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Abstract 

The body schema and the body image are hypothetical constructs that are 

often used to describe or explain the results of a wide variety of experimental 

manipulations, neuropsychological disorders, and perceptual phenomena. 

Unfortunately, many different conceptualisations of 'body schema' and 'body 

image' are currently in circulation, and despite some valuable attempts to draw 

clear distinctions between these terms, confusion remains in the literature. 

Rather than attempting to define, or to examine the utility of, these 

hypothetical constructs, we here provide a classification of some recent 

experimental methods used to study the perception of the body, and compare the 

findings of behavioural, neuropsychological, and neurophysiological approaches. 

We focus on three broad areas of research involving: 1) Manipulations of visual 

information pertaining to the body by the use of prisms, mirrors, television 

systems, and even shadows of the body; 2) Manipulations of the body with 

artificial body-parts such as rubber arms; and the extent to which clothes and 

bodily adornments may relate to bodily perception and awareness; and 3) The 

effects of the use of a variety of tools on multisensory and sensorimotor 

interactions in peripersonal and extrapersonal space. 

In reviewing these approaches to studying the integration of multisensory 

information with respect to the body, we suggest a new framework for 

interpreting the results of such experiments. Rather than invoking the abstract 

concept of the ‘body schema,’ we believe the focus should be on experimentally 

more tractable aspects of bodily experience, such as the perceived location, or the 

ownership of individual body-parts, the attribution of sensations and movement to 

particular body-parts, or the extent to which external objects participate in 

multisensory and sensorimotor interactions. We suggest that, as a first step to 

establish such a framework, a classification of some recent methodological 
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approaches to studying the body helps to clarify the extent to which the results of 

these diverse experimental approaches may relate to the same neural systems or 

psychological processes. As new experimental findings, clinical abnormalities, 

and perceptual illusions relating to the body are studied and integrated into the 

ever-expanding academic corpus, it may be necessary to revise the classical 

concepts of body image and body schema, in order to provide more parsimonious, 

functional, or operational accounts of these phenomena, and try to relate them 

specifically to our physiological and neuropsychological understanding of the 

brain. 
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1 Introduction: The historical concept of the body schema 

The concept of the body schema has enjoyed a long and colourful ‘career’ 

in the fields of psychology, neuroscience, neuropsychology, and philosophy 

(Miles, 1957). The inauguration of this concept is often traced back to Head and 

Holmes (1911-1912), who described both a postural schema, underlying our 

awareness of the position of our body and its parts, particularly the limbs, and a 

superficial or surface schema, underlying our capacity to localise stimuli on the 

skin. However, by the time Head and Holmes described these two schemata, other 

very similar concepts were already in their third decade of existence. Surveying 

the ancestry of this family of concepts, Oldfield and Zangwill (1942) traced their 

source to Munk’s writings of 1890. Fifteen years later, Bonnier (1905) argued that 

his work of 1893 had been the first to express the concept of an organised spatial 

representation, or ‘spatial sense,’ of the body with respect to the world. Despite 

his insistence, however, most researchers still prefer to cite Head and Holmes 

(1911-1912) as the ‘discoverers’ of the body schema.1 

Since the birth of the concept of the body schema, it has increasingly been 

used to explain a variety of clinical, behavioural, and experiential phenomena. 

With its sibling terms of ‘body image,’ ‘corporeal awareness,’ ‘body 

representation,’ and any number of linguistic and theoretical variations upon this 

theme, several authors have asked whether the concept continues to have any 

utility (e.g., Kinsbourne, 1995; Poeck & Orgass, 1971). As new bodily 

experiences, somatic sensorimotor disorders, and experimental manipulations of 

bodily perception are discovered, accepted, and refined within the medical and 

scientific communities, the number of phenomena falling under the umbrella of 

body image/schema disorders, and by implication, the number of functions 

purportedly performed by the body schemata in the neurologically unimpaired, 

has grown almost exponentially. Head and Holmes’ (1911-1912) original 
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definition of the body schema (usually, only the definition of their ‘postural 

schema’ is referred to – since their ‘superficial schema’ never achieved such 

fame) was restricted to proprioceptive information underlying the appreciation of 

changes in the position and orientation of one’s own body-parts. 

Over the next eighty-five years, the domain to which the concept of the 

body schema has been applied has stretched and expanded to include any number 

of corporeal phenomena – not simply those related to the appreciation of postural 

change. Berlucchi and Aglioti (1997), in their stimulating review of the 

phenomena of bodily disorders and recent experimental findings concerning 

bodily perception, opened the conceptual umbrella wider, perhaps, than anyone 

else by defining bodily representations as: 

 

“…a mental construct that comprises the sense impressions, perceptions 

and ideas about the dynamic organization of one's own body and its 

relation to that of other bodies, [which] is variously termed the body 

schema, body image and corporeal awareness.” (Berlucchi & Aglioti, 

1997, p. 560). 

 

In this all-encompassing definition, not only are the various terminologies 

for different aspects of the body schema(ta) merged into a single definition, but 

their concept includes ‘impressions, perceptions, and ideas’ rather than being a 

subset of, largely unconscious, physiological processes pertaining to 

proprioception (i.e., to the body schema), and it includes not only the body of the 

individual him- or herself, but also extends to include the knowledge and 

perception of all bodies and their relations to our own (i.e., to the body image, 

according to Campbell’s, 1995 terminology). Berlucchi and Aglioti’s definition of 

the body schema is wrapped up with that of the definition of the body image, 
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whereas other authors have insisted that these two concepts should be kept quite 

separate (Gallagher, 1995). 

 

1.1 Beyond the body schema? 

Many other definitions of the body schema and/or body image are 

available, beyond those outlined above. However, rather than attempting to offer 

our own definition, or to review published evidence pertaining to the validity of 

the concept itself, we aim to avoid this slippery issue here, by concentrating on 

several aspects of bodily perception and action that emerge in a variety of 

different experimental methodologies. In the present chapter, we review three 

broad areas of experimental research, namely: 1) The effects of the manipulation 

of visual information on the felt location and identity of individual body-parts, 

and the extent to which visual and tactile information is integrated under such 

conditions; 2) How artificial body-parts affect the integration of visual and tactile 

information, and how clothes and bodily adornments may become ‘incorporated’ 

into bodily representations (for example, clothes may enhance the felt dimensions 

of the body or body-parts); and 3) How the skilled use of a variety of tools may 

lead to altered multisensory or sensorimotor interactions, and the incorporation of 

such tools into bodily representations. In each case, we shall start with a 

description of the type of manipulation, and provide examples from the 

experimental literature as to how these various manipulations may be used to 

study, and hopefully to understand, various aspects of bodily experience. 

Additionally, wherever possible, we shall make conceptual links between 

methodological approaches, and between human experimental, 

neuropsychological, neurophysiological and other domains of study, in order to 

highlight the commonalities (as well as the differences) between them, and to use 
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these conceptual links to suggest a variety of new approaches to studying the 

neural representations of the body and of peripersonal space. 

The specific purposes of the present article are therefore threefold: 1) To 

avoid invoking the rather abstract concepts of the ‘body schema,’ ‘body image,’ 

or a singular ‘body representation,’ and to focus instead on a number of different 

aspects of bodily experience that may submit to more rigorous experimental 

investigation.2 Such aspects include, but are not limited to, the felt location of 

individual body-parts, the relationship between visual and tactile stimuli in 

personal and extrapersonal space, the attribution of visual and tactile sensations to 

visible body-parts, the identification of or with visible body-parts as belonging to 

oneself, and the ‘incorporation’ of external objects into normal multisensory and 

sensorimotor interactions; 2) To provide a classification of the experimental 

approaches reviewed in the present chapter, particularly regarding the use of tools 

and other objects, which is an area of much recent interest in our own and in other 

laboratories; and 3) To suggest new areas of research, particularly regarding the 

effects of shadows and of clothes and bodily adornments on the perception of and 

action with the body. Clothes, tools, shadows, and artificial body-parts have all 

been the subject of much speculation as to the extent to which they are 

incorporated into bodily representations, yet little experimental attention has been 

devoted to this area until recently. We hope the present review will go some way 

toward remedying these empirical deficits. 

 

2 Manipulating the visual location of individual body-parts 

By the use of prisms, shadows, mirrors, and video monitors, we can 

displace the visual location or projection of the body artificially with a varying 

degree of abstraction from natural viewing conditions. In these ways, the visual 

image of our hands, for example, can be displaced to appear in another portion of 
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space, or visual feedback concerning their movements can be delayed so that they 

appear at another (subsequent) instant in time. These methods introduce conflicts 

between the visually specified positions, movements, or orientations of the body 

and its parts, on the one hand, and the information provided by proprioception, 

touch, balance, and audition on the other. Given that, in many situations, visual 

information dominates over information from the other senses, particularly with 

respect to spatial localization (Battaglia et al., 2003), one might ask to what extent 

the brain can be ‘fooled’ by the visually-specified position of the body? 

 

2.1 Prismatic displacement of the entire visual field 

When prisms, and even ordinary prescription lenses, are placed in front of 

the eyes, the visual field is distorted in a manner dependent on the optical 

characteristics of the prisms or lenses. In order to adjust to such distortions, and to 

allow effective sensorimotor integration and control to occur, recalibration of 

sensory and/or motor representations or reference frames is required. This 

recalibration might take a variety of forms: the topographic representation of the 

visual field could be shifted or rotated; the egocentric midline could be rotated or 

shifted; and/or the ‘gain’ of oculomotor and other motor control functions could 

be adjusted to compensate for the optical distortion. The particular form that this 

recalibration takes has been shown to depend on a variety of factors, for example: 

whether active pointing toward a target is performed during prism exposure; 

whether the arm is visible during exposure; whether the head is restrained; and 

whether the recalibration is measured in terms of shifts in visual, auditory, or 

somatic/egocentric reference points (see Harris, 1965, for an early review). The 

following discussion will focus specifically on changes in the felt location of 

visible body-parts induced by prismatic displacement. 
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2.1.1 Behavioural studies 

Through the use of distorting prisms, the felt location of parts of the body 

can be modified, a phenomenon often termed the ‘visual capture’ of felt body 

position, referring to the effect of vision of your arm, for example, in a different 

position than that in which it feels to be (through proprioceptive and 

somatosensory inputs; Hay, Pick, & Ikeda, 1965). With exposure to this conflict 

between the seen and felt position of your arm, the felt position seems to 

recalibrate toward that of the seen position – we feel our body-parts to be where 

we see them. Various factors modulate the extent of this visual capture of body-

part position, such as the allocation of attention to either visual or proprioceptive 

cues (Kelso, Cook, Olson, & Epstein, 1975; see also Shimojo, 1987), or the 

performance of localization or target-pointing tasks (Warren & Schmidt, 1978). 

The attended modality, or the modality most relevant for performance of a 

particular task, tended in each case to show less recalibration than the unattended, 

or less task-relevant modality. 

When visual capture is measured immediately after participants experience   

passive movements of their arms, the recalibration of felt arm location toward the 

seen location has been shown to be larger than when visual capture is measured 

immediately after participants make active movements (Welch, Widawski, 

Harrington, & Warren, 1979). Interestingly, these effects of active and passive 

movements on the relative weighting of visual and proprioceptive information in 

the visual capture of felt location are the opposite to those reported by Welch et al. 

for ‘prism adaptation’ (the correction of pointing errors under prismatic visual 

displacement), suggesting that independent processes contribute to the changes in 

the felt location of body-parts on the one hand, and target-pointing adaptation on 

the other. 
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A more recent manipulation of the relative weighting of visual and 

proprioceptive information in the production of ‘visual capture’ was performed by 

Mon-Williams, Wann, Jenkinson, and Rushton (1997). They measured 

participants’ errors in pointing either to a target on a table in front of them, or in 

matching the positions of their two index fingertips, one above the table, and the 

other below. The participants viewed the table, the target, and one of their hands 

through adjustable prisms, which produced a variety of possible displacements of 

the visual field (10 displacements to the left, and 10 to the right), and found that in 

all conditions, the matched position of the unseen finger was biased toward the 

visually specified location of either the target or the seen hand. The participants 

were then tested in a dimly lit room under similar conditions, wherein targets and 

finger-positions were highlighted by illuminated LEDs, and the participants’ 

upper hand was visible. In this situation, only the target-pointing task showed a 

strong visual bias, whereas the positions of the two fingers were matched with 

much greater accuracy, thus displaying little ‘visual capture.’ This latter effect 

suggests that, depending on the information that is available to the participants, 

and the reliability of that information (for example, visual information may be 

very reliable under good lighting conditions, but less so under conditions of near-

darkness), the contributions of visual and proprioceptive information to felt body-

part location (and to subsequent effects on visuomotor behaviour) is weighted 

differently (cf. Alais & Burr, 2004; Battaglia et al., 2003; see also Ernst & Banks, 

2002; the chapters by Marc Ernst, and by John Jeka in this volume; and van 

Beers, Sittig, & Denier van der Gon, 1999). 

