1000 ms.14,17,18,37 When the temporal delay
between the visual and tactile stimulations was systematically varied, delays longer than
300 ms were found to signiﬁcantly reduce the illusion38e40 (Fig. 8.2B). Moreover, the degree
of asynchrony necessary to eliminate the rubber hand illusion is related to the individual’s
general perceptive sensitivity to asynchrony during visuotactile stimulation.41 Thus, there exists a systematic relationship between the temporal constraint of the rubber hand illusion and
the temporal binding window of vision and touch. The importance of the temporal congruency of the somatosensory and visual events in the rubber hand illusion ﬁts well with the
temporal congruency principle in multisensory integration.33,34
It should be made clear that the elicitation of the rubber hand illusion requires a series of
correlated synchronous (or near synchronous) visuotactile stimuli applied to the hands, usually on the order of at least ﬁve to six seen and felt strokes in participants susceptible to the
illusion.14,42 Anecdotally, an irregular pattern of simultaneous strokes gives a stronger illusion than a strictly regular pattern gives.43 Thus, the temporal structure of the correlated signals seems to be a factor that inﬂuences the illusion over and above temporal coincidence.

FIGURE 8.2

The distance rule of body ownership (A). The rubber hand illusion is strongest for distances less than
or equal to 27.5 cm between the rubber hand and the real hand.15 The temporal congruency rule of body ownership
(B). The rubber hand illusion is reduced as the asynchrony of seen and felt strokes increases, with asynchronies of
more than 300 ms breaking the illusion.39 Items one to nine relate to the statements in a questionnaire, where
statements one to three refer to the rubber hand illusion, and the others are controls for suggestibility and task
compliance. The humanoid shape rule of body ownership (C). Only the realistic-looking prosthetic hand elicits the
rubber hand illusion (top panel; stimulus 5, the rubber hand), and the other wooden objects with varying degrees of
resemblance to a hand do not66; the lower panel shows a behavioral index of the illusion (proprioceptive drift) for
each of the ﬁve objects tested.
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This is in line with studies on audiovisual integration44e46 that have shown that temporal correlation inﬂuences multisensory integration by strengthening the inference that the signals
have a common cause. Future experiments should characterize exactly how the ﬁnegrained patterns of temporally correlated multisensory signals inﬂuence body ownership.

