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Abstract

Research in the last four decades has brought a considerable advance in our
understanding of how the brain synthesizes information arising from different sensory
modalities. Indeed, many cortical and subcortical areas, beyond those traditionally
considered to be ‘associative,” have been shown to be involved in multisensory interaction
and integration (Ghazanfar and Schroeder 2006). Visuo-tactile interaction is of particular
interest, because of the prominent role played by vision in guiding our actions and
anticipating their tactile consequences in everyday life. In this chapter, we focus on the
functional role that visuo-tactile processing may play in driving two types of body-object
interactions: avoidance and approach. We will first review some basic features of visuo-
tactile interactions, as revealed by electrophysiological studies in monkeys. These will
prove to be relevant for interpreting the subsequent evidence arising from human studies.
A crucial point that will be stressed is that these visuo-tactile mechanisms have not only
sensory, but also motor-related activity that qualifies them as multisensory-motor
interfaces. Evidence will then be presented for the existence of functionally homologous
processing in the human brain, both from neuropsychological research in brain-damaged
patients and in healthy participants. The final part of the chapter will focus on some recent
studies in humans showing that the human motor system is provided with a multisensory
interface that allows for continuous monitoring of the space near the body (i.e.,
peripersonal space). We further demonstrate that multisensory processing can be
modulated on-line as a consequence of interacting with objects. This indicates that, far
from being passive, the monitoring of peripersonal space is an active process subserving

actions between our body and objects located in the space around us.



1. Multisensory and motor representations of peripersonal space

1.1. Multisensory features of peripersonal space: Visuo-tactile interaction around the body
The binding of visual information available outside the body with tactile information arising,
by definition, on the body, allows the representation of the space lying in-between, which is
often the theatre of our interactions with objects. The representation of this intermediate
space has become known as “peripersonal space” (Rizzolatti et al. 1981b, c). The
definition of peripersonal space (PpS hereafter) originates from single-unit
electrophysiological studies in macaque monkeys, based on a class of multisensory,
predominantly visual-tactile neurons. Over the years, such neurons have been identified in
several regions of the monkey brain, including premotor area 6, parietal areas
(Broadmann's area 7b and the ventral intraparietal area, VIP), and the putamen (Fogassi
et al. 1999; Graziano 2001; Rizzolatti et al. 1997). The most relevant characteristic of
these neurons, for present purposes, is that, in addition to responding both to visual and
tactile stimulation (referred to here as visuo-tactile), their visually evoked responses are
modulated by the distance between the visual object and the tactile receptive field (RF).
This allows for the coding of visual information that is dependent, or centred, on the body

part that contains the tactile RF.

Premotor visuo-tactile interactions
The most detailed series of studies on the properties of visuo-tactile neurons have been
performed in the premotor cortex. Neurons in the F4 sub-region of inferior area 6 in ventral
premotor cortex (Matelli et al. 1985) are strongly responsive to tactile stimulation. They are
characterized by relatively large tactile RFs located primarily on the monkey’s face, neck,
arm, hand, or both hands and face (e.g., in the peribuccal region, Gentilucci et al. 1988;

Rizzolatti et al. 1981a). A large proportion (85%) of the tactile neurons in this area



discharges also in response to visual stimuli. According to the depth of the visual RFs
extending out from the body, these bimodal neurons were originally subdivided into
pericutaneous (54%) and distant peripersonal neurons (46%). The pericutaneous neurons
responded best to stimuli presented a few centimeters from the skin (10 cm or less,
Rizzolatti et al. 1981b), whereas the distant peripersonal neurons responded to stimuli
within reach of the monkey's arms. We will refer to both as ‘peripersonal’ visuo-tactile
neurons throughout the text. Therefore, an important property of these neurons (and
neurons in other PpS-related areas, see below), is that their visual RFs are limited in depth
from the tactile RFs (in most cases from ~5 to ~50 cm). The visual RFs are generally
independent of gaze direction (Fogassi et al. 1992; Gentilucci et al. 1983), being spatially
related instead to the body-parts on which the tactile RFs are located. Moreover, when the
arm is moved under the monkey’s view, the visual RF follows the body-part, being
‘anchored' to the tactile RF thus keeping a rough spatial match between the locations of
the visual RF and the arm with every displacement (Graziano et al. 1994; Graziano et al.
1997; Figure 1).