 

2.1.2 Neurophysiological and neuropsychological studies 

The experimental dissociation and adaptive recalibration of the seen and 

felt locations of body-parts has relevance to the neuropsychological phenomenon 
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of supernumerary limbs, which occur in cases of paralysis of the body following 

lesions to the spinal cord (Ohry, Gur, & Zeilig, 1989), head-injury (Rogers & 

Franzen, 1992), right-hemisphere stroke (Halligan & Marshall, 1995; Halligan, 

Marshall, & Wade, 1993; Hari, Hänninen, Mäkinen, Jousmäki, Seppä, & 

Salononen, 1998; Sellal, Renaseau-Leclerc, & Labrecque, 1996), or biparietal 

infarctions (Vuilleumier, Reverdin, & Landis, 1997). Illusory supernumerary or 

phantom limbs have also been induced in paraplegic patients by vestibular 

stimulation (Le Chapelin, Beis, André, & Paysant, 2001). Patients with 

supernumerary limbs typically complain of feeling, for example, a ‘third’ arm or 

an extra set of legs in addition to seeing the normal set of two arms and two legs. 

In these cases, it seems that there is a vivid dissociation between the seen and felt 

locations of body-parts, and that this dissociation does not lead to ‘capture’ of 

visual or proprioceptive information by its counterpart in the other sensory 

modality. This failure to ‘capture’ the arm or leg position may thus lead to the 

feeling of supernumerary limbs. Similar effects can be brought about by pressure-

cuff ischaemia of the limbs in normal participants (Gross & Melzack, 1978), 

suggesting that a disruption of proprioceptive input from the limbs may give rise 

to this phenomenon. Further experimental means of inducing supernumerary or 

phantom limbs in both amputees and in normal healthy participants will shed 

much light on the neural contributory processes (see especially the chapter by 

Peter Brugger in this volume). 

Shimojo (1987) provided a direct link between supernumerary limbs and 

visual capture when normal participants in his study were asked to describe the 

felt location of a finger when viewed directly through one eye, and simultaneously 

through a refracting prism with the other eye. This manipulation produced two 

visual images of the participants’ hands – visual supernumerary limbs. When 

participants moved their fingers while viewing their double images, they reported 
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that only one image at any one time would capture the felt location of their hand, 

but that this felt location could switch between the two images depending, for 

example, on the location of visual fixation, and more particularly, on which image 

was endogenously attended to. The findings of this experiment suggest that, 

whatever mechanism is responsible for the visual capture of felt body position in 

normal humans, it may be damaged in patients with supernumerary limbs. This 

mechanism ‘binds’ visual and proprioceptive information, weighting each 

modality according to the reliability of the information, and the experimental 

context. Normally, this mechanism supports only one felt location at a time for 

each body-part, which may or may not be an accurate representation of the limb’s 

true position. When damaged, however, this mechanism gives rise to the 

phenomenological possibility of supernumerary limbs. 

 

2.2 Shadows of the body 

For most of our waking life, the shadow (or shadows) of our body follows 

every move we make, and throws itself at our feet with concern neither for what 

lies beneath, nor for the obstacles in its path. It is ever-present, so long as 

sufficient light is available; it shrinks and stretches as overhead illumination 

looms and recedes respectively; it even reduplicates itself when multiple light 

sources are available, as on a floodlit football pitch. Given the near-omnipresence 

of our shadow throughout life, surprisingly little experimental work has addressed 

the status of the body’s shadow with respect to the neural representation of the 

body itself.3 

 

2.2.1 Behavioural studies 

Pavani and Castiello (2004) recently studied the effect of seeing a shadow 

of one’s own arm on the association between visual stimuli presented away from 
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the body (in peripersonal space), and vibrotactile stimuli presented to the fingers 

of the hand that either cast, or did not cast the shadow. Participants in their 

experiment made speeded judgements concerning the elevation of a vibrotactile 

target presented to their thumb or forefinger on the left or right hand while trying 

to ignore simultaneous visual distractor stimuli presented randomly from either 

above or below a central fixation point. The visual distractors were therefore 

either ‘congruent’ or ‘incongruent’ with respect to the relevant vibrotactile target 

stimulus (and the required response). Additionally, one of the participants’ hands 

was back-lit, casting a shadow of that hand such that the shadow ‘reached’ toward 

the central distractor lights – the shadow of one hand ‘held’ the visual distractors 

just as the participants’ hands held the vibrotactile targets (see Figure 1). 

__________________________________________ 

FIGURE 1 ABOUT HERE 

__________________________________________ 

Using this visuotactile crossmodal congruency paradigm, Pavani and 

Castiello (2004) found that the effect of the visual distractors on vibrotactile RTs 

was significantly larger for the hand whose shadow reached toward the visual 

distractors than for the hand not currently casting the shadow. In two control 

experiments, participants either wore a glove on their hand which cast a polygonal 

shaped shadow (to ascertain if the visual appearance of the shadow cast by the 

hand was responsible for the enhanced congruency effect); or a hand-shaped 

outline was drawn on the table next to the distractors. Both control experiments 

failed to show any enhanced crossmodal congruency effects for the distractors 

that were ‘connected’ to the hand in these ways (see also Igarashi, Kitagawa, & 

Ichihara, 2003). Pavani and Castiello’s experiment, perhaps the first to examine 

the effect of shadows on the multisensory perception of the body and of 

peripersonal space, suggested that one effect of our shadows is to bind 
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extrapersonal visual events to simultaneously occurring tactile events. This 

shadow-associated binding might enable somewhat faster reactions to threatening 

situations. For instance, when we are walking along on a sunny day, gazing at our 

feet or at the uneven ground ahead, the sight of an object (or its shadow) 

approaching the shadow of our own body may provide information relevant to an 

upcoming collision, or worse, to predators. Any slight advantage in perceiving the 

world in relation to our body, even in relation to its shadow, is likely to pay off in 

a world of rapidly moving and potentially harmful objects. 

The study of shadows therefore seems likely to provide a fruitful area for 

future research with respect to the perception and the neural representation of the 

body. An earlier report by Shimojo (1987, reviewed above) claimed, albeit 

anecdotally, that visual capture of arm position still occurred, though to a lesser 

extent, when the visual image of the arm was degraded, or replaced with just its 

shadow. Many of the various experimental techniques discussed in this chapter 

could be applied to the study of shadows and might shed further light on their 

perceptual effects, for instance to address questions such as: Does exposure to the 

movements of one’s shadow during prism adaptation target-pointing tasks result 

in the same kind of recalibration that follows visual exposure to the arm itself? 

Does viewing an enlarged shadow of a body-part enhance the spatial resolution of 

tactile perception for that body-part (see Kennett, Taylor-Clarke, & Haggard, 

2001)? How else can distorting one’s shadow affect corporeal perceptions? Are 

the spatial and temporal constraints of self-recognition (see below) equally 

applicable to shadows of the body as to the body itself? Are there 

neuropsychological patients with selective deficits for recognition of their own 

shadow? Do shadows behave more like visual supernumerary limbs, or like limbs 

displaced by prisms or mirrors? Do they ‘extend’ peripersonal space in a manner 

similar to that of mirrors, or of tools (discussed below)? Do we have a sense of 
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‘ownership’ of our shadows? Do we react with pain and avoidance responses 

when our shadows are ‘threatened’? Answers to these intriguing questions will 

have to await further empirical study. 

 

2.3 Mirror reflections and self-recognition 

Mirrors present visual situations that are one step abstracted from that of 

prisms and lenses. While what we see in the mirror is light reflected from objects, 

light that is always obedient to the laws of optics, those objects may not be within 

direct view of our eyes, or within reach of our limbs. In fact, the very purpose of 

mirrors is to allow us to see those objects not in our direct view: With mirrors, we 

can see round corners and behind our heads; in the mirror, we can even see our 

own eyes! Mirrors introduce the possibility of seeing our own bodies as if they 

were the bodies of others, or rather, seeing our own body (but left-right reversed) 

as if from another person’s perspective. While viewing our body in the mirror, 

every movement we make is reflected back to us instantaneously, and the visual 

properties of that reflected image of our body mimic exactly the temporal and 

spatial patterning of our physical body. 

Viewing our body in the mirror introduces various peculiarities as 

compared to how our bodies appear to us directly, for example, we can approach 

and recede from our own body in the mirror; we see our body reduced in size, and 

at a distance; we can see parts of our body otherwise invisible to us, or without 

making the usual orienting movements (see Gregory, 1996 for extended 

discussion on the significance of mirrors). Mirrors can alter the view we have of 

our body quite drastically, yet after some experience, we are able to recognise 

ourselves in the mirror immediately, and can perform all manner of operations 

with almost no effort at all. The capacity to adapt to a mirror-reversed visual 

representation of ourselves for the performance of self-directed, and other 
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movements, must rely on significant plasticity in the sensorimotor system. This 

capacity might, for instance, require the generation and maintenance of mirror-

reversed visuomotor programs, which are activated when the cognitive and 

sensorimotor context suggests that what you see before you is a mirror image of 

yourself, rather than a direct image of someone else. This context-dependent 

activation of stored sensorimotor programs could be instantiated in the cerebellum 

(e.g., Wolpert, Miall, & Kawato, 1998), and might provide a fast and powerful 

mechanism to transform or remap external visual stimuli as pertaining not to the 

external world, but to our own body. 

While mirrors have been used for a long time to distort and displace vision 

of one’s own body (e.g., Burnett, 1904; Jackson & Zangwill, 1952), there has 

been a recent resurgence of interest in their empirical usage (e.g., Franz & 

Packman, 2004; Holmes, Crozier, & Spence, 2004; Holmes & Spence, submitted; 

Ro, Wallace, Hagedorn, Farnè, & Pienkos, 2004). In the following section, we 

review several applications of mirrors in studying multisensory representations of 

the body. 

 

2.3.1 Behavioural studies 

The identification with one’s mirror-reflected body has recently been 

studied by examining the effects of mirror reflections with the crossmodal 

congruency task (Maravita, Spence, Sergent, & Driver, 2002c; see also Maravita, 

this volume). The results of their experiments suggest that visual stimuli presented 

near our body, but viewed in a mirror as if presented from extrapersonal space (as 

retinal, eye- and head-position information would suggest), are referred or related 

more strongly to concurrent vibrotactile stimulation than visual stimuli in 

equivalent retinal locations, but viewed through the mirror (i.e., when the mirror 

was transparent).4 The crossmodal congruency task may therefore provide an 
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experimental index for the process of ‘identification’ with the body’s mirror-

reflected image. 

__________________________________________ 

FIGURE 2 ABOUT HERE 

__________________________________________ 

We have also recently used mirrors to examine the ‘visual capture’ of the 

felt location of individual body-parts (see Fig. 3; Holmes, Crozier, & Spence, 

2004; Holmes & Spence, submitted). In these studies, based on the ‘mirror-box’ 

techniques of Ramachandran and Colleagues (Ramachandran & Rogers-

Ramachandran, 1996; Ramachandran, Rogers-Ramachandran, & Cobb, 1995), 

participants viewed their left arm in a mirror positioned along the sagittal plane, 

and made reaching movements to a target with their unseen right arm. When the 

visually-specified position of the (virtual) right arm was the same as the 

proprioceptively-specified position of the (real) right arm, subsequent unseen 

reaching movements made with the right arm to the target were accurate (i.e., 

landed within 1-2cm of the target). When the visually- and proprioceptively-

specified arm positions were in conflict, however, reaching accuracy deteriorated 

significantly (to as far as 6-10cm away from the target), and was linearly related 

to the size of the visual-proprioceptive conflict (i.e., reaching errors were 30-40% 

of the difference between visually- and proprioceptively-specified initial arm 

positions (Holmes et al., 2004). In follow-up experiments (Holmes & Spence, 

submitted), we recently showed that this visual capture effect increased with the 

duration of visual exposure to the conflict situation prior to reaching, and was 

larger for reaching movements made following active, visuomotor experience of 

the multisensory conflict, than for passive visual exposure alone. 