Spatial rule(s)
The rubber hand illusion also depends on the spatial congruence of the various sensory
signals. There are several spatial factors that inﬂuence the rubber hand illusion, such as the
relative directions and locations of the tactile and visual stimulation on the seen rubber
hand and the unseen real hand, the relative orientations of the two limbs, and the distance
between the real hand and the rubber hand (distance rule), which will be discussed ﬁrst.
Lloyd15 parametrically varied the distance between the rubber hand and the hidden real
hand, and she found a signiﬁcant decrease in the strength of the illusion for distances greater
than 27.5 cm in the horizontal plane (Fig. 8.2A). Kalckert and Ehrsson47 obtained a very
similar result when examining the effect of vertical distance between the hands. These are
interesting observations because the dimensions approximately match the extent of peripersonal space (the space immediately surrounding our bodies48) around the upper limb as estimated in electrophysiological49,50 and neuropsychological51 studies. In addition, Preston
found that the strength of the illusion is affected not only by the distance between the rubber
hand and the participant’s real hand but also by the distance between the model hand and
the participant’s trunk and by whether the model hand was placed laterally or medially
with respect to the participant’s hand52; all these observations are compatible with multisensory processing in various body partecentered spatial reference frames (a combination of the
hand and the trunk, for example). The fact that the limb ownership illusion can be maintained
with a slowly elongating virtual arm53 does not falsify the spatial distance rule because, in
this case, peripersonal space probably gradually extends outward along with the ﬂexible representation of the stretched arm.25 Collectively, the above observations ﬁt with the notion that
peripersonal space is a basic constraint of body ownership illusions, which, in turn, suggests
that the integration of multisensory signals in body ownership occurs in spatial reference
frames centered on the body and its parts.
Another important aspect of the spatial principle is that the seen and felt brushstrokes
must be in the same direction on the rubber hand and the real hand.42,54,55 Importantly,
“same direction” is deﬁned with respect to a spatial reference frame centered on the hands,
such that if, say, the right rubber hand is rotated 20 degrees counterclockwise (toward the
body midline) while the hidden real hand is oriented straight ahead, then the strokes applied
to the rubber hand must also be rotated 20 degrees counterclockwise to maintain spatial
congruence with the straight strokes applied to the real hand.54 This corresponds well with
the notion that the illusion requires multisensory processing performed in body parte
centered spatial coordinate systems.50,56
However, the rubber hand illusion is not constrained only by spatial factors relating to
vision and touch. The spatial congruency between visual and proprioceptive information
about the orientation of the hand and arm is also important (orientation rule). When the rubber hand is rotated by 90 degrees17,57 or by 180 degrees14,58 with respect to the real hand, the
rubber hand illusion is abolished. Similarly, when the participant’s real hand is rotated
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90 degrees medially while the participant looks at a video image of his or her hand pointing
straight ahead, i.e., 90 degrees mismatch between the seen and felt hand positions, the
feeling of ownership of the seen hand is eliminated.55 In addition to orientation congruency,
the “anatomical plausibility” of the rubber hand is also important. Ide presented the rubber
hand rotated by 0 degrees, 45 degrees, 90 degrees, 180 degrees, 225 degrees, 270 degrees,
and 315 degrees and found signiﬁcantly stronger illusions for angles that were anatomically
plausible in that they were easy to mimic with the real hand (0 degrees, 45 degrees, 90 degrees, 315 degrees) than for implausible angles (180 degrees, 225 degrees, 270 degrees).59
As expected, the strongest illusion was seen for 0 degrees, when the rubber hand was presented in the same orientation as the hidden real hand. In a similar vein, the illusion is extinguished when a left rather than right rubber hand17 or a right rubber foot rather than a right
rubber hand60 is used in experiments involving the participant’s right hand. One recent
study even suggests that, with a certain set of experimental procedures, the rubber hand illusion can be elicited solely by the congruent orientation of the seen and felt hands, without
any application of synchronous brush stroking61 (however, no such effect was seen in
Ref. 62). Intriguingly, one recent paper argued that a weak rubber hand illusion could be elicited when the rubber hand and the real hand were placed in different postures (palm up vs.
palm down).63 However, the questionnaire ratings of ownership were relatively low for
incongruent postures, and no signiﬁcant behavioral effect was observed on the proprioceptive drift test. Moreover, this study did not directly compare congruent and incongruent
hand postures, meaning that the effect of postural congruency was not tested. Thus, collectively, the available data on the matter strongly suggest that the match between the seen and
felt orientations of the hands is an important spatial factor in the rubber hand illusion.

Tactile congruence rule
After discussing the effects of spatiotemporal congruence, we turn to congruencies among
other stimulus properties, beginning with tactile congruence between the seen and felt
touches. A recent study has found that the rubber hand illusion depends on the congruency
of the tools used to stroke the rubber hand and the real hand.64 Tactile incongruence was
created by touching the rubber hand with a pencil and the real hand with a paintbrush,
and this led to signiﬁcant reductions in the strength of the illusion. Interestingly, when
more similar tools were used that differed only in terms of roughness or smoothnessda
paintbrush versus a mascara brush,64 or a piece of cotton versus a rough sponge65dno signiﬁcant effect on the illusion was observed. It is not entirely clear why no effect was observed
for these subtler incongruencies. This observation might reﬂect the limited sensitivity of the
questionnaires and proprioceptive drift tests used to quantify limb ownership, or, more interestingly, it could suggest that there exists a “window of integration” in the dimension of
tactile congruency, such that less pronounced incongruencies are tolerated but more substantial incongruencies break the illusion. The tactile congruence rule is based on the multisensory congruency between the seen and felt objects touching the hands in terms of texture
and macrogeometric features; thus, similar to multisensory perception in general,35,36 body
ownership is inﬂuenced not only by spatiotemporal coincidence but also by congruencies
among other stimulus properties.
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Humanoid shape rule
The rubber hand illusion also depends on the congruency of the shape and spatial conﬁguration of the observed and felt limbs. When a rigid object is shown, it is clear that the object
must visually resemble a human hand for the participants to be able to experience the rubber
hand illusion. Objects that do not look like a human hand, such as blocks of wood or sticks,
do not elicit signiﬁcant limb ownership illusions.17,42,66 One important study tested the rubber hand illusion with a series of ﬁve different objects, ranging from a plain wooden block
that did not resemble a human limb to handlike wooden objects and a prosthetic hand,
and found that the participants experienced a sense of ownership only for the realisticlooking prosthetic hand66 (Fig. 8.2C). Thus, the object to be experienced as part of one’s physical self must resemble a human hand in terms of its shape and structure (at least when it is a
rigid physical object,42 see further below). We know that it is the humanoid shape of the object that matters, rather than the material or color, because the illusion works well with
wooden hands,37 metallic robotic hands,67 digital images of real hands,55 and hands of
different skin colors.68 From a multisensory perspective, the humanoid shape rule is another
example of multisensory congruency in which the shapes of the seen and felt hands are
matching or nonmatching. Alternatively, this constraint could be seen as a top-down effect
related to the semantic incongruency69 between the noncorporeal object in view and the participant’s real limb. A third explanation that has been put forward is that the viewed object
must ﬁt with a reference model of the body that contains structural information about body
parts.66 However, shape congruency might be the most parsimonious explanation because
the rubber hand illusion can be induced in a portion of empty space. In this rather counterintuitive “invisible hand illusion,”42 the scientist outlines the contours of an invisible hand by
moving the brush in empty space straight in front of the participants while corresponding
strokes are being applied to the hidden real hand (Fig. 8.1C). If these strokes are very well
timed and carefully matched in terms of their spatial trajectories, then the participants will
perceive that they have an invisible hand that is sensing the touches of the paintbrush. Importantly, in this case, the illusion relies entirely on the spatiotemporal correlations between
vision and touch, even in the face of gross semantic incongruence between the portion of
empty space and the participant’s real hand. Importantly, however, the shape of the “contours” of the invisible hand and the shape of the real hand are congruent. The illusion presumably works because the brain is used to situations in which the hand cannot be seen,
for example, in the dark or when it is occluded behind other objects. In summary, the basic
temporal, spatial, and other stimulus property constraints of the rubber hand illusion ﬁt well
with the notion that it is a genuine multisensory illusion and that body ownership can be
viewed as multisensory perception.