Although less numerous, visuo-tactile neurons are present also in the rostral sub-
region F5 of area 6, and have smaller tactile RFs than F4 neurons. The tactile RFs are
frequently located on the face, the hand, or both. However, the visual properties of these
neurons were shown to be quite different: even though stimuli presented close to the body
resulted in stronger responses, the size of the stimuli appeared to be a more critical factor

in driving the activity of F5 neurons (Rizzolatti et al. 1988; Rizzolatti and Gentilucci 1988).

<Insert figure 1 about here>

Parietal visuo-tactile interactions



The posterior parietal lobe of the macaque brain contains two sub-regions with visuo-
tactile properties: Area 7b of the inferior posterior parietal lobe, and the ventral section of
the intraparietal sulcus (VIP). As in the premotor cortex, electrophysiological studies in
awake monkeys revealed that visuo-tactile integration in these areas arises at the single
unit level (Hyvarinen and Poranen 1974; Hyvarinen 1981; Leinonen et al. 1979; Leinonen
and Nyman 1979; Mouncastle et al. 1975; Robinson et al. 1978; Robinson and Burton
19804, b)'. Within area 7b, most neurons were responsive to tactile stimuli, and presented
a gross somatotopic organization, with separate face, arm, and hand representations
(Hyvarinen and Shelepin 1979; Hyvarinen 1981; Robinson and Burton 1980a). Within the
face and arm regions of this map, visuo-tactile cells (33%) have been reported (Hyvarinen
and Poranen 1974; Hyvarinen and Shelepin 1979; Hyvarinen 1981; Leinonen et al. 1979;
Leinonen and Nyman 1979). What is the function of these responses? Researchers
initially interpreted these visual responses as an “anticipatory activation” that appeared
before the neuron's tactile receptive field (RF) was touched (Hyvarinen and Poranen 1974,
page 675). Importantly, a close correspondence between the tactile and visual RFs has
been documented, especially for tactile RFs on the arm (Leinonen et al. 1979). That is,
these neurons’ activation was shown to be dependent upon the distance of the effective
visual stimulus from the body-part. Most of these neurons responded to visual stimuli
moving towards the monkey, within about 10 cm of the tactile RF (although in some cases,
stimulation presented further away, but still within a reachable distance, was also
effective).

Multisensory neurons have also been found in the monkey area VIP, in the fundus
of the intraparietal sulcus (Avillac et al. 2005; Colby and Duhamel 1991; Colby et al. 1993;

Duhamel et al. 1998). VIP neurons respond to tactile and visual stimulation presented

1 A possibly earlier report can be attributed to Sakata and colleagues’ report (Sakata et al, 1973, page 100). In this study
about the functional organization of area 5, the authors stated: “Even the relatively rare neurons which we could
activate visually were more powerfully driven by somatosensory stimuli”. However, no further detail or discussion was
offered concerning the limitation in depth of the visual RF.



within a few centimeters of the tactile RF. Unlike area 7b neurons, tactile RFs in VIP are
primarily located on the face and head, and visual RFs are anchored to a region of space

around the face (Colby et al. 1993).

Subcortical visuo-tactile interaction
Pools of multisensory neurons have also been found in subcortical structures of the
macaque brain. The multisensory encoding of events has been well established in the
superior colliculus (Stein and Meredith 1993; Wallace and Stein 2007). Such collicular
activity, however, seems not to be devoted primarily to representing the space near the
body (for a full discussion of the properties and functional roles of multisensory neurons in
the superior colliculus, see Wallace, this volume). The putamen, on the other hand, seems
to be a relevant region for the visuo-tactile processing of events in the space around the
body (Graziano and Gross 1993, 1994, 1995). Visuo-tactile neurons in the putamen with
tactile RFs on the arm, hand, and face are somatotopically organized. Just as for the
cortical visuo-tactile neurons, the visual and tactile RFs in the putamen show a rough
spatial correspondence, with the visual RFs being anchored to the tactile ones. Most of the
neurons also responsive to visual stimuli, as long as they are presented close to the tactile
RF. A large portion (82%) of face neurons responds best to visual stimuli presented in a
region of space within 10-20 cm from the tactile RF. Neurons with tactile RFs on the arm
and hand present even more shallow visual RFs around the hand (up to 5 cm, Graziano