Several other researchers have used mirrors to examine the effect of visual 

manipulations on simultaneous somatosensory or sensorimotor perception or 
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behaviour. An early experiment by Nielsen (1963) examined whether the 

identification with, and visual control of, one’s hand could be manipulated by 

using a mirror. Unlike in Maravita et al.’s (2002c) experiment, however, 

participants in Nielsen’s study were not aware that any mirrors were involved in 

the experiment. Nielsen’s participants viewed their hands through a rectangular 

aperture, and were asked to draw smoothly along a straight line away from their 

bodies with a pencil, trying to keep as close as possible to the line at all times (see 

Figure 2). In the crucial experimental conditions, the participant’s view of his or 

her hand was exchanged, by means of a mirror, with a view of the experimenter’s 

hand in an identical position, wearing identical gloves to those the participants 

wore, and holding an identical pencil. Participants later reported that they had 

been unaware of the change in the identity of the hand. In the mirror condition, 

after a few trials of drawing straight lines, the experimenter started to draw curved 

lines that deviated from the straight, and most of the participants adjusted their 

drawing in a direction opposite to the experimenter’s line in an attempt to correct 

for their perceived deviation. Accompanying this aberrant drawing, participants 

reported feeling some sort of external force, like a ‘magnet’ was manipulating 

their movements. Surprisingly, most participants still claimed that the hand they 

were viewing was their own, and that the lines they saw in front of them were 

their own drawings, but that their movements had become less voluntary than 

usual. It seems, therefore, that once a participant has ‘identified’ with, or felt a 

sense of ownership of, a hand they see in front of them (albeit viewed through an 

aperture), they are willing to accept it as part of their own body, but feel that the 

control, accuracy, and authorship of their own movements was lost to some 

degree. It is interesting to note that participants resolve the discrepancy in terms of 

losing control of their own body rather than in terms of losing the sense of 

identification with the aberrant body-part. 
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The behavioural research outlined above has begun to disentangle various 

aspects of our experiences of viewing our body in the mirror. Areas of specific 

interest include, but are not limited to the following: 1) To what extent is the 

‘identification’ with the mirror image as belonging to the bodily self necessary for 

distant visual stimuli to be remapped as near stimuli, or to be associated with the 

body in multisensory interactions? 2) What visual factors contribute to this 

process of identification? 3) Are identification with a seen body-part, visual 

capture of felt body-part location, and the visual recalibration of proprioceptive 

information independent and dissociable components, or merely different aspects 

of the same underlying psychological and/or neurological mechanism? 4) To what 

extent can these findings using the mirror box technique be related to the older 

experimental literature on prism adaptation, are the underlying mechanisms the 

same? Answers to these questions will no doubt require further research, but we 

suggest that an examination of the interrelations between different experimental 

techniques and how they relate to findings concerning certain aspects of bodily 

experience, for example those listed above (see also Table 1), will greatly 

facilitate such research. 

__________________________________________ 

FIGURE 3 ABOUT HERE 

__________________________________________ 

 

2.3.2 Neurophysiological and neuropsychological studies 

In a study of a patient exhibiting crossmodal extinction, Maravita, Spence, 

Clarke, Husain, and Driver (2000) found that their patient’s visuotactile extinction 

was modulated by vision of their own hands in a mirror. Visuotactile extinction is 

a disorder whereby patients are able to detect visual or tactile stimuli presented to 

either side of their body in isolation. However, when two stimuli are presented 
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simultaneously to different sides, the stimulus presented on the left is often 

‘extinguished’ by the stimulus on the right (most reported cases are of patients 

suffering from right hemisphere brain damage). Although this deficit was first 

demonstrated with simultaneous stimuli presented in the same modality, patients 

have also been found to exhibit left tactile extinction upon simultaneous 

presentation with a right visual stimulus (e.g., di Pellegrino, Làdavas, & Farnè, 

1997; Làdavas, 2002; Mattingley, Driver, Beschin, & Robertson, 1997). For some 

patients, this crossmodal extinction is worse when the visual stimulus is presented 

close to their right hand (e.g., within 20cm) compared to when presented far from 

their hand (e.g., more than 40cm away). This dissociation between crossmodal 

extinction for ‘near’ and ‘far’ space allowed Maravita and colleagues to examine 

the effects of viewing oneself in a mirror on the magnitude of any crossmodal 

extinction reported. When viewed in a mirror, a ‘far’ visual stimulus may in fact 

be the reflection of a ‘near’ visual stimulus. Maravita et al.’s patient showed the 

expected modulation of crossmodal extinction. Visual stimuli applied near the 

hands, but seen only via the mirror reflection resulted in increased crossmodal 

extinction compared to when the patient viewed a pair of gloved rubber hands 

‘holding’ the visual stimuli behind the now transparent mirror (see also the 

chapters by Angelo Maravita and Elisabetta Làdavas in the current volume). 

The use of mirrors to examine visuotactile and sensorimotor processing 

related to participants’ identification with the mirror image of a body-part as being 

a part of their own body, may fruitfully be compared with the effects of observing 

the actions of another person on the participants’ own sensorimotor behaviour. It 

is in this context that ‘mirror neurons’ are most relevant. In the ventral premotor 

cortex of macaque monkeys, a population of neurons has been shown to respond 

preferentially both to the observation of a specific action performed by another 

individual (another macaque or even a human experimenter), and to the 
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performance of that action by the monkey itself (Rizzolatti, Fadiga, Gallese, & 

Fogassi, 1996). These ‘mirror neurons’ seem to represent a link between the 

observation and the production of actions – in short, for imitation (see also the 

chapters by Sarah-Jane Blakemore and Margaret Wilson in this volume). Reed 

and Farah (1995, see also Catherine Reed’s chapter in this volume) argued that the 

‘body schema’ represented the positions and movements of both the body of the 

individual him or herself, and that of other people when observed visually (and, 

we might suggest, perhaps when touched, heard, or even smelt?). Such a system 

for the recognition of other people (or members of the same species) might also 

provide at least part of the neurophysiological basis for self-recognition and/or the 

visual guidance of movements in the mirror. Viewing one’s own movements in a 

mirror provides a form of reafferent feedback that may be used to correct and to 

guide movements toward targets seen in the mirror. In order to complete the 

necessary sensorimotor transformation of mirror images into movements, 

identification with the body in the mirror and specific mirror-reversed coordinate 

transformations need to occur. That specific neural mechanisms may exist for 

either or both of these functions is suggested first by the limited number of species 

who are able to recognise themselves in the mirror (Gallup, 1970; Itakura, 

1987a,b), and second by the existence of mirror agnosia and mirror ataxia in 

human neuropsychological patients (Binkofski, Buccino, Dohle, Seitz, & Freund, 

1999; Ramachandran, Altschuler, & Hillyer, 1997; Sathian, Greenspan, & Wolf, 

2000). Patients with mirror ataxia are unable to guide the movements of their 

hands to targets when those targets are viewed in a mirror, yet they remain able to 

reach toward targets when viewed directly, suggesting that the lesions they 

sustained have selectively impaired the ability to make mirror-image 

transformations for the explicit purpose of the visual guidance of reaching 

movements. 
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2.4 Televisual display of body-parts 

Perhaps the method that gives the experimenter the greatest control over 

the presentation of visual feedback pertaining to the body for experimental 

purposes is via a television screen or monitor. By capturing the image of a 

participant’s body-part in a camera, and playing it back to the them on a television 

screen, it becomes possible to dissociate both the spatial and temporal factors 

pertaining to the visual appearance of that body-part, from its location and 

movement as specified by the other senses – proprioception, touch, and 

(occasionally) audition. When presented on screen, the visual characteristics of 

the body are constrained far less by reality than for other optical manipulations. 

There are no necessary or lawful relationships between the position, movement, 

size, orientation, or colour of the body as seen on screen, and the body as it would 

be seen directly. The experimenter may control all of these factors, and this ability 

gives televisual manipulations a distinct advantage over the use of prisms, lenses, 

and mirrors in investigating certain aspects of bodily representations. It becomes 

possible to examine, for example, the effects of delays in visual feedback 

following voluntary movements on identification with a body-part in the monitor 

(e.g., Daprati, Franck, Georgieff, Proust, Pacherie, Dalery, & Jeannerod, 1997). 

Several disadvantages with the use of televisual display should also be 

mentioned, though. First, the quality of the on-screen image, and the unavoidable 

small time delays in electronic processing (at least one frame of the monitor’s 

output, or around 70ms for video encoding and decoding; Marescaux, Leroy, 

Gagner, Rubino, Mutter, Vix, Butner, & Smith, 2001) may make the presentation 

less realistic when compared to naturalistic or optically-displaced viewing. 

Second, the two-dimensional visual presentation of body-parts may limit the kinds 

of neural systems that are engaged by the stimuli: For example, neurons in the 
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macaque premotor cortex, which encode the positions of three-dimensional 

objects approaching the body in peripersonal space, do not respond to the two 

dimensional projected images commonly used to stimulate visual receptive fields 

(RFs; Graziano et al., 1997; see also Jarvelainen, Schürmann, Avikainen, & Hari, 

2001 for related results in humans; and Rizzolatti et al., 1996, for similar 

properties of ‘mirror neurons’). These limitations may have the consequence that 

the behavioural findings generated by the use of televisual methods of visual 

presentation may apply only to the specific context of viewing your own body-

parts on the television – something that is obviously quite uncommon in everyday 

life! Nevertheless, there can be no doubt that this relatively modern invention will 

continue to offer insights into the multisensory representations of the body in the 

brain. 

 

2.4.1 Behavioural studies 

In order to dissociate the effects of visual perception of a body-part from 

the effects of orienting toward that body-part on any advantages in tactile 

information processing (as assessed by simple detection RTs), Tipper, Phillips, 

Dancer, Lloyd, Howard, and McGlone (2001) presented black and white images 

of parts of their participants’ own bodies on a monitor positioned in front of them. 

Tactile targets were presented to the participants’ cheeks and necks, and simple 

detection RTs were recorded while participants viewed different parts of their 

body on the video monitor. Tipper and colleagues found that vision of a body site 

speeded detection of tactile targets applied to that body site as compared to 

viewing an alternative body site (e.g., tactile stimulation of the face while viewing 

video feedback of the neck). This finding conforms well to an earlier study by this 

group (Tipper, Lloyd, Shorland, Dancer, Howard, & McGlone, 1998), where 

visual and proprioceptive information were dissociated for vision specifically of 
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the participants’ hands. In their second experiment, Tipper et al. (2001) used a 

colour monitor and three fixed cameras, which provided a random presentation of 

one of three body-parts on a trial-by-trial basis. The participants were instructed to 

attend to one of the body sites throughout each block of trials. When viewing an 

image of a particular body site on any given trial, detection latencies for tactile 

targets were significantly shorter only for stimuli presented to the same body-part 

as viewed on the monitor. The use of video monitors in these experiments allowed 

the dissociation of visual and proprioceptive effects in the behavioural advantages 

gained by orienting toward a particular body site. A previous study using simple 

detection RTs (Honoré, Bordeaud'hui, & Sparrow, 1989) had also shown a small 

RT advantage when the participant’s gaze was toward the site of tactile 

stimulation, as compared to when their gaze was directed away from the 

stimulation (in each case, on the left or right ankle). These studies seem to point to 

a common finding – that increasing the information available to a participant 

concerning upcoming potential somatosensory target stimuli, whether by 

proprioceptive, visual, or perhaps more abstract, symbolic, or cognitive means, 

can facilitate detection of those targets. Further experiments of this nature could 

examine the effects of providing other kinds of information regarding the 

stimulated body-parts, for example non-predictive verbal cues, line-drawings, 

shadows, or artificial body-parts, on the detection and discrimination of, and 

responses to body-part specific tactile (or visual) stimulation. 

Apart from studying the facilitation of tactile detection RTs, video 

monitors have also been used to study the perceived identity of a viewed body-

part under various experimental conditions. Daprati et al. (1997) studied the 

ability of different sub-groups of schizophrenic patients to identify movements of 

their own hand as compared to vision of an experimenter’s hand performing a 

similar action or a different action. Vision of the participant’s right arm was 
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provided by means of a mirror and a closed-circuit television system, which 

superimposed images of either the participant’s or the experimenter’s (identically-

gloved) hand over the actual position of the participant’s hands. When compared 

to a group of normal control participants, the schizophrenic group made 

significantly more misattribution errors in discriminating their own movements 

from those of the experimenter. The increase in errors only occurred when 

participants observed the experimenter’s hand performing the same movement as 

they themselves produced, and not when they viewed their own movements on 

screen, or when they viewed the experimenter performing a different movement to 

their own. This technique was particularly useful in manipulating, on a trial-to-

trial basis, the identity of the hand seen in front of the participant in relation to the 

movements made by the participant. 

This technique has also been used to examine the effects of the spatial 

coincidence of the visually presented hands with the participant’s own hands (van 

den Bos & Jeannerod, 2002; see also Knöblich, 2002). In a forced-choice 

paradigm, normal human participants were better at identifying their own, gloved 

hand (presented adjacent to an image of the experimenter’s hand on the screen) 

when they performed a movement compared to performing no movements. 

Participants were also more likely to attribute a movement to themselves when the 

hand they viewed on screen was in anatomical alignment with their own hand. 