Multisensory congruency matters, not the particular modality
It appears that no single modality plays the all-decisive role in the elicitation of the rubber
hand illusion. Rather, it is the congruent patterns of available multisensory signals that drive
this perceptual phenomenon. Thus far, we have mainly considered the classic rubber hand illusion, in which the rubber hand is observed visually while tactile stimulation is applied to the
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model hand and the participant’s real hand. Importantly, however, various versions of the rubber hand illusion have been described that depend on different combinations of sensory modalities. For example, the illusion can be elicited without vision, as in the case of the
“somatic rubber hand illusion.”70e73 In this nonvisual version, the participant is blindfolded,
and the researcher moves the participant’s left index ﬁnger so that it is touching a right rubber
hand placed in front of him or her (Fig. 8.1B). Simultaneously, the researcher is touching the
corresponding part of the participant’s right hand, which is placed 15 cm to the left of the rubber hand; after a short period of repeated synchronized tapping, this stimulation triggers the
illusion that the participant is directly touching his or her own right hand.70,71 Thus, in this
case, it is the correlated tactile and proprioceptive signals from the two hands that are driving
the illusion, without any contribution by vision. Similarly, the illusion can be elicited without
touches being applied to the skin, as is the case with the “moving rubber hand illusion,”58 in
which a wooden model hand moves its index ﬁnger in synchrony with movements made
actively or passively by the participant’s own hidden index ﬁnger (Fig. 8.1D) (see also
Ref. 37,74e76). In this situation, it is the congruency of the seen and felt ﬁnger movements
that elicits the illusion, without dynamic tactile stimulation by an external object in peripersonal space. The illusion seems to be similarly strong for active and passive movements,37 which
suggests that the ownership effect is driven by visuokinesthetic integration. Moreover, this illusion can be elicited when the skin of the moving ﬁnger is anesthetized to eliminate tactile feedback from the stretching skin, which suggests that congruent visual and proprioceptive
information is sufﬁcient.77 Importantly, the moving rubber hand illusion and the somatic rubber hand illusion both obey the basic temporal and spatial rules of the classical illusion.47,58,70,73
Other sensory modalities can also contribute to the sense of limb ownership, as visuointeroceptive stimulation78e80 and auditory feedback81,82 can modulate the strength of illusory
ownership, and congruent visual and thermal stimulation can elicit the rubber hand illusion.83
Thus, body ownership seems to be shaped by the meaningful combination of all available sensory information from the different sensory modalities rather than being predominantly determined by a particular sensory domain, be it vision, touch, or proprioception.