and Gross 1993).

— A visuo-tactile network
The neurophysiological findings described in the previous sections define a set of at least
four distinctive areas with similar visuo-tactile responses: premotor inferior area 6, parietal

areas 7b and VIP, ,and the putamen. These areas are heavily interconnected, forming a



tight network (Matelli and Luppino 2001; Rizzolatti et al. 1997; Rizzolatti et al. 1998).
Neurons in this network share some common features: 1) The visual responses lie
primarily within a head-face or arm-hand centered somatosensory representation of the
body; 2) Visual stimuli moving near the monkey modulate the neurons’ responses stronger
than farther stimuli. This suggests that these neurons allow for body-part-centered coding
of visual stimuli within sectors of space adjacent to the tactile surface. This network
possesses all of the necessary properties to bind together external visual information
around the body and tactile information on a specific body part (Fogassi et al. 1992;

Graziano and Gross 1993; Rizzolatti et al. 1997).

Dynamic features of peripersonal space representation
An important characteristic of some visuo-tactile areas is the dynamic property of their
visual receptive fields. Fogassi and colleagues (Fogassi et al. 1996) found that the depth
of the visual RFs of F4 visuo-tactile neurons can increase with increases in the velocity
(20-80 cm/s) of a visual stimulus approaching the cutaneous RF. This property could be
crucial for preparing and/or executing actions towards nearby objects. Iriki and colleagues
(Iriki et al. 1996) revealed that, after training monkeys to use a rake as a tool to reach food
pellets placed outside their reaching space, some neurons in the post-central gyrus
(somewhat extending into the intraparietal sulcus) began to display visual responses. In
addition, although concerns have been raised in this respect (Holmes and Spence 2004),
such visual responses appeared to be modulated by active, but not by passive, tool-use.
The newly-acquired visual RFs seemed to have expanded towards the tool-tip. A few
minutes after the active tool-use, the visual RFs apparently shrank back to their original
size. In other words, the dynamic aspects of the visual RF may depend on the execution of

specific motor actions (Rizzolatti et al. 1998).



An interesting recent finding showed that visuo-tactile neurons within area 7b and
VIP also respond when another individual’s body-part is approached by a visual stimulus
(Ishida et al. 2009). Similarly to the visuo-tactile neurons described above, these “body-
matching neurons” respond to visual stimuli presented near the tactile RF. Moreover, the
neurons are responsive to a visual stimulus presented close to the corresponding body-
part of another individual (a human experimenter) being observed by the monkey. For
instance, a neuron displaying a tactile RF on the arm responded to a visual stimulus
presented close to the monkey’s own arm, but also to visual stimuli presented close to
another individual’s arm. For some of these neurons, this matching property seems to be
independent of the position of the observed individual with respect to the observing

monkey (up to 35 degrees of rotation).

1.2. Motor features of peripersonal space: Visuo-tactile interaction around the acting body
Why should the brain maintain a representation of the space around the body separate
from a representation of far extrapersonal space? One possibility is that this dichotomy
stems purely from perceptual aims, giving a “greater” perceptual salience to visual events
occurring in the vicinity of the body. Following this idea, the parieto-frontal network,
together with the putamen, would code visual space with individual body-parts as its
reference. This is suggested by the sensory properties of this set of neurons, responding
selectively for visual information close to the body. However, we believe that this
interpretation does not fully describe the potential functional applications of this system,
since it does not correspond with some of the evidence described above. First, it may be
difficult to interpret the complex tactile RFs of some of these neurons (for instance, single
neurons in area F4 that represent both the hand and face, as reported by Rizzolatti et al.
1981a, b). Second, it doesn’t account for the dynamic changes of their visual RFs, as