Similarly, Franck, Farrer, Georgieff, Marie-Cardine, Daléry, d’Amato, and 

Jeannerod (2001) manipulated both the spatial and temporal aspects of visual 

feedback of self-generated movements by presenting participants (both normal 

controls and schizophrenic patients) with a synthesized virtual image of a hand, 

which moved in response to the participants’ hand movements in three conditions. 

Simulated movements were either congruent with the participants own 

movements, delayed by between 0 and 500ms, or were deviated in their 
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movement direction by between 0º and 40º from the paths of the participants’ 

actual movements. Franck and co-workers found that normal participants agreed 

that the movement they saw matched their own hand movements when the virtual 

image movement was delayed by up to 100ms, or deviated by up to 5º. Beyond 

these thresholds, however, the proportion of movements rated as matching the 

participant’s own rapidly decreased, approaching zero for delays greater than 

400ms, and for angular deviations greater than 30-40º. The temporal and spatial 

distortions required for the schizophrenic groups to reach the same level of 

performance were larger in each case than for the normal control participants. It 

would be interesting to use this televisual presentation method in a study such as 

that of Nielsen’s (1963). One could ask to what extent visual feedback can be 

manipulated after a participant has identified with his or her limb, without 

destroying that feeling of identification. The angle of deviation of movements, or 

the temporal delay in feedback, could be changed gradually during a block of line-

drawing trials. One could measure the participants’ sensitivity to deviations before 

and after identification with the limb as one’s own. In effect, identification with 

the limb would become an experimental variable. Based on the research reviewed 

here, one might predict that both the temporal and spatial deviations required to 

produce a ‘disownership’ or ‘misidentification’ of the viewed limb would be 

greater following identification with a body-part as compared to before. 

Designing an objective measure of ‘identification’ would be a crucial first step in 

this regard. 

 

2.4.2 Neurophysiological and neuropsychological studies 

The use of televisual equipment to study the identification with body-parts 

and the recognition of self-generated actions has already been applied to a variety 

of clinical groups. As noted earlier, Daprati et al. (1997) and Franck et al. (2001) 
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compared the self-attribution of observed movements in different sub-groups of 

schizophrenic patients and in normal controls. Similar studies have also been 

performed in patients with apraxia resulting from lesions of the left parietal cortex 

(Sirigu, Daprati, Pradat-Diehl, Franck, & Jeannerod, 1999), and in a patient 

suffering from large sensory fibre polyneuropathy, resulting in complete loss of 

touch, vibration, pressure, and kinaesthesis (Farrer, Franck, Paillard, & Jeannerod, 

2003). These patients were significantly impaired in recognising their own 

movements, or rather; they made more mistakes in attributing to themselves the 

observed movements of the experimenter. In comparison, two patients with motor 

and premotor cortical lesions (Sirigu et al., 1999) were as good as, or better than, 

the normal controls on these movement-attribution tasks. The selective deficits in 

apraxic and deafferented patients suggest that self-attribution of movement relies 

on the ability to integrate or compare visually perceived movements with 

proprioceptive afferent information arising from the patients’ own movements, 

rather than simply to the perception or generation of movements per se. 

Understanding how various neuropsychological and psychiatric patient sub-

populations perform on these tasks will offer insight into the neural mechanisms 

involved in these self-identification and self-attribution processes. 

From a single-cell neurophysiology perspective, televisual display of the 

body or body-parts of experimental animals has not been developed as greatly as 

for human participants. The approach was utilized recently by Iriki, Tanaka, 

Obayashi, and Iwamura (2001), who trained Japanese Macaque monkeys to view 

their arms and hands on a video monitor while they reached for pieces of food 

(also visible on the monitor). A screen occluded direct vision of the monkeys’ 

hands, but a small window allowed direct view when opened. Iriki and colleagues 

recorded the activity of neurons in the postcentral bank of the primary 

somatosensory cortex (Brodmann’s Areas 2 and 5), and found that most cells 
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responded to the visual presentation of a small piece of food in the space near the 

hands when viewed directly (i.e., through the small window). When viewing the 

food and hand indirectly via the video monitor, 27% of the neurons continued to 

respond to the presentation of the food. The further use of this technique to study 

somatosensory and visual activity of neurons in the posterior parietal and 

premotor cortices while experimental animals learn to use distorted or displaced 

visual information to view their own body-parts (e.g., Bossum, 1964, 1965; 

Clower, Hoffman, Votaw, Faber, Woods & Alexander, 1996), may provide 

insights into the neural bases for much of the work on self-recognition, and of 

visual, proprioceptive, and somatosensory interactions under situations of 

intermodal conflict. 

Several important issues arising from Iriki et al.’s (2001) experiments need 

further investigation, such as the different roles of neural activity relating to 

somatosensory, visual, attentional, and motor factors, and the spatial control and 

nature of the effective visual stimuli (see Holmes & Spence, 2004, for discussion 

of these issues). Although the use of such neurophysiological techniques on great 

apes such as chimpanzees is probably not justified ethically, some closely related 

behavioural studies have been performed (Menzel, Savage-Rumbaugh, Lawson, 

1985; see also Eddy, Gallup, and Povinelli, 1996), and further explorations of the 

behavioural capacities of the higher primates will be of great importance in this 

area. 

 

3 Prosthetic manipulations of the body 

In this section, we consider those experimental manipulations of the body 

that introduce artificial substitutes for, or extensions of, body-parts, and examine 

how that may affect the visual capture of proprioception, the identification with 

seen body-parts, or the incorporation of objects into sensorimotor and 
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multisensory interactions. First, we examine the effect of clothing, and other 

objects continuously in contact with our bodies in relation to the perception or 

representation of the body itself. This ‘clothing effect’ has not, as far as we are 

aware, been studied experimentally in any great detail, yet several recent 

neurophysiological and neuropsychological findings suggest that the effect of 

clothing on the representations of the body in the brain may be of great interest. 

Second, we examine the substitution of real body-parts with artificial simulacra. 

Unlike in the visual manipulations discussed earlier, where the body-parts 

observed by the participants were real and belonged to the viewer (though 

optically displaced), the body-parts in the experiments described below were 

artificial and the participants were often aware of this fact. Yet still, the brain was 

to an extent ‘fooled’ by the presentation of these fake body-parts. The behavioural 

and clinical studies we review below may be of great relevance to the design of 

prostheses for amputees and their use in rehabilitation. Understanding the extent 

to which artificial extensions of the body are ‘incorporated’ into the brain’s neural 

representation of the body itself may be an important first step toward this end 

(for a variety of views, see Gallagher, 1995; Melzack, 1990; Rabischong, 1993; 

Riddoch, 1941). 

 

3.1 The clothing effect 

"A corset… is filled by the body, not at one point merely, but throughout 

its whole extent; on every occasion of contact with this stiff case the 

tension and firmness of its framework is felt exactly as if both properties 

belonged to our body... With every tight girdle, every bracelet, there is to 

some extent a recurrence of this feeling; the first pair of trousers fastened 

by braces fill the boy with pride in the manly vigour of his existence, even 
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though the ideal of his wishes remains the steel suit of armour…” (Lotze, 

1854/1885, p. 595). 

 

This entertaining quotation from Lotze summarises the effect that clothes 

have on our perception of the extents and capabilities of our bodies. Clothes have 

many biological, social, and cultural purposes, such as for protection, modesty, 

and decoration (Flügel, 1930), but clothes also enhance the physical size of the 

body (at least in appearance), and it has been suggested that clothes and jewellery, 

when ‘worn-in,’ become as much a part of the body as the physical body itself. 

Head and Holmes (1911-1912, p. 188) are often quoted in this regard for their 

comment that “a woman’s power of localization may extend to the feather in her 

hat.” Flaccus (1906), writing several years before Head and Holmes, had already 

fleshed-out the ideas of Lotze concerning this ‘incorporation’ of foreign articles 

into the brain’s representation of the body, as illustrated by the following passage: 

“…the incorporation of originally unrelated objects into the "Me" as a system of 

presented elements is one of the commonplaces of psychology. Our clothing… is 

ordinarily felt as an integral part of ourselves.” (Flaccus, 1906, p. 69). In one 

sense, then, clothes are ‘our extended skin’ (McLuhan, 1964/2001). To what 

extent has empirical study provided support for this view? 

In the brief review presented below, we suggest that, although perhaps not 

immediately obvious, clothing and other inanimate objects continuously in contact 

with the body may have a great bearing on those aspects of bodily experience 

considered in this chapter. If one accepts that tools can become ‘extensions’ of the 

body (discussed below), then the effects of clothing must be even more related to 

the body itself, than are the tools we pick up, use temporarily, and discard at will. 

It seems that we are typically less aware of our clothing than the pencils, cutlery, 

and other tools that we use throughout the day, yet the sensorimotor and 
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biomechanical consequences of a pair of shoes, for example, are equally, if not 

more important for the brain than those of a pencil held between our fingers. 

During the first few days of ‘wearing-in’ a new pair of shoes, it is probably true to 

say that a significant part of the wearing-in process is due to the body’s 

skeletomuscular and neural adaptation to the new shoes. For an illustration of this, 

try wearing someone else’s well-worn shoes of someone else for a while – you 

may still find you have to ‘wear them in’! 

 

3.1.1 Neurophysiological and neuropsychological studies 

Despite the intuitive nature of the idea, very little empirical work has 

addressed the incorporation of clothes into bodily representations. There are 

anecdotal examples of jewellery and other bodily adornments, persisting in the 

phantom sensations of those with amputated arms or hands (e.g., Melzack, 1992), 

but Aglioti, Smania, Manfredi, and Berlucchi (1996) carried out perhaps the first 

experimental study of this incorporation phenomenon. They studied a patient who 

had suffered a stroke in the right cerebral hemisphere, resulting in sensory and 

motor deficits on the left side of the body, including extrapersonal and personal 

neglect, and denial of ownership of the left hand. When this patient was asked to 

describe the ring on her left hand, she could do so perfectly well, but only for the 

superficial characteristics of the ring. Intriguingly, the ring was disowned along 

with the left arm, and no autobiographical memories concerning the ring could be 

retrieved. When the experimenters transferred the ring onto the right hand, 

however, the patient could describe the ring in detail, and in addition, the 

autobiographical memories concerning the ring were available to the patient. This 

finding was replicated with another of the patient’s rings and her watch, but could 

not be replicated with objects that did not belong to the patient, or were not related 

to the left hand (e.g., a ring that did not belong to her, or earrings which did). 
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From this result, one might predict that whatever bodily factors contribute to the 

spectrum of neglect and denial disorders, those same impairments ought to be 

found when tested, not using the body itself as the object, but using the clothing 

and other artificial appendages temporarily or semi-permanently connected to the 

body. 

A recent neurophysiological example may be of relevance to the effects of 

clothing on neural representations of the body. While recording from within the 

polysensory zone of the precentral gyrus in Macaque monkeys, Graziano, 

Alisharan, Hu, and Gross (2002) reported finding neurons that appeared to show 

activity related to the habituation to objects associated with the body. This 

‘clothing effect’ consisted in the lack of, or the reduction in, response in several 

neurons with tactile RFs on the arms, when the RFs were stimulated by contact 

with the chair to which the primate had become accustomed. Neurons in the 

polysensory precentral gyrus are thought to encode the positions of objects in 

peripersonal space with respect to individual body-parts, and/or the specific 

defensive movements required to avoid impact with these objects (Graziano, 

Taylor, & Moore, 2002). It seems that such neurons responded vigorously only to 

those objects that were novel, unexpected, or threatening. Once the animal was 

comfortable with the presence of the chair, this zone of the precentral gyrus was 

no longer ‘interested’ in tactile stimuli resulting from contact with it. Another 

group of researchers, recording from neurons in the medial bank of the 

intraparietal sulcus, also found a dissociation between touches delivered to the 

body by an object, or by other parts of the monkey’s body (Iwamura, Tanaka, 

Hikosaka, & Sakamoto, 1995). However, in this case, only contact between parts 

of the body itself and the somatosensory RF under study elicited a reduction in 

neural firing, as compared to touches delivered by other objects, including the 

primate chair. 
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Graziano et al.’s (2002) result might be one empirical analogue of the 

incorporation of clothes and other objects commonly associated with the body, 

into the brain’s multisensory representations of the body and/or the space around 

the body, and is deserving of further study. Alternatively, however, this reduction 

in neural firing may simply represent a form of habituation to familiar, and 

therefore probably safe, objects that are often in contact with the body. It would 

be of importance to know the developmental timescale of such effects – what 

kind, and what length of experience with an external object is required for the 

development of this habituation or clothing effect? This neurophysiological 

approach might also be brought to bear upon the suggestion that, once a familiar, 

incorporated object, such as a tool, prosthesis, or article of clothing, becomes 

unwieldy or painful, then the body ‘rejects’ or ‘dismembers’ the artificial 

enhancement from the phenomenal body – that the integration of the corporeal 

and the artificial depends upon the absence of pain, discomfort, or incoordination 

(Flaccus, 1906; Flügel, 1930; Riddoch, 1941). How, for example, would the 

neurons recorded by Graziano et al. (2002) respond if the chair to which the 

monkey had become habituated suddenly gave the animal a small electric shock? 