Multisensory integration of body signals in the cortex: nonhuman primates
Before turning to the recent human neuroimaging studies that have investigated the neural
substrate of body ownership, we will ﬁrst consider the neurophysiological literature on
nonhuman primates and discuss some key regions that contain cells with receptive ﬁeld
(RF) properties that makes them particularly good candidates to implement the underlying
neuronal mechanisms. Speciﬁcally, we will focus on multisensory areas in the frontal and parietal association cortices, particularly the premotor cortex, the cortices lining the intraparietal
sulcus (the medial, ventral, and lateral intraparietal areas, also known as the MIP, VIP, and
LIP), and the inferior parietal cortex (area 7), where electrophysiological studies in macaque
monkeys have described single neurons that respond to visual, tactile, and proprioceptive
stimulation.84 Interestingly, many neurons in the ventral premotor cortex respond to a visual
stimulus only when it is presented close to the monkey, i.e., within peripersonal space, which
extends approximately 30 cm from the body,85 and these cells typically have overlapping visual and tactile RFs. Further studies showed that these multisensory cells in the premotor
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cortex encode peripersonal space in body partecentered coordinate systems50 because these
neurons’ RFs were anchored to the arm, such that when the arm moved, the visual RFs of the
multisensory neurons moved along with it,49,50,86 and because the RFs were independent of
the position of the monkey’s gaze.50,87 Further studies have revealed a number of frontal and
parietal areas with multisensory neurons that show visual and sometimes also auditory RFs
with extension limited to the space surrounding the monkey’s body; these areas include the
VIP,88e93 parietal area 7b,88,94 the putamen,95 the secondary somatosensory cortex,96 and parietal areas 2 and 5,97,98 in addition to the abovementioned ventral premotor cortex. Importantly, we know that these kinds of cells can perform multisensory integration89,97 and that
they seem to do so according to the temporal and spatial congruency rules.89 Moreover, neurons in the premotor cortex and the medial intraparietal area not only respond to dynamic
tactile stimuli applied to the body but also show sensitivity to the orientation congruency
of seen and felt postures of the upper limb.97,99 Thus, areas in the frontal and parietal association cortices contain multisensory neurons that obey the temporal and spatial congruency
principles of multisensory integration, which makes them good candidates to implement the
perceptual rules of body ownership.

Multisensory integration of body signals in the cortex: human neuroimaging
Accumulating neuroimaging studies on healthy volunteers suggests that circuits for multisensory integration of body-related signals in peripersonal space also exist in the human
brain. fMRI studies have identiﬁed areas in the premotor cortex and intraparietal cortex
that respond to both visual and tactile stimulation in relation to speciﬁc body parts14,55,100e104
and to visual stimulation near the hand in peripersonal space.56,100,105 In two fMRI experiments,55,104 Gentile and colleagues consistently observed strengthened activation in the
ventral premotor cortex, intraparietal cortex, inferior parietal cortex (supramarginal gyrus),
and cerebellum in a condition in which the real right index ﬁnger was stroked with a small
soft ball attached to a stick in the participant’s sight (congruent visuotactile condition),
compared with (i) when the participants closed their eyes during the application of the
strokes (unimodal tactile stimulation) (Fig. 8.3A), (ii) when the small ball was moved 2 cm
above the index ﬁnger without touching it (unimodal visual stimulation) (Fig. 8.3A), or
(iii) when temporally or spatially incongruent visuotactile stimulation was applied
(Fig. 8.3A and B). Thus, these regions integrate visual and tactile signals from the upper
limb. Moreover, multisensory neuronal populations in several of these areas show selectivity
in their response proﬁles for visual stimuli presented near the hand, consistent with the
notion that these groups of cells have RFs restricted to peripersonal space near the hand
(“perihand space”). Brozzoli and colleagues used the blood oxygenation level-dependent
(BOLD) adaptation technique (i.e., the suppression of BOLD signal related to the repetition
of the same stimulus, which reveals neuronal stimulus selectivity at the population level106)
to show that the active areas in the ventral and dorsal premotor cortex, intraparietal cortex,
and inferior parietal cortex (supramarginal cortex) show neural selectivity for visual stimuli
presented near the hand105 and that the premotor and intraparietal responses appeared to be
anchored to the hand such that when the hand was placed in a new location, the selective
neural responses shifted along with the hand56 (Fig. 8.3C). Thus, the human premotor and
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FIGURE 8.3

Areas of the premotor cortex and posterior parietal cortex that show greater fMRI activation during
congruent visuotactile stimulation applied to the right hand than during unimodal visual or unimodal tactile
stimulation104 (A). The ventral premotor cortex (PMv) and the cortices lining the intraparietal sulcus (IPS) show
greater activation for congruent visuotactile stimulation of the right hand than for temporally and spatially incongruent visuotactile stimulation55 (B). Areas that show (fMRI BOLD adaptation) selectivity for visual stimulation in
space near the hand (yellow) compared with areas that display a lack of such a hand-centered response proﬁle
(blue)56 (C).

intraparietal cortices (and other regions) respond to spatially and temporally congruent
multisensory stimulation from the body and the space near the body, in line with the
single-cell data from nonhuman primates. In the next section, we will consider how activity
in these areas relates to body ownership.