observed in cases of objects approaching the body (Fogassi et al. 1996). More critically, a



purely perceptual account does not fit with the presence of such bimodal neurons in a
predominantly 'motor' area, such as the premotor cortex. Numerous visuo-tactile neurons
in inferior area 6 (Gentilucci et al. 1988; Rizzolatti et al. 1981c; Rizzolatti et al. 1987;
Rizzolatti et al. 1988; Rizzolatti and Gentilucci 1988; Rizzolatti et al. 1997), parietal areas
7b (Hyvarinen 1981; Hyvarinen and Poranen 1974; Hyvarinen and Shelepin 1979;
Leinonen 1980; Leinonen et al. 1979; Leinonen and Nyman 1979; Robinson et al. 1978),
and the putamen (Crutcher and DeLong 1984) respond not only to passive visual and
tactile stimulation, but also during motor activity.

These findings raise the more compelling possibility that the multisensory
representation of PpS serves some motor function. Objects in the vicinity of the body are
indeed more relevant by virtue of the possible interactions our body can establish with
them (Graziano et al. 1993; Rizzolatti et al. 1997, 1998). Therefore, hand-centered
representation of PpS provides us with extremely valuable information regarding the
spatial position of objects with respect to our hands. Here follows a description of the
motor aspects associated with PpS brain areas, as revealed by electrophysiological
studies in macaque monkeys.

The premotor cortex has both direct (Martino and Strick 1987) and indirect
(Godschalk et al. 1984; Matsumura and Kubota 1979; Muakkassa and Strick 1979;
Pandya and Vignolo 1971) access to the control of upper limbs movements, via
projections to the spinal cord and the primary motor cortex, respectively. The motor
properties of neurons in the inferior premotor cortex support a role for this structure in a
perception-to-action interface. In particular, the visual responses of some neurons within
this area are enhanced when a reaching movement is performed towards an object
(Godschalk et al. 1985), as well as during reaching and grasping movements of the arm
and hand (Godschalk et al. 1981; Godschalk et al. 1985; Kurata et al. 1985; Kurata and

Tanji 1986; Rizzolatti and Gentilucci 1988), and mouth (Rizzolatti et al. 1981c). Moreover,
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neurons in this area show a rather precise degree of motor representation. Proximal and
distal movements are represented separately (in areas F4/F1 and area F5, respectively),
with the proximal neurons mostly activated for arm and face movements. (Gentilucci et al.
1988; Kurata and Taniji 1986; Murata et al. 1997; Raos et al. 2006; Rizzolatti et al. 1987,
Rizzolatti et al. 1988; Rizzolatti and Gentilucci 1988). Crucially, the passive RFs and the
active movements appear to share related functional roles: neurons with visuo-tactile RFs
on the face also discharged during arm reaching movements towards the upper part of
space which corresponds to its visual RF. This suggests that the sensory and motor
responses are expressed in a common reference frame for locating objects in the space
close to the body and for guiding movements toward them. We believe that such a
complex motor mechanism cannot subserve a purely perceptual function.

Parietal area 7b also has motor properties. As in the premotor cortex, parietal motor
functions seem to be related to approaching movements of a body-part toward an object
(Gardner et al. 2007; Lacquaniti and Caminiti 1998; Rizzolatti et al. 1997). Indeed, the
posterior parietal cortex is part of the dorsal stream of action-oriented visual processing
(Milner and Goodale 1995), and both inferior and superior parietal lobules are
interconnected with the premotor cortex (see above).