Would the cells then respond when the tactile RF was subsequently touched by 

the chair, and if so, for how long would they continue to respond in the absence of 

such aversive stimulation? 

The possibility that the brain comes to represent physical objects attached 

to, or often in association with, the body as parts of the body itself, perhaps seems 

implausible at first thought. However, consider the case of fingernails and teeth in 

humans, or of feathers, antlers, hooves, and tusks in other animals. Weber (1846) 

and Gibson (1966) both pointed out that, while there are no somatosensory 

receptors in our fingernails, at the ends of our teeth or in the horns of an antelope, 

we, and presumably other animals, can still use what sensory information is 
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available from the sensitive roots of these otherwise insensate structures, to 

perceive objects in contact with them, and thereby to perceive the dental or 

keratinous members themselves. This process, sometimes referred to as ‘eccentric 

projection’ or ‘distal attribution’ (e.g., Epstein, Hughes, Schneider, & Bach-y-

Rita, 1986; Loomis, 1993; Lotze, 1854/1885), is at least logically similar to that of 

the ‘incorporation’ of insensate objects into the brain’s body representations, or to 

the ‘extension’ of the body or of peripersonal space by tools and prostheses (for 

an intriguing first-hand account of the incorporation of internal prostheses into a 

patient’s conscious ‘body image,’ see Money & Sollod, 1978). This logical 

similarity suggests that it may be a matter of extended sensorimotor or conjoint 

multisensory experience, or of a rigid physical coupling between the body and its 

horny or technological appendages, that determines the extent to which objects are 

thus incorporated. 

 

3.2 The virtual body effect 

Several of the experimental manipulations discussed so far have involved 

changing the perceived location of a body-part by mirrors, prisms, or televisual 

means. In some of these experiments, participants were aware that they were 

being placed under conditions of sensory conflict, and in others, they were not. In 

the case of many of the following studies of the ‘virtual body effect’ or the 

‘rubber arm illusion,’ participants were fully aware of the manipulations at hand, 

yet still the experimenter was able to ‘fool’ the senses of his or her participants, 

inducing illusions and measurable perceptual effects in otherwise implausible 

conditions (for examples where participants were unaware of such manipulations, 

see Tastevin, 1937; Welch, 1972). 

 

3.2.1 Behavioural studies 
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The ‘rubber arm illusion,’ reported by Botvinick and Cohen (1998; see 

also the ‘fake finger illusion,’ Tastevin, 1937), involved the presentation of a fake, 

realistically appearing arm in front of normal human participants, while hiding the 

participant’s own right arm from view.5 The experimenters then began to brush 

both the participant’s right arm (hidden out of sight), and the rubber arm in full 

view of the participant, with similar brushstrokes being made on the two arms. 

After a short while, the majority of participants began to feel that they were 

feeling the brushstrokes not in the location of their real arm, but where they saw 

the rubber arm to be located. They attributed the touches seen delivered to a fake 

hand, to their own body, based on the simultaneous felt touches delivered to their 

real hand. Many people spontaneously reported that they felt as if the rubber hand 

they were viewing was their real hand! Most importantly, participants were 

subsequently asked to reach, with their eyes closed and their hand under the table, 

toward the index finger of their left hand. Botvinick and Cohen found that the 

errors participants made in reaching toward their own hands (a finger-position 

matching task, similar to that used by Mon-Williams et al., 1997) was correlated 

with the percentage of time during the brushing exposure period, that the 

participants reported feeling the illusion. Acquiring objective measurements of the 

effects of such illusions is important both to avoid the potential charge of 

subjective biases in the reporting or conduct of such experiments (e.g., Orne, 

1962; Rosenthal, 1967), and also to ascertain the extent to which subjective 

impressions about the positions of body-parts are accompanied by observable 

changes in sensorimotor coordination. If it is the case, for example, that every 

change in one’s subjective impression of body position or movement (i.e., 

conscious body image according to some definitions) is accompanied by some 

measurable change in posture or sensorimotor coordination (i.e., unconscious 

body schema), then the ‘body image’ and ’body schema’ (Gallagher, 1995) might 



 

 

36

 

not be empirically dissociable in neurologically intact participants. This would 

suggest that only when brain damage occurs can the hypothetical body image and 

body schema be disentangled experimentally. 

Using a different paradigm, Pavani, Spence, and Driver (2000) examined 

the effect of the orientation of a pair of rubber arms on the extent to which visual 

and tactile stimuli interact in the crossmodal congruency task in normal human 

participants. Two rubber hands were positioned on a platform, each ‘holding’ a 

pair of visual distractors (see Figure 4). The participants’ hands were held out of 

view below the platform, and holding a pair of foam cubes containing vibrotactile 

stimulators. Both the participants and the rubber arm wore blue rubber gloves to 

minimize superficial visual cues concerning arm identity. The crucial 

experimental manipulation was the orientation of the fake hands with respect to 

the participants’ own arms. When the fake arms were aligned in an anatomically 

plausible position (i.e., directly above, parallel to, and pointing the same way as 

the participants’ arms – as in Figure 3), the effect of the visual distractors on 

simultaneous vibrotactile RTs was significantly larger than when the fake arms 

were presented in an anatomically implausible posture (i.e., with the rubber arms 

at 90º to the longitudinal axis of the real arms). This suggests that the extent to 

which the participant ‘identified’ with the fake arms, and/or the extent to which 

they attributed visual stimuli to their own arms, modulated the magnitude of 

visuotactile interactions. This modulation occurred despite the fact that 

participants were fully informed of the experimental manipulations, and despite 

the task (discriminating vibrotactile elevation) and the stimuli remaining identical 

across the two experimental conditions. 

__________________________________________ 

FIGURE 4 ABOUT HERE 

__________________________________________ 
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Other behavioural studies of this phenomenon have asked how similar 

must the visually presented stimulus be to the participants’ own body in order for 

the attribution or capture effects to occur. Austen and co-workers found that even 

the presentation of green, hairy, ‘alien’ hands in front of the participants 

modulated the extent to which visual stimuli and tactile stimuli interacted in the 

crossmodal congruency task! Over a number of studies, Austen and colleagues 

(Austen, Soto-Faraco, Enns, and Kingstone, 2004) showed that the presence, 

appearance, position, and posture (palm-up or palm-down) of the fake arms all 

had varying modulatory effects on the magnitude of the crossmodal congruency 

effects. It seems that the similarity of the fake arms to the participants’ real arms, 

across a number of stimulus dimensions, enhances the effect of visual distractors 

on simultaneous tactile decisions. 

The plasticity of the virtual body effect was recently tested to the extreme 

by Armel and Ramachandran (2004), who used both a rubber hand and a table in 

replicating the experiment of Botvinick and Cohen (1998). In three experiments, 

when participants received synchronous touches to a visible rubber hand and their 

own hidden hand, they rated the extent to which the seen hand was felt to be their 

own significantly higher than when the two stroking stimuli were applied 

asynchronously (replicating the finding of Botvinick & Cohen, 1998). In another 

experiment, Armel and Ramachandran removed the rubber hand and stroked the 

table, or else placed the rubber hand out of reach of the participants’ hands. 

Repeating the synchronous stroking under these conditions reduced the 

participants’ subjective ratings of hand-ownership in the prototypical fake hand 

conditions, however, they were still significantly higher than their respective 

control conditions. As an objective measure of the ‘incorporation’ of the fake 

hand or table into the ‘body image,’ the skin conductance response (SCR) was 

measured following a sudden and potentially painful movement made by the 
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experimenter (bending back the fingers of the rubber hand by 90º in the two 

rubber hand experiments, or ripping a piece of sticking-plaster off the table in the 

table experiment). Mean SCR measurements were correlated with those of the 

intensity ratings, suggesting that this measure of autonomic arousal in response to 

potential bodily harm might be an objective measure of these incorporation 

phenomena. It would be important for future studies in this regard to use 

computer-controlled delivery of the potentially painful movements, in order to test 

these SCR effects at finer spatial and temporal scales, and to remove the 

possibility of any experimenter-induced effects. 

 

3.2.2 Neurophysiological and neuropsychological studies 

Further empirical work on the virtual body or rubber arms effect has 

highlighted some commonalities across a variety of behavioural and 

neuroscientific disciplines. Recording from single neurons in alert macaque 

monkeys, Graziano (1999) studied the responses of premotor cortical neurons to 

both three-dimensional visual stimuli approaching a particular body-part, and to 

somatosensory or proprioceptive stimulation of the same body-part. Graziano 

found that when the monkey’s arm was hidden from view, the selectivity of the 

responses to visual stimuli decreased (i.e., the extent to which visual stimuli 

activated these neurons as a function of the position of the arm – the 

proprioceptive RF), suggesting a role for the seen position of the arm in these 

neural responses, but did not disappear altogether (suggesting a complementary 

role for proprioceptive information). Inspired, perhaps, by the ‘rubber arm’ 

findings of Botvinick and Cohen a year earlier, the responses of these cells were 

then tested with a detached, stuffed monkey’s arm lying above the hidden real 

arm. The neurons’ sensitivity to arm position when only the stuffed arm was 

visible was higher than when no arm was visible, but not as high as when the real 
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arm was visible – the visual appearance of an arm, either the monkey’s own or a 

similar arm modulated the responses of these visuotactile neurons. Similar effects 

were found when neurons in Brodmann’s Area 5 were examined (Graziano, 

Cooke, & Taylor, 2000). Several neurons tested were even sensitive to the 

left/right identity of the visually presented arm, firing with higher frequency, for 

example, when a stuffed right arm was presented on the right side of the body, as 

compared to the presentation of a stuffed left arm on the right side, regardless of 

whether the arm was oriented prone or supine. Area 5 neurons show primarily 

somatosensory and proprioceptive responses, often responding preferentially to 

particular postures of particular body-parts, while systematic or overt visual 

responses are not often found in this area. However, Area 5 ‘postural’ neurons are 

sensitive to body-part specific visual information, since the activity of a group of 

these cells was modulated by the appearance, specifically the position and 

orientation, of a stuffed monkey’s arm when the monkey’s own arm was hidden. 

Following these results, one might predict that the ‘rubber arm illusion’ in human 

participants may be attenuated by the presentation of an arm that is incompatible 

or incongruent with the concurrent stimulation (for example a ‘left’ rubber hand 

situated on the right side, during tactile stimulation of the participants’ right arm). 

Furthermore, it would be of interest to know if the rubber arm illusion can still be 

produced using such gross anatomical discrepancies as visual stimulation of a 

rubber arm paired with tactile stimulation of the participant’s unseen leg? 

In addition to behavioural and neurophysiological studies of the fake body 

phenomenon, certain neuropsychological patients have been examined either in 

similar experimental circumstances, or have been found to display symptoms 

potentially related to these phenomena following brain damage. For instance, 

Farnè, Pavani, Meneghello, and Làdavas (2000) examined ten patients with tactile 

extinction following brain damage to the right hemisphere using a crossmodal 
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extinction task. They found that visual stimuli presented near the visible right 

hand reduced the number of simultaneous left tactile stimuli detected decreased 

(i.e., crossmodal extinction). The new finding in Farnè et al.’s study was that 

when a rubber hand was positioned on the right side (with the patients’ right arms 

behind their backs), detection of left tactile stimuli also decreased significantly, 

but only when the rubber arm was in an anatomically realistic orientation. 

Rorden, Heutink, Greenfield, and Robertson (1999) reported a patient 

suffering from a build-up of pressure in his right cerebral cortex due to a cyst. Just 

as for the patient reported by Halligan, Hunt, Marshall, and Wade (1996), this 

patient could detect tactile stimuli applied to his left hand only, or at least more 

often, when he could see the stimuli being applied. Rorden et al. asked their 

patient to place his hands underneath a table, while he received a series of brief 

tactile stimuli to his left hand delivered by a solenoid. At the same time, and on all 

trials, a yellow LED flashed briefly above the table either attached to the 

experimenter’s hand (which was oriented at 180º with respect to the patient’s 

hand), or attached to a rubber hand, aligned with the patient’s own unseen left 

hand. Detection of randomly presented left tactile stimuli significantly improved 

in the aligned rubber arm condition compared to the misaligned experimenter’s 

arm condition. In each condition, the ‘false alarm’ rate was 4%, suggesting that 

the patient was not simply more likely to respond when the rubber arm was in a 

congruent position. Rorden et al. concluded that it was not the position of visual 

stimuli that enhanced the patient’s tactile detection, but rather the association of 

the visual stimulus with an aligned limb, or more specifically, that the attribution 

of both the visual and tactile stimuli to the patient’s limb resulted in improved 

tactile detection. 