Neuroimaging studies of limb ownership
Neuroimaging experiments conducted in different laboratories over the last 5 years have
provided accumulating evidence that the sense of ownership of a limb is associated with activation of multisensory areas in the frontal and parietal lobes.40,42,55,107e109 Ehrsson and colleagues conducted the ﬁrst fMRI study of the rubber hand illusion, and these authors
found increased BOLD signal in the premotor cortex and intraparietal cortex during the rubber hand illusion compared with relevant control conditions with visuotactile asynchrony
and/or spatial incongruency in terms of seen and felt hand orientation14 (Fig. 8.4A). Moreover, the subjectively rated strength of the illusion across individuals predicted the degree
of activity in the bilateral ventral premotor cortex. The activation of the ventral premotor cortex40,42,55,56,107,108,110 and intraparietal cortex42,55,56,107,108 has been reproduced in fMRI studies
involving various versions of the rubber hand illusion (Fig. 8.4C and D) including the invisible rubber hand illusion42 and the somatic rubber hand illusion.70 Interestingly, activity in
the bilateral ventral premotor cortex and the bilateral intraparietal cortex, as well as the bilateral inferior parietal cortex (supramarginal gyrus) and the right cerebellum, also reﬂects the
default sense of ownership when participants look at their real hand being stroked, and this
activity is reduced when spatial and temporal incongruencies between the visual and tactile
stimuli are introduced, which also causes the participants to lose the sense of ownership of
their hand55 (Fig. 8.4B). The stronger this “hand disownership” effect, the greater the reduction in the fMRI signal in the left ventral premotor cortex and right intraparietal cortex. Thus,
the activity in the premotor cortex and the intraparietal cortex is not restricted to the cases of
illusory ownership of rubber hands but also reﬂects ownership of real hands.
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FIGURE 8.4 fMRI activity in the ventral premotor cortex (left) and intraparietal cortex (right) that reﬂects the
sense of ownership of a rubber hand14 (A). Activation in the ventral premotor cortex, intraparietal cortex, and inferior
parietal cortex that reﬂects the default sense of ownership of one’s real hand55 (B). Ownership of the upper limb
driven by orientation congruency of the observed and felt hand is associated with activation in the ventral premotor
cortex (PMv), the inferior parietal lobule (IPL), the extrastriate body area (EBA), and the medial aspect of the posterior
part of the intraparietal sulcus (here termed the posterior superior parietal lobe, pSPL)107 (C). Metaanalysis of neuroimaging studies that associate activation (blue) in the ventral premotor cortex (PMv) and intraparietal cortex (IPS)
with body ownership in various illusion-based paradigms109 (D).