Ablation and reversible inactivation studies in monkeys have shown a direct
relationship between the PpS network and motor responses. These studies tested for the
behavioural consequences of a lesion within premotor and posterior parietal areas, where
visuo-tactile neurons have been found. Interestingly, lesions to both the anterior or
posterior parts of this network seem to produce very similar patterns of motor impairments,
most of which affect, in particular, the execution of visually-guided reaching actions
(Battaglini et al. 2002; Deuel and Regan 1985; Ettlinger and Kalsbeck 1962; Faugier-
Grimaud et al. 1978; Gallese et al. 1994; Halsban and Passingham 1982; Moll and

Kuypers 1977; Rizzolatti et al. 1983). After premotor ablation, for instance, the monkeys
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were unable to reach when the movement required the monkey to avoid an obstacle with
the contralesional arm. Arm movements were executed without correctly taking into
account visual information within PpS (Battaglini et al. 2002; Moll and Kuypers 1977).
Similarly, removal of postarcuate regions in the premotor cortex where the mouth is
represented (presumably in area F4), caused a severe impairment in grasping with the
mouth (Rizzolatti et al. 1983). Attentional deficits have also been reported after selective
damage to visuo-tactile parietal and premotor regions (Rizzolatti et al. 1983) in the form of
spatial hemineglect and extinction. The monkeys appeared to be unaware of visual (or
tactile) stimuli presented in the contralesional space. Crucially, this deficit was selective for
the space around the body.

Sub-region F5 of the inferior area 6 is also characterized by the presence of 'mirror’
neurons, a special class of motor neurons with visual properties. These neurons are
selective for the execution of a specific motor act, such as precision grasping. They also
discharge when the monkey observes another monkey or a human executing the same
action (di Pellegrino et al. 1992; Gallese et al. 1996; Rizzolatti et al. 1996)2. Relevant for
this chapter is a recent study which showed selectivity in certain mirror neurons for actions
performed within the observer’s PpS rather than in its extrapersonal space (peripersonal
mirror neurons, Caggiano et al. 2009). A different sub-population of mirror neurons
showed the opposite preference (i.e. selectivity for actions performed in extrapersonal
space, rather than PpS). Moreover, peripersonal and extrapersonal space appeared to be
defined according to a functional criterion: When accessibility to PpS was limited (e.g., by
placing a screen in front of the monkey), the responses of several peripersonal mirror
neurons were reduced during observation of actions performed in the inaccessible portion

of the space. That is, when PpS was inaccessible fro action, it has been represented as

2 A first report of neurons responding while the monkey was watching an action performed by another individual is
already present in an early electrophysiological study over the parietal area 7b (Leinonen 1980, page 305) : « [...] two
cells discharged when the monkey grasped an object [...] or when the monkey saw an investigator grasp an object »
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farther extrapersonal space. Indeed, in such circumstances, extrapersonal mirror neurons

started to respond to observation of actions performed in the inaccessible PpS.

1.3 A multisensory-motor network for body-object interactions in peripersonal space

The above reviewed studies provide a large body of indirect evidence in favour of the
proposal that this parieto-frontal network binds together visual and tactile information in
order to generate an appropriate motor program towards objects in the world. We would
like to suggest that the occurrence of multisensory and motor processing within the same
area provides an interface between perception and action.

What kind of body-object interactions can body-centered PpS representation
subserve? PpS has traditionally been suggested to play a role in guiding hand actions
towards objects within reaching distance (Bremmer 2005; Fogassi and Luppino 2005;
Graziano 1999; Maravita et al. 2003; Maravita 2006; Rizzolatti 1987). Indeed, the evidence
described above seems to support the involvement of some PpS areas in reaching and
grasping. Another intriguing possibility that has recently been investigated is the
involvement of the PpS network in defensive (re)actions. By acting as an anticipatory
sensory-motor interface, PpS may serve for the early detection of potential threats
approaching the body (Fogassi et al. 1996) in order to drive involuntary defensive
movements (Cooke and Graziano 2004; Graziano and Cooke 2006). The most direct
evidence in favour of this hypothesis comes from cortical electrical stimulation studies
(although concerns have been raised in this respect. see Strick 2002; Graziano et al.
2002). Eletrical stimulation of the ventral premotor cortex and the VIP (Graziano and
Cooke 2006) has been reported to elicit a pattern of movements that is compatible with
defensive arm movements and the withdrawal of the arm or the head (Cooke and
Graziano 2003). However, the same anticipatory features may also have evolved to serve