Finally, the phenomenon of the rubber hand illusion, and of the 

(mis)attribution of visual stimuli to one’s own body or to the extinction of 
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simultaneous tactile stimuli, may have some important connection with certain 

phenomena experienced in the condition of somatoparaphrenia. Following brain 

damage, or as a symptom of a psychotic disturbance, certain patients claim that 

parts of their bodies do not belong to them (e.g., Bottini, Bisiach, Sterzi, & Vallar, 

2002; Halligan, Marshall, & Wade, 1995; Nightingale, 1982; Sacks, 1986; see 

also Moss & Turnbull, 1996, for an account of misoplegia, or hatred for a limb), 

and as a consequence develop peculiar delusions or rationalizations concerning 

their ‘alien’ body-parts. The occurrence of this disorder of bodily perception is 

rare, and its presentation is often complicated by psychiatric disturbance and 

symptoms of neglect and anosognosia. Despite these caveats, however, it is 

tempting to suggest that the misattribution to another individual of one’s own 

body-parts or of stimuli applied to those body-parts, is in some way similar to the 

illusory attribution of visual and tactile stimuli to visible rubber hands in normal 

individuals (for a possible example of the converse of this misattribution, see 

Bradshaw & Mattingley, 2001). At what level, if at all, are these phenomena 

related? Can the experimental methods described here be applied to study the 

neural and cognitive processes that contribute to the generation of bizarre 

delusions of body ownership observed in somatoparaphrenia or anosognosia? 

Once again, we must await further research for definitive answers to these 

intriguing questions. 

 

4 ‘Extending’ the body with tools 

The use of tools, from toothbrushes to cattle prods, represents a major 

family of achievements in the evolution of sensorimotor skill, and this is reflected 

in the limited number of animal species who manufacture and/or use tools as part 

of their everyday lives. The number of species, particularly of primates, that have 

been observed to use tools in the wild is steadily growing, but the technological 
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gap between humans and other animals is undeniably vast. Humans use tools in 

almost every sphere of their life and at almost every time of day; from the 

morning toothbrush and tea-spoon, to the pencil, scissors, and ruler at the office; 

from the spanner and chisel in the workshop, to the needle, thread, and broomstick 

in the home; and from the pool cue in the pub, to the cricket bat and hockey stick 

on the sports ground. 

In recent years, the connection between tools, the multisensory 

representations of peripersonal space and the hypothetical body schema has come 

into sharp focus, following the advent of a number of methodological approaches 

to studying the effects of tool-use on these neural representations. In this section, 

we survey these approaches, provide a classification of different kinds of ‘tool,’ 

and suggest how they may differ in the effects they have on neural representations 

of space and of the body. Unlike the concept of the ‘body schema,’ which remains 

at best ill-defined, and at worst conceptually meaningless (Kinsbourne, 1993; 

Poeck & Orgass, 1971), ‘tool-use’ as a collection of explicit behaviours involving 

interactions between physical objects and the body, may submit to a more 

rigorous definition and classification. We hope that such a classification might 

also help to shed light on the underlying neural processes that permit the use of a 

variety of tools. 

 

4.1 Tools as physical intermediaries between the body and the environment 

One of the most useful definitions of ‘tool-use’ is that provided by 

Benjamin Beck in 1980. He catalogued the available published examples of the 

use and manufacture of tools by animals, and arrived at the following definition 

(which he admitted was not yet complete, even after 15 years of trying!): 
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“…tool use is the external employment of an unattached environmental 

object to alter more efficiently the form, position, or condition of another 

object, another organism, or the user itself when the user holds or carries 

the tool during or just prior to use and is responsible for the proper and 

effective orientation of the tool.” (Beck, 1980, p. 10). 

 

We understand ‘tool-use’ to mean this deliberate and purposeful 

manipulation of an independent (usually) hand-held object in order to act upon 

another object in achieving a behavioural goal. Since the explosion of computer 

usage and ‘virtual’ technologies over the last 25 years, we suggest that this 

definition should be refined to include only physical interactions mediated by 

tools with other objects, and to exclude, for example, electronic or optical 

interactions with objects, such as the use of a computer mouse to move an 

onscreen cursor, of a laser to point at a screen, of a telesurgical device, or of any 

action that is not directly and physically mediated by the hand and tool 

combined.6 This stronger definition is necessary, we suggest, to draw a clear 

distinction between the behaviours involved (and the putative neural systems 

implicated) in the use of objects as conventional tools, from the other 

manipulations discussed here. For example, Làdavas (2002, p. 22) suggested that 

mirrors are ‘tools’ in an analogous way to that of physical objects held in the 

hand, at least in terms of their effects on the neural representation of peripersonal 

space. While the idea that mirrors are tools is not unreasonable in itself – the 

forms and varieties of human technology are arguably limitless – it may be 

preferable to make clear distinctions when interpreting the behavioural effects of 

such diverse experimental manipulations. Under Beck’s (1980) definition, a 

mirror would only be a tool if it was held in the hand before or during usage, and 

if the clause concerning ‘alteration of an object’s position’ is intended to include 
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the ‘virtual’ alteration of position by means of reflectance. While Beck may not 

have dealt specifically with the issue of mirrors, we feel that mirrors should not be 

classified as tools. 

As far as we are aware, tools first became of relevance to the 

neuropsychological field when Liepmann (1905) brought attention to the selective 

deficits that some brain-damaged patients displayed in relation to the perception 

of tools, and their usage of them (ideomotor and ideational apraxia). Such patients 

can, for example, name a tool and describe its function, but are unable to grasp 

and use the tool properly. Other patients show the reverse deficit, and some show 

an inability to use a tool (e.g., a hammer) unless the target of the tool’s action is 

present (see Goldenburg & Hagmann, 1998; Hayakawa, Yamadori, Fujii, Suzuki, 

& Tobita, 2000). Parallel to this descriptive and experimental literature on 

apraxia, the idea that the skilful use of tools affects the brain’s representations of 

the body has gained popularity. Head and Holmes (1911-1912) are often cited as 

the originators of this idea, but a cursory dip into a variety of sources once again 

provides a number of related earlier examples. For instance, Samuel Butler, in his 

satirical novel “Erewhon” (1872/1926), described machines as “extra-corporal 

limbs… supplementary limbs” (1926, p. 266), while the concept of ‘eccentric 

projection,’ the referral of sensations beyond the limits of the body and neural 

tissues, probably originated in the early psychophysical speculations of Fechner 

and Weber (e.g., Weber, 1846/1996), and was taken up by Lotze (1854/1885), and 

discussed critically by James (1890). Philosophers enjoy this idea of the bodily 

incorporation of familiar objects as well (and for a sociological perspective, see 

McLuhan, 1964/2001). Gilbert Ryle (1949/1963, p. 180) suggested that 

“mechanical auxiliaries to the body, such as motor-cars and walking sticks” are 

referred to in normal speech as part of the bodily self (for example, we might 

prefer to say “I crashed into the wall” instead of “My car crashed into the wall”), 
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while even parts of the bodily self such as the hair (“I cut my hair” is often 

preferred to “I cut myself”) are not given this pride of place in the category of 

‘me,’ but are consigned instead to that of ‘mine.’ Polanyi (1958/1973, pp. 55-58) 

drew notice to the importance of ‘subsidiary’ versus ‘focal’ awareness or attention 

when using our bodies and tools to perform skilled actions. With unfamiliar 

objects, he suggested, our attention is focused on the objects themselves, while we 

have only a subsidiary awareness of our body during object manipulation. In 

contrast, once objects become familiar to us, and we have become skilful in their 

use, our focal attention is directed to the goal of the use of those objects, while our 

subsidiary awareness extends both to the body and the tool combined. This 

philosophical distinction is similar (at least in how it relates the body to tools) to 

the neurophysiological distinction drawn by Johnson and Grafton (2002) 

concerning acting on objects versus acting with them (see also Maravita, this 

volume on the importance of action in representations of peripersonal space). 

 

4.1.1 Behavioural studies 

Clearly, the idea of the incorporation of tools into corporeal 

representations is popular and intriguing, and is deserving of both philosophical 

and empirical investigation. Here, we concern ourselves only with the question: 

‘What empirical work, beyond the work on apraxia and the neuropsychological 

deficits in the use of objects and tools, has been brought to bear on the effects of 

tools on neural representations of the body and of peripersonal space?’ The recent 

resurgence of interest in tools and the body was stimulated in part by a study 

reported by Iriki, Tanaka, and Iwamura (1996). This group of researchers 

suggested that, when we use a tool, the neural representation of the body in the 

post central gyrus and the visual (or rather, multisensory) space surrounding the 

body is ‘extended’ at the level of the visual RFs of single neurons. Their work on 



 

 

46

 

Macaque monkeys trained to use tools has galvanised members of the cognitive 

neuroscience community to apply an empirical approach to understanding tool-

use in humans. It was a full six years, however, before visuotactile behavioural 

analogues of this putative effect were published. 

Maravita, Spence, Kennett, and Driver (2002b) used the crossmodal 

congruency task to examine the extent to which visual stimuli associated with 

‘tools’ (toy golf clubs modified for experimental purposes!) interacted with the 

processing of simultaneous vibrotactile stimuli (see Figure 4, and Maravita, this 

volume). The crucial behavioural manipulation in their experiments was for 

participants to cross and uncross the tips of the tools actively after every fourth 

trial of the crossmodal congruency task. Maravita et al. found that when the tools 

were actively crossed over the midline, the typical spatial contingencies of the 

crossmodal congruency effect were reversed – visual and tactile stimuli presented 

on the same tool interacted more than bimodal stimuli presented on the same side 

of space. This finding suggested that one effect of active tool-use is to associate 

visual stimuli presented at the tips of tools with simultaneous somatosensory 

stimulation of the hand that holds the tool. This effect has been interpreted as 

evidence of the ‘extension’ of peripersonal space by the use of tools, as first 

suggested by Iriki et al. (1996), although other explanations are possible and need 

to be investigated further (see Holmes & Spence, 2004; Holmes, Calvert, & 

Spence, submitted). For example, the influence of tool movement preparation, 

multisensory spatial attention, stimulus-response compatibility, and response 

priming and selection on these multisensory behavioural effects are important 

issues that need to be resolved (e.g., see Creem & Proffitt, 2001; Handy, Grafton, 

Shroff, Ketay, & Gazzaniga, 2004; Riggio, Gawryszewski, & Umiltà, 1986; 

Tucker & Ellis, 1998; Yamamoto & Kitazawa, 2001). 

__________________________________________ 
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FIGURE 5 ABOUT HERE 

__________________________________________ 

 

4.1.2 Neurophysiological and neuropsychological studies 

Separate to the impairments in using tools shown by patients with 

ideomotor and ideational apraxia, neuropsychological patients have provided 

another opportunity to examine the effects of tool-use on multisensory 

interactions in extrapersonal space, and to investigate potential ways of alleviating 

these patients’ deficits. Modelled on the experiments of Iriki et al. (1996), Farnè 

and Làdavas (2000) asked patients with tactile extinction following right brain 

damage to retrieve an object repeatedly (a small red, plastic fish) from the top of a 

table with a small rake (40cm long). After five minutes of this ‘tool-use’ practise, 

the patients were tested in a standard crossmodal extinction paradigm (see 

Ladavas, 2002, this volume). Farnè and Làdavas observed that, immediately after 

using the tool, the percentage of left tactile stimuli detected was significantly 

lower than the baseline level. This result would appear to be in line with the 

suggestion of Iriki et al. (1996) that tool-use extends the boundary between 

peripersonal and extrapersonal space. 

Further work on this aspect of tool-use has shown that, for these effects of 

tool-use to occur, there must be a continuous, physical linkage between the 

patients’ hands and the visual test stimuli (Maravita, Husain, Clarke, & Driver, 

2001; see also Maravita, this volume). Additionally, Maravita, Clarke, Husain, 

and Driver (2002a) used a tool to improve the detection of tactile stimuli in the 

crossmodal extinction paradigm. Rather than reaching toward the visual stimulus 

with the tool held in the unimpaired right hand, the same patient reported 

previously held the tool in the left hand, to which the tactile stimuli were 

presented. The logic of this experiment was that if visual stimuli presented at the 
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end of a tool ‘activated’ a neural representation of the hand holding the tool (as is 

suggested in several of the studies discussed above), then this should have the 

effect of enhancing the multisensory representation of the impaired hand when 

that hand is used to hold the tool. This is just what was demonstrated: The use of a 

tool by the impaired hand increased the proportion of detected stimuli applied to 

that hand. 