fMRI has also been used to investigate whether the rubber hand illusion is associated with
a dynamic shift in peripersonal spacedfrom the hidden real hand toward the model hand in
view, which is indicated by changes in the visual RFs of a small number of neurons recorded
from the posterior parietal cortex when monkeys observed a stuffed monkey arm being
stroked in synchrony with strokes applied to the monkey’s hidden real arm.97 In a study
by Brozzoli and colleagues,56 a small ball was repeatedly presented close to the illusorily
owned rubber hand, and the BOLD adaptation responses selective to this visual stimulus
in perihand space around the upper limb were quantiﬁed and compared with a control condition without illusory ownership. The responses indicative of a selective near-hand response
in the bilateral ventral premotor cortex, bilateral putamen, and right intraparietal cortex were
greater during the rubber hand illusion than without the illusion,56 an observation that is well
in line with the notion that, when the rubber hand is owned, the multisensory neurons
encode peripersonal space around the model hand just as they do around the real hand under
natural conditions.56,97,105 Furthermore, the greater the subjective strength of the illusion, the
stronger this neuronal shift in perihand space in the ventral premotor cortex,56 linking the
subjective illusion phenomenon to dynamic shifts in the RF properties of multisensory neurons in this area.
In addition to the premotor cortex and the intraparietal cortex as discussed above, recent
neuroimaging studies of limb ownership have also consistently found activation in an area
tentatively identiﬁed as the extrastriate body area (EBA), as well as in the cerebellum. The
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EBA is a region located in the lateral occipital cortices (LOCs) that is specialized for the visual
processing of body parts.111 Earlier studies suggested that the visual processing in this region
might be inﬂuenced by somatosensory information because modulations of LOC activity
have been seen during tactile112e114 and proprioceptive115,116 stimulation procedures. These
crossmodal inﬂuences likely stem from sources in the posterior parietal cortex,117 which is
functionally connected to the LOC.118 In terms of body ownership, several studies have reported signiﬁcant increases in activation in the LOC during versions of the rubber hand illusion paradigm42,55,107,108,119 (Fig. 8.4C), and the stronger the subjective ownership illusion, the
stronger the LOC activation.55,107 The 2014 study by Limanowski and Blankenburg119 is
important in this respect because they used a well-established functional localizer procedure
to identify the EBA in their particular group of participants, which enabled them to demonstrate that the activity associated with the rubber hand illusion was indeed located in the
EBA. One interpretation of this EBA activity is that it reﬂects crossmodal interplay,120
whereby congruent tactile and proprioceptive signals inﬂuence the visual processing of
hand signals via top-down modulations from posterior parietal regions in a way that potentially aids visual self-recognition of the hand. This notion is consistent with the increased
effective connectivity found between the intraparietal cortex and the LOC when participants
experience ownership of a limb in view.55,108
There are also compelling indications that the cerebellum is involved in the rubber hand illusion (not shown in the ﬁgures). Several experiments have found activation of the lateral cerebellar
hemispheres in the integration of spatially and temporally congruent multisensory signals from
the hand in various versions of the rubber hand illusion paradigm.14,42,55,70,108 This part of the cerebellum receives proprioceptive,121 visual,122 and tactile123 inputs and is responsive to congruent
multisensory stimulation of the right upper limb.104,124 Interestingly, there is increased effective
connectivity between this cerebellar region and the intraparietal cortex when people experience
ownership of a limb,55 an observation that is consistent with known anatomical connections between these areas.122,125 Thus, given the important role of the cerebellum in generating sensory
predictions,126 it can be speculated that the cerebellum is involved in the detection of synchronous
multisensory signals and the formation of crossmodal temporal predictions that support the
multisensory processing in frontoparietal cortical areas.55

Full-body ownership
Thus far, we have considered the sense of ownership of a single limb only. However, the
rubber hand illusion can be extended to the entire body, and such studies provide additional
information about the relationship between body ownership and multisensory processing.
Petkova and Ehrsson described how a full-body ownership illusion could be elicited with
the body of a mannequin.127 To observe the mannequin’s body from the natural ﬁrstperson perspective, the participants wore head-mounted displays (HMDs) connected to
two cameras placed side by side to provide a 3D video image feed to the HMDs
(Fig. 8.5A). The two cameras were positioned on the head of a mannequin so that the participants were looking down on the mannequin’s body with stereoscopic vision.127 Thus, when
the participants wore the HMDs connected to these cameras and looked down, they saw the
mannequin’s body in the location to that where they would expect to see their own real body

II. Multisensory interactions
Multisensory Perception, First Edition, 2020, 179e200

Author's personal copy
Full-body ownership

191

FIGURE 8.5 Elicitation of the full-body ownership illusion with a mannequin, head-mounted displays (HMDs),
and synchronized touches127 (A). In the HMDs, the participants observed the mannequin from the ﬁrst-person
perspective (B), as shown here from an fMRI experiment that associated activation in the ventral premotor cortex
(D) and intraparietal cortex (E) with the full-body ownership illusion.136 The arrangement of the HMDs, the tilted
head coil, and the participant’s head that is tilted inside the head coil to simulate a natural view of the body during
the fMRI experiments (C). Activation associated with illusory full-body ownership of a stranger’s body is shown
projected onto a “ﬂattened” 3D image of a standard brain109 (F). IPS, Intraparietal sulcus; PMv: Ventral premotor
cortex; PMd, Dorsal premotor cortex; LOC, Lateral occipital cortex.