In the related neuropsychological syndrome of left visuospatial neglect, 

tool-use has also been included as an experimental variable. Certain patients with 

unilateral spatial neglect show a more severe neglect for peripersonal space than 

for extrapersonal space (Halligan & Marshall, 1991), in that, when they perform 

line bisections near their body, the errors they make are more severe than for 

equivalent bisections carried out further from the body (e.g., 1 metre away, using 

a laser-pointer). Berti and Frassinetti (2000) asked a patient with left neglect for 

near space to bisect lines near to and far from their body, using their finger, a 

stick, or a laser pen to indicate the half-way point on the horizontal lines. When 

lines were bisected in near space with the hand, or in far space with a stick, the 

patient made average bisection errors of 24-29% to the right of the line’s 

midpoint. When bisecting lines in far space with a laser pointer, however, the 

mean rightward error was only 9%. This effect was interpreted in terms of the 

stick (a tool) causing a re-mapping of far space as near space (i.e., extending 

peripersonal space), thus impairing the performance of the patient, whose neglect 

was worse for near space. The opposite effect (i.e., tool-use improving 

performance) has also been demonstrated for a patient whose neglect was more 

severe for stimuli in far space (Frassinetti, Rossi, & Làdavas, 2001). 

In summary, the evidence is now mounting on the effects of manipulating 

tools that serve as functional extensions of the body, on the integration of 

multisensory stimuli near to and far from the body (Maravita, this volume; 
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Maravita & Iriki, 2004; Maravita, Spence, & Driver, 2003b; see also Handy et al., 

2004 and Johnson-Frey, 2004, for other cognitive neuroscientific approaches to 

tool-use). These effects primarily involve re-mapping, or linking distal visual 

stimuli to simultaneous proximal tactile stimuli. It is not yet clear at what level of 

processing this remapping takes place. There is some doubt, for example, whether 

the visuotactile representation of peripersonal space is literally ‘extended’ by 

active tool use (Holmes & Spence, 2004; Holmes et al., submitted), or whether 

instead some other system (or systems) is (are) modulated during tool-use, for 

example that of motor preparation, or the ‘capture’ or allocation of visual, spatial, 

or multisensory attention, or whether all these factors play important roles. 

Research in the next few years should clarify some of the basic conceptual and 

experimental issues concerning the effect of tool-use on the neural representations 

of the body and of peripersonal space. 

 

4.2 Pointing tools: Computer mice, torches, and laser pointers 

Physical objects held in the hand, and used to point to parts of the visual 

world are here defined as ‘pointing tools.’ The most commonly used of such tools 

(at least in the modern office) is the computer mouse. A physical object (the 

mouse) is moved across a surface, and this movement is transduced by electrical 

or optical sensors, and converted into movement of a cursor across the screen of 

the computer to which the mouse is connected (whether physically or 

electromagnetically). Similarly, with laser-pointers and torchlights, a physical 

object is held in the hand and moved around to highlight a particular part of the 

visual scene. There may be justification for a further sub-classification within this 

category of tools, based upon the spatial relations between the position and 

movement of the pointing object and that of the point highlighted in space. With 

the computer mouse, there is an arbitrary relationship between the position and 
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movement of the mouse on the one hand, and that of the computer cursor on the 

other. Furthermore, the movements of both the pointing device and the cursor on 

screen are constrained to movements within a two-dimensional plane. When a 

computer mouse is rotated by 180º, the computer cursor then moves in the 

opposite direction compared to before the rotation, while the initial position of the 

cursor is unaffected by the rotation alone. When the same transformations are 

applied to a torch or a laser pen, however, both the position in and movement 

through space of the light spot are rigidly coupled to that of the pointing device 

itself. Based on this rigid coupling of the object and its optical effect on the world, 

one might be more inclined to define laser-pointers and torchlights as ‘tools’ than 

computer mice. As we shall see below, however, neuropsychological studies 

suggest that the use of laser pointers and sticks (i.e., tools proper) have quite 

different effects on various clinical measures of neglect and crossmodal 

extinction. 

 

4.3.1 Behavioural studies 

The arbitrary spatial relationship between the position and movement of 

the computer mouse and that of the cursor has been used very productively to 

study the learning and retention of new visuomotor programs. Tamada, Miyauchi, 

Imamizu, Yoshioka, and Kawato (1999) studied the connectivity of the 

cerebellum and several parts of the cerebral cortex in a ‘tool-use’ learning task. 

This task involved learning to use a computer mouse in which the position of the 

cursor was rotated with respect to that of the mouse, such that each movement 

was diverted from its normal path by around 75º. At first, participants found this 

difficult, but with some practise, were able to track a randomly moving visual 

target on screen, aiming to minimize the positional error of the cursor with respect 

to the target. In a more detailed study, the same group examined the cerebellar 
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activity correlated with the improvements in visuomotor tracking performance as 

participants learned to use such a rotated mouse (Imamizu, Miyauchi, Tamada, 

Sasaki, Takino, Pütz, Yoshioka, & Kawato, 2000; Imamizu, Kuroda, Miyauchi, 

Yoshioka, & Kawato, 2003). These later studies suggested that the cerebellum, in 

particular the evolutionarily more recent lateral cerebellum, was involved with 

both the creation and maintenance of ‘internal models’ of tools, as well as the 

‘cognitive’ aspects of tool-use. This construction of internal models of external 

objects is very similar to the idea of the incorporation of tools into the neural 

representation(s), or the motor or sensory schemata of the body. 

Such cerebellar activity probably represents a very important part of the 

process of the adaptation of the body and brain to external objects. An important 

question to clarify in these rotated mouse studies, however, is to what extent the 

activity measured, and by implication the internal model generated, is related to 

the tool-object itself, and to what extent does it relate simply to the body? To 

make this question clearer, would the same cerebellar activation be found if 

participants simply moved their hands to track a visual target in the absence of a 

mouse? A sensor could be attached to the participant’s forefinger to measure its 

position, and translate that to a position of the cursor. Indeed, just such an 

experiment was carried out and detailed in an earlier report by the same group 

with similar behavioural results (Imamizu, Uno, & Kawato, 1995), implying that 

these results apply more to the understanding of visuomotor coordination of the 

body than to the use of tools per se. Indeed, other very similar studies by the same 

researchers have interpreted their results in terms of ‘visuomotor learning’ 

(Imamizu et al., 1995; Miall, Imamizu, & Miyauchi, 2000), suggesting that the 

role of the mouse itself in these studies is not clear. Furthermore, with the use of 

mouse touch-pads, where no grasping of a mouse object is even required, the 
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distinction between ‘tool-use’ and ‘visuomotor learning’ becomes even more 

blurred (see, for example, Balslev, Nielsen, Law, & Paulson, 2003). 

 

4.3.2 Neurophysiological and neuropsychological studies 

The only studies to use laser-pointers to investigate the neural 

representation of extrapersonal space, as far as we are aware, have been 

performed with neuropsychological patients. In relation to the effects of active 

tool-use on the body (reviewed earlier), the use of laser pointers have been used as 

a condition to compare with that of tool-use proper. Halligan and Marshall (1991) 

studied a patient with visuospatial neglect, as evidenced by large rightward errors 

in a line bisection task. They asked their patient to bisect lines in near space using 

both a pencil and a laser-pen, and in far space using the laser pen, and by throwing 

a dart (the patient was a skilled darts player). The patient’s performance was much 

better when line bisections were carried out in far space than in near space, even 

when measured with the dart-throwing measure! In this patient, therefore, the 

laser pen did not seem to ‘extend’ peripersonal (near) space. Similarly, Frassinetti 

et al. (2001) studied a patient who bisected lines in near and far space with both a 

stick and a laser pointer. As expected, this patient, whose neglect was worse for 

far space than for near space, showed an improvement in far space only when the 

stick was used to bisect the lines: neglect for far space was not modulated by 

using a laser-pointer. Several other studies back up these findings that there is 

little effect of the use of laser pointers on the representation(s) of extrapersonal 

space (Berti & Frassinetti, 2000; Berti, Smania, & Allport, 2001). Finally, one 

patient showed a different dissociation between near and far space, and the use of 

sticks and laser pointers, which has muddied the water for interpreting these tool-

use studies. In this patient, neglect was worse both for near space regardless of the 

bisection method (i.e., stick or laser), and worse when using the stick, regardless 
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of the distance (i.e., near or far) from the body (Pegna, Petit, Caldara-Schnetzer, 

Khateb, Sztajzel, & Landis 2000). The extent to which the above patients’ deficits 

for sensorimotor and multisensory interactions in peripersonal and extrapersonal 

space depends upon the difficulty of the motor task, as well as the effects of tool-

use per se, is an important question for future research (see also Ladavas, this 

volume). 

 

4.3 Detached tools: Telesurgical and robotic devices 

Some modern examples of tools cannot be assimilated into the standard 

view of tools as we defined earlier. These are devices where, while the human 

operator holds one part of the tool in his or her hand, and while the target object is 

a real, physical object, with which the functional part of the tool interacts in the 

performance of some behavioural goal, there is no rigid, physical linkage between 

the user and the target object. Beck’s (1980) definition of tool-use does include 

throwing objects to hit targets, but in this case there is a continuous physical 

linkage across space and time that connects the thrower or dropper to the target 

via the continued existence and movement of the missile. The most prominent 

example of a tool that requires no physical linkage between user and target (other 

than the imperceptible linkage provided by electromagnetic energy) is a 

telesurgical device. In telesurgery, or any other form of remote manipulation of 

robotic devices, the user manipulates a scalpel, joystick, or other user interface; 

the movements of the interface are then converted into electrical signals, which 

are subsequently used to control a robotic device at a distance from the user. Since 

the movements are encoded electronically, the user and the robot do not 

necessarily need to be in the same room. Indeed, the separation of the surgeon 

from the patient, for example, is limited only by the speed of electrical processing 

and transmission, of the mechanical operation, and the ability of the surgeon to 
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adapt to the inevitable temporal delays caused by these processes (see Held & 

Durlach, 1993; Marescaux et al., 2001). This fact makes the methods of televised 

presentation reviewed earlier an ideal means by which to study the effects of 

teleoperation on corporeal representations. The development of this technology 

will be of great importance in medicine, allowing, for example, specialist 

surgeons to perform and/or direct operations on one continent, while the patient 

lies anaesthetised in another. 

Important for our definition of the ‘detached tool’ is that the user of such a 

tool should actually feel the (simulated) interaction of the functional part of the 

tool with its target object. Such interaction can be provided by force feedback 

through the joystick or scalpel. Vital for operating on human tissue, the surgeon 

requires an acute sensitivity for the pressure applied to the body by the scalpel, the 

density of the tissue under the knife, and the presence of obstacles that may 

impede progress or harm the patient if mistakenly damaged. Investigation of the 

various factors that influence the surgeon’s (or other teleoperator user’s) sense of 

direct connection with the target objects – the feeling of presence or telepresence 

at the distal end of the teleoperator system (Held & Durlach, 1993; Loomis, 1993; 

Minsky, 1980) – will undoubtedly improve the control of teleoperated devices and 

their use, for example, in surgery, planetary exploration, or bomb disposal. Such 

factors include, but are probably not limited to, the resolution and field of view of 

visual displays; the consistency between the information provided across sensory 

modalities; the extent to which the user is aware of the teleoperator system itself; 

and, perhaps most importantly, the time delays between the production of 

movements and the generation of their sensory consequences (Held & Durlach, 

1993). Overall, the goal of remote manipulation is to provide a wide range of 

realistic and tightly coupled sensorimotor interactions, albeit through a ‘virtual’ or 

rather a ‘detached’ world perceived and acted upon remotely. The closer these 
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machines mimic the operations of the human brain and body, the more likely our 

interactions with them will be effortless and natural. The creation of such 

‘anthropomorphic’ machines might lead to new insights about how the brain 

represents the body and its relation to the world in its more natural, 

technologically unadorned state. 

 

5. Summary and conclusions 

In this review, we have provided an overview of a wide variety of methods 

for studying the brain’s representations of the body, and their relation to 

multisensory and sensorimotor interactions in personal, peripersonal, and 

extrapersonal space. We have focussed on the contributions of visual information, 

on the effects of artificial body-parts and of clothes, and on the effects of the use 

of a variety of tools on sensorimotor and multisensory interactions relating to the 

body. In reviewing this research, we have tried to highlight certain commonalities 

between the methods, particularly those regarding certain aspects of bodily 

perception and awareness. We suggest that focussing on these individual aspects 

of bodily experience may provide a more fruitful framework for understanding the 

body and the brain, than by invoking the abstract concepts of a body schema, 

body image, or of any singular body representation. The brain contains numerous 

representations of the body at many levels of neural processing an in many 

cortical and subcortical regions. The functional or phenomenological outcomes of 

these integrated, distributed neural networks may provide better targets for 

experimental or theoretical work than any single ‘homuncular’ body 

representation. 