(Fig. 8.5B). When the experimenter used a pair of rods to touch the mannequin’s abdomen
and the person’s real abdomen simultaneously at corresponding sites for 1 minute, this elicited in participants the illusion that the mannequin’s body was their own.127 This effect
was quantiﬁed with questionnaires and by registering the skin conductance responses
when the participants observed a knife cutting the belly of the mannequin.127 The illusion
is robust and works just as well with real human bodies128e130 and computer-generated avatars131,132 as with mannequins.
The full-body ownership illusion seems to depend on the same perceptual rules as the rubber hand illusion. Asynchronous stroking of the mannequin body and the participant’s real
body signiﬁcantly reduces the illusion, and anecdotal observations suggest that this reducing
effect of asynchrony is strengthened when combined with stroking noncorresponding body
parts.133 Furthermore, the mannequin viewed from the ﬁrst-person point of view needs to be
presented in the same orientation in peripersonal space as the real body, so that the body one
sees matches the body one senses through proprioception. Presenting the mannequin’s body
several meters away from the person’s real body viewed from the third-person perspective
(as one sees another individual134,135; see also Ref. 132) or presenting the mannequin in peripersonal space but rotating it so that the head is placed near participants’ unseen feet136
signiﬁcantly reduces the illusion. This orientation congruency effect is so strong that the illusion can be elicited even without the applications of synchronous touches, especially if the
spatial match is so close that the artiﬁcial body is “substituted” for the real body.132 Moreover, the illusion is eliminated when a large block of wood is presented instead of a mannequin,127,136 in line with the humanoid shape rule; however, as with the invisible hand illusion
described above, it is possible to elicit an “invisible-body illusion” if the experimenter very
carefully outlines the “contours” of an invisible body by systematically stroking different
body parts.137 Furthermore, as with the rubber hand illusion, the full-body ownership illusion
can be elicited by congruent seen and felt movements instead of touches applied with probes
or brushes.127,132,138,139 Thus, the full-body ownership illusion depends on the same temporal,
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spatial, and humanoid shape congruency principles as the rubber hand illusion described
earlier, suggesting the involvement of similar multisensory processes.
This conclusion is further supported by fMRI studies describing how the full-body ownership illusion is associated with activity increases in the ventral premotor cortex128,136,140
(Fig. 8.5D and F), the intraparietal cortex128,136,140 (Fig. 8.5E and F), the LOC128,140
(Fig. 8.5F), the lateral cerebellar hemispheres,128,136 and the putamen128,136 compared with
various control conditions with temporally and spatially incongruent visuotactile stimulation
or with the mannequin replaced by a block of wood or with the mannequin presented from a
third-person perspective. Moreover, the degree of activation in the ventral premotor cortex
correlates with the strength of the full-body ownership illusion as rated in questionnaires.128,136,140 Thus, both the perceptual rules and the patterns of brain activation support
the notion that similar multisensory processes are involved in limb and full-body ownership.
Still, how are the parts integrated into the whole in own-body perception? One experiences a
single coherent body, not a set of disconnected parts, as one’s own physical self. The full-body
ownership paradigm has been used to address this question. A striking feature of the full-body
illusion is that one experiences the entire body in view as one’s own, not merely the particular
part that receives the dynamic visuotactile stimulation.127,141 This effect can be studied by stimulating one body part (e.g., the right hand) and then probing ownership of speciﬁc other body
parts (e.g., the abdomen) by using questionnaire ratings or threat-evoked skin conductance responses. The results show how ownership “spreads” from the body part that is stroked to also
encompass the others, in line with the entire mannequin’s body being experienced as one’s
own.127,141 This unitary experience probably requires multisensory perceptual binding of the
different limbs and body segments into a single perceptual whole.
In terms of a possible brain mechanism for such full-body perceptual binding, neuronal
populations with the capacity to integrate visual, tactile, and proprioceptive signals across
body segments might play a key role. Multisensory neurons with RFs that cover two or
more body segments have been described in the ventral premotor cortex,49,85,142 the cortices
lining the intraparietal sulcus,92,143 and the inferior parietal cortex144; even neurons that
respond to the entire body have been reported.92,142,144,145 fMRI has been used to search
for neural correlates of whole-body perceptual binding effects.136,141 One approach is to
compare the synchronous versus asynchronous stroking of the mannequin’s hand in two
contexts: either the mannequin’s hand was visibly attached to the rest of the mannequin,
which triggers the full-body ownership illusion when synchronous stroking is added, or
the artiﬁcial hand was detached from the mannequin and simply displayed in isolation
without any mannequin next to it, which is a condition that does not elicit a full-body
ownership illusion even with synchronous visuotactile stimulation.136 The former condition, with the artiﬁcial hand attached to the mannequin’s body and the experience of illusory full-body ownership, was associated with increased activation in sections of the
dorsal and ventral premotor cortices, the intraparietal cortex, the secondary somatosensory
cortex, and the lateral cerebellum. This ﬁnding suggests that whole-body multisensory
binding requires additional neural processing in these regions over and above the multisensory processing related to the “detached” hand. A multivariate pattern recognition technique called “multivoxel pattern analysis” has been used to further examine how
neuronal population responses relate to full-body perceptual binding.136,141 In these experiments, classiﬁers were trained to identify ﬁne-grained patterns of activity that were similar
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regardless of whether the full-body ownership illusion with a mannequin was elicited by
synchronously stimulating the abdomen or the right hand,136 or by stimulating the
abdomen, the right hand, or the right foot141 (compared with control conditions with asynchronous stimulation of the corresponding body parts). Patterns of active voxels that contained information about full-body ownership irrespective of which body part was used
to elicit the illusion were identiﬁed in the ventral premotor cortex,136,141 which supports
the idea that whole-body ownership percepts are associated with the integration of multisensory signals originating from multiple segments of the body.