The scope of the various approaches reviewed in the present chapter 

covers a number of academic disciplines, from engineering and computing, to 

neurophysiology and neuropsychology, to psychophysics and the phenomenology 



 

 

56

 

of bodily perception. What these various approaches have in common is the 

attempt to understand how the brain constructs representations of both the body 

that supports it and the world which contains it; and furthermore, how such an 

understanding might aid in the design of human-computer interfaces, neural 

prostheses, replacement body-parts and navigation or rehabilitation aids for the 

blind and those with sensorimotor impairments. In the remainder of this article, 

we shall try to draw a few links between some of the methodologies discussed, 

and briefly highlight some important recent developments. 

__________________________________________ 

TABLE 1 ABOUT HERE 

__________________________________________ 

The methodological classification we have provided (see Table 1) should 

be viewed as only a first step toward defining and distinguishing the various 

conceptual and experimental approaches to studying various aspects of the 

multisensory representations of the body. Doubtless there will be some overlap 

between methods, particularly as technology progresses and further sensorimotor 

manipulations fall within the realm of the possible. For example, Perkowitz 

(1999) reports that new computer mouse devices have been developed that 

provide active somatosensory feedback during interaction with your desktop 

computer: Imagine feeling the weight of a large, ‘heavy’ computer file as it is 

dragged to the trash folder, or receiving tactile alerting signals as you click 

‘delete’ on the menu bar. Such tactile feedback could go some way to bridging the 

gap between our definitions of the ‘detached tool’ and the ‘pointing tool’ 

described earlier. It is almost certainly a question of degree as to what richness or 

complexity of tactile feedback from a hand-held device is sufficient to engender 

the same form of ‘incorporation’ of the device as would be expected during 
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telesurgery, for example, where ‘immersion’ and ‘presence’ are essential for the 

safe and effective usage of the equipment. 

Another point of correspondence between the methodologies might lie in 

comparisons of the processes of ‘visual capture’ on the one hand, and of 

‘identification’ with or of the ‘attribution’ of sensations to visible body-parts on 

the other (see Table 1). In order to identify with a particular body-part, or with its 

prosthetic substitute (in the form of a fake arm, for example), is the process of 

visual-proprioceptive realignment a necessary precondition or a consequence of 

identification itself? Are these two independent processes, the one underlying our 

ability to adapt automatically to sensory realignment and sensorimotor 

perturbations, the other providing a basis for self-recognition and the awareness of 

our own actions? Perhaps one process is dependent on the other, or perhaps the 

two are aspects of the same underlying process or set of processes? This is similar 

to the question of the distinction between the (unconscious) body schema, and the 

(potentially conscious) body image – is one wholly dependent on the other in 

unimpaired participants, or can they be dissociated experimentally? There may 

also be grounds for a distinction between those experimental manipulations that 

attempt to introduce some form of ‘incorporation’ of objects or body-parts not 

belonging to the participant (e.g., Botvinick & Cohen, 1998), and those studies 

that aim to achieve what is perhaps the opposite of this – the ‘depersonalisation’ 

of parts of the participants’ body (e.g., Jackson & Zangwill, 1952). 

In parallel with the study of the body experimentally, a vast clinical 

literature has amassed, detailing the various disorders of corporeal awareness that 

result from a variety of brain lesions, particularly those involving the parietal 

lobes. To what extent can neuropsychological and neuropsychiatric distinctions 

between disorders of the body be ‘mapped’ onto the conceptual and 

methodological categories discussed here? Is the experience of supernumerary or 
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phantom limbs, for instance, analogous to the dissociation of seen and felt body-

part position induced by prismatic displacement or mirror-reflection? Similarly, 

does the experimental technique of tendon vibration (e.g., Lackner, 1988) produce 

an experience more similar to that of supernumerary limbs than that offered by 

prisms? How does disownership, denial, neglect, unconcern, or hatred for a 

particular body-part relate to processes of bodily perception and action in 

unimpaired experimental participants? How do disorders in the perception of body 

shape (for example in anorexia, dysmorphophobia, and in hypnagogic, epileptic, 

and migraine illusions, Leker, Karni, & River, 1996; Podoll & Robinson, 2000) 

relate to the normal perception of distorted images of the body in mirrors, 

shadows, and in the television monitor (e.g., Taylor-Clarke, Jacobsen, & Haggard, 

2004), or to the effects of anaesthesia on the perception of the body in normal 

human participants (e.g., Gandevia & Phegan, 1999)? 

Finally, to what extent can the brain support a representation of the body 

that is either ‘extended’ or ‘detached’ in relation to its normal corporeal 

boundaries? Concerning the ‘extended’ body, we have in mind the situation of the 

skilled acrobat who walks on stilts, physically extending his or her legs by several 

metres. Taken to the extreme, could the brain support an integrated sensorimotor 

representation of an extended body with six legs and a metallic exoskeleton, for 

example (see the account of the performance artist ‘Stelarc’ in Geary, 2002)? In 

the notion of the ‘detached body,’ we are thinking of a situation where the brain 

alone is used to control a machine, perhaps in close connection with the body, but 

able nonetheless to operate independent of the body itself and of bodily 

adornments. Such a possibility is quickly being realized by Nicolelis and 

colleagues, who are training macaque monkeys to operate remote devices directly 

via the neural activity in frontal and parietal sensorimotor areas (Carmena, 

Lebedev, Crist, O'Doherty, Santucci, Dimitrov, Patil, Henriquez, & Nicolelis, 
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2003; Nicolelis, 2001; Wessberg, Stambaugh, Kralik, Beck, Laubach, Chapin, 

Kim, Biggs, Srinivasan, & Nicolelis, 2000). After some training, the monkeys no 

longer needed to make overt movements themselves, but instead could control the 

robot simply by ‘thought’ alone – one presumes by producing normal motor 

commands, but suppressing the actual bodily movement – a situation akin to 

motor imagery in humans (Jeannerod & Frak, 1999). This raises the possibility of 

direct neural control of machines in the same way that the neurally and physically 

unimpaired have immediate control over their own bodies. Suddenly, the once 

remote possibility of brains detached from bodies, yet still in dominion over them 

– a favourite thought experiment of the philosopher and armchair psychologist 

(see the amusing tale in Dennett, 1978) – comes almost within grasping distance. 

The implications such a development will have for our theories of the embodied 

mind, body image, and body schema, are perhaps best left for future reviewers to 

examine. 
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Endnotes 

 

1. This may, of course, simply reflect a bias toward citing English 

language articles. 

 

2. The term(s) ‘neural representation(s) of the body’ (or similar terms) in 

the present chapter, wherever used, is (are) intended to apply as broadly as 

possible to any neural system(s) that is (are) involved in processing information 

related to the body, from all submodalities of somatosensation to multisensory and 

sensorimotor information and the neural processing thereof. In using such terms, 

we do not mean to refer to any single neural representation, or to any single brain 

area that processes a singular ‘body representation,’ nor to any single process, 

model, map, or schema. At the present stage, we simply wish to draw together a 

number of different experimental approaches relating to visual and proprioceptive 

interactions in bodily perception, and to highlight various commonalities and 

differences between them, relating this to relevant neuroscientific and 

neuropsychological findings where possible. 

 

3. The realistic simulation of shadows may be of great importance in 

enhancing various virtual reality environments, providing further justification for 

the increased study of body shadows and their effects on perception and action. 

 

4. In this regard, the apparently enhanced effect of the visual distractors 

when viewed through a mirror could, alternatively, be due to a decreased 

congruency effect attributable to viewing the targets through a transparent 

occluder compared to viewing them in a mirror. The effect of occluders and of 



 

 

61

 

direct vision of the hand during the crossmodal congruency task is being 

investigated further in our laboratory. 

 

5. The effects are likely to be greater when both rubber and hidden arms 

are of the same side of the body, based on evidence from several single units in 

macaque posterior parietal cortex (Brodmann’s area 5) that seem to distinguish 

between left and right arms (Graziano et al., 2000). 

 

6. Beck’s (1980) definition, incidentally, does include objects such as 

sticks, stones, and even faeces, which are thrown or released in order to strike 

another object or animal! 
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Figure Captions 

Figure 1. The use of shadows to study visuotactile integration in normal 

participants. Participants held their hands over a table such that the projection of 

the shadow of one of their hands ‘reached’ toward two visual distractor stimuli 

presented away from the body. Participants made localization judgements on one 

of four vibrotactile targets presented directly to the thumb and forefinger of both 

hands. The effect of the visual distractors on simultaneous vibrotactile 

discrimination performance was greatest for the hand that projected the shadow 

toward the distractors (schematic illustration; redrawn from Pavani & Castiello, 

2004). 

 

Figure 2. The use of a mirror to study the identification with, and control of, ones’ 

arm and hand while drawing. Participants viewed either their own right hand or, 

as shown in the Figure, a mirror reflection of the Experimenter’s left hand while 

drawing smoothly along a straight line. Participants were not told that they would 

be viewing the experimenter’s hand at any point. Surprisingly, when viewing the 

experimenter’s hand drawing curved rather than straight lines, they felt as if they 

had lost control of their own hand rather than that they were not viewing their 

own hand! (Redrawn from Nielsen, 1963). 

 

Figure 3. The use of a mirror to study the visual capture of felt body-part location, 

and the visual recalibration of proprioception. One of the authors, N. P. H., is 

shown viewing his left hand reflected in a mirror positioned along the midsagittal 

plane, producing the impression of viewing his right hand (‘VIRTUAL’ RIGHT 

HAND). After a period of exposure (typically around 6-10 seconds of passive 

visual or active visuomotor viewing) to this situation, participants in this 

experiment reported feeling that the mirror reflection of their left hand felt as if it 
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was their right hand. When participants subsequently made reaching movements 

with their unseen right hand to a target (TARGET), their reaching accuracy was 

significantly affected (compared to a no-mirror or no-hand control condition) by 

the visually-specified position of their apparent right arm and hand. The left hand 

was placed behind a screen (SCREEN) in some control conditions, while the 

mirror was occluded by a large screen in others (see Holmes et al., 2004; Holmes 

& Spence, submitted). 

 

Figure 4. The use of rubber hands to study the attribution of visual and tactile 

stimuli to artificial body-parts (see Pavani et al, 2000). Participants held two cubes 

containing two vibrotactile stimulators on each side in upper and lower locations. 

Rubber hands ‘holding’ visual distractors were placed on top of an occluding 

screen which prevented direct view of the participants’ own hands. Visuotactile 

interference was greatest when the rubber arms were placed in spatial alignment 

with the participants’ own hands (as shown in Figure; Redrawn from Pavani et al., 

2000). 

 

Figure 5. The use of ‘tools’ to study the interaction of extrapersonal visual stimuli 

with vibrotactile stimuli. Participants held two plastic tools, each containing two 

vibrotactile stimulators in upper and lower elevations. Visual distractors presented 

at the end of actively-used tools interacted significantly more with vibrotactile 

stimuli on the same tool than on the opposite tool. This same-tool effect occurs 

whether the tools are held straight (as shown in the Figure) or with the tips of the 

tools are crossed over into the opposite hemispace. (Redrawn from Maravita et al., 

2002; see also Holmes et al., submitted). 
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Table 1. A taxonomy of bodily manipulations. Spatial – possible spatial 

manipulations of the body including; Displacement – of the visual position of the 

body or a body-part or sensations in those parts; Distortion – of the visual form of 

the body; Rotation – of the relation between movements of the body and of the 

mouse pointer; Reversal – of the visual image of the body. Temporal – possible 

temporal manipulations of visual feedback of the body including; Delays – in 

feedback of the visual image; and Synchrony – between visual and tactile 

information. The effects of exposure duration, learning, etc could be studied in all 

the techniques reviewed here. Capture – does this manipulation lead to visual 

capture of the felt location of body-parts? Attribution – does this manipulation 

lead to the attribution of visible tactile or visual stimulation of a non-body object 

(such as a rubber arm) displaced from the body or body-part, to the body itself 

(e.g., ‘feeling’ the touches to a rubber arm)? Identification – does this method lead 

to the feeling that a visible body-part is one’s own body-part (i.e., body or body-

part ownership)? Depersonalisation – can this method be used to dissociate the 

felt ownership of part of the body from the rest of the body? Incorporation – does 

this method lead to the incorporation of external objects, stimuli, or space into 

perceptual or motor representations of the body? In these latter four categories, for 

some cases where specific experiments have not, to our knowledge, been carried 

out, we have made a ‘YES’ or ‘NO’ judgment as a starting hypothesis. Question 

marks (?) highlight specific areas for future research. Clinical relevance – to 

which clinical disorders or therapeutic interventions might the method be of 

relevance? References – behavioural studies are given preference, while clinical 

and neurophysiological studies are cited when no relevant behavioural studies 

exist. 