Self-identiﬁcation, mirrors, and the third-person visual perspective
In this chapter, we have focused on the rubber hand illusion and the full-body ownership
illusion when the mannequin body is viewed from the ﬁrst-person perspective. In these
cases, vivid and explicit body ownership is experienced, and the initial conﬂict between
the senses is resolved by the formation of a coherent illusory percept of the artiﬁcial
hand or plastic body in view as one’s own. However, multisensory interactions can also inﬂuence self-recognition of faces and bodies observed at a distance. When participants are
stroked on their face while they are looking at a morphed face on a computer screen146
or another person’s face147 being touched in synchrony, this visuotactile stimulation promotes recognition of the face as their own compared with asynchronous conditions
(“enfacement illusion”). Similarly, synchronous stimulation of the participant’s real back
and the back of a virtual body presented several meters in front of the participant through
an HMD makes the participant self-identify with the virtual body,148 and this is accompanied by behavioral changes in indices of body representation and peripersonal space.149e152
These “enfacement illusions” and “full-body illusions” for bodies viewed at a distance from
a third-person perspective are very interesting in their own right and have been used to
address a wide range of issues related to self-identiﬁcation (or self-recognition), bodily
self-consciousness, and sense of self.30,153 However, these ﬁndings do not contradict the
spatial constraints of body ownership that we have discussed in this chapter because
even if illusory self-recognition is boosted by visuotactile correlations, the participants still
sense the spatial discrepancy between their own body as sensed from the ﬁrst-person
perspective and the artiﬁcial body or other person’s face they observe at a distance, that
is, the perceived spatial conﬂict is not eliminated154 and a full-blown body ownership illusion is not experienced as in the rubber hand illusion and full-body ownership illusions
from the ﬁrst-person perspective.132,134 Interestingly, the rubber hand illusion and the
full-body ownership illusion work when the participant sees the rubber hand,155 the mannequin,135 or a virtual body139,156,157 in a mirror placed straight in front of him or her. However, these observations do not falsify the spatial constraints of body ownership, as, in these
cases, the visual information from the mirror reﬂection is automatically projected back to
the participant’s own body standing in front of the mirror. Importantly, if the mirror is
removed and replaced by a rubber hand or mannequin facing the participant, the ownership illusion is signiﬁcantly reduced, which demonstrates that the mirror transformation
plays a critical role in perceived ownership of the body reﬂected in the mirror.135,155
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Summary
This chapter has discussed multisensory processes in body ownership. A large body of
behavioral and neuroimaging data supports a close relationship between multisensory
perception and the sense of ownership of limbs and entire bodies. From behavioral experiments, we have learned that the rubber hand illusion and other limb ownership illusions
obey temporal, spatial, and other congruency rules that are related to the properties of the
stimuli, which ﬁts well with the congruency principles of multisensory integration. Moreover,
illusory changes in body ownership do not seem to depend on, or to be dominated by, a single particular modality; rather, such illusions are the outcome of a ﬂexible integration process
in which all available information from the different sensory modalities is used. This is illustrated, for example, by the many different versions of the rubber hand illusion that are based
on different combinations of multisensory stimuli. In terms of the human brain, fMRI studies
associate changes in the sense of body ownership with increases in activity in multisensory
cortical areas such as the premotor cortex and posterior parietal cortex. Importantly, the degree of activity in these areas mirrors the perceptual rules of the rubber hand illusion and
shows a systematic relationship with the subjective strength of experienced ownership.
The behavioral and neural principles of body ownership have also been extended to the
case of the entire body with full-body ownership illusions in which people experience
the bodies of mannequins, strangers, and simulated avatars as their own. Collectively, the
reviewed studies not only show that multisensory processes play an important role in how
we come to experience our body as our own but also suggest that body ownership can be
explained as the formation of a coherent multisensory percept of one’s body by multisensory
integration mechanisms.
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