voluntary object-oriented actions (Gardner et al. 2007; Rizzolatti et al. 1981a, b; Rizzolatti
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et al. 1997). In support of this view are the results of the described electrophysiological
recording studies, showing the motor properties of both parietal and periarcuate visuo-
tactile neurons, whose discharges are mostly correlated with reaching and grasping
movements (see paragraph 1.2). The two hypotheses (involuntary and voluntary object-
oriented actions) are not mutually exclusive and one could speculate that a fine-grained
and sophisticated function could have developed from a more primordial defensive
machinery, using the same visuo-tactile spatial coding of the PpS (see the “neuronal
recycling hypothesis” as proposed by Dehaene 2005). This hypothetical evolutionary
advancement could lead to the involvement of the PpS mechanisms in the control of the
execution of voluntary actions towards objects. Some comparative data showed, for
instance, that prosimian sensory areas corresponding to the monkeys' parietal areas
already present some approximate motor activity. The most represented movements are
very stereotyped limb retractions that are associated with avoidance movements (Fogassi

et al. 1994).
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2. Multisensory based peripersonal space representation in humans

Several studies support the existence of a similar body-part centered multisensory
representation of the space around the body in the human brain. In this respect, the study
of a neuropsychological condition called ‘extinction’ (Bender 1952; Brozzoli et al. 2006)
has provided considerable insight into the behavioural characteristics of multisensory
spatial representation in the human brain (Ladavas 2002; Ladavas and Farné 2004,
Legrand et al. 2007). Evidence for visuo-tactile interactions is also available in healthy
people, in the form of distance-modulated interference exerted by visual over tactile stimuli
(Brozzoli et al. 2009a, b; Spence et al. 2004, 2008). The crucial point of these studies is
the presence, both in the brain-damaged and healthy populations, of stronger visuo-tactile
interactions when visual stimuli are presented in near, as compared to far space. These
studies thus support the idea that the human brain also represents PpS through an

integrated visuo-tactile system (Figure 2).

<Insert Figure 2 about here>

2.1 Peripersonal space representation in humans

Peripersonal space representation in neuropsychological patients
Extinction is a pathological sign following brain damage, whereby patients fail to perceive
contralesional stimuli only under conditions of double simultaneous stimulation, thus
revealing the competitive nature of this phenomenon (di Pellegrino and De Renzi 1995;
Driver 1998; Ward et al. 1994). A number of studies have shown that extinction can
emerge when concurrent stimuli are presented in different sensory modalities: A visual
stimulus presented near to the ipsilesional hand can extinguish a touch delivered on the
contralesional hand (di Pellegrino et al. 1997; see also Costantini et al. 2007, for an

example of crossmodal extinction within a hemi-space). Crucially, such cross-modal visuo-
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tactile extinction appears to be stronger when visual stimuli are presented in near as
compared to far space, thus providing neuropsychological support for the idea that the
human brain represents PpS through an integrated visuo-tactile system. Moreover, in
accordance with the findings from the electrophysiological studies described in the
previous section, visual responses to stimuli presented near the patient’s hand remain
anchored to the hand when it is moved to the opposite hemi-space. This evidence
suggests that PpS in humans is also coded in a hand-centered reference frame (di
Pellegrino et al. 1997; Farné et al. 2003). A converging line of evidence suggests that the
space near the human face is also represented by a multisensory mechanism. We
demonstrated that visuo-tactile extinction can occur by applying visual and tactile stimuli
on the patient’s face (Farné et al. 2005a). Interestingly, the extinction was strongest when
the homologous body part was being stimulated (i.e., left and right cheeks, rather than left
hand and right cheek), suggesting that different spatial regions, adjacent to different body-
parts, are represented separately (Farne et al. 2005a). In a further study, we presented
four extinction patients with visual stimuli near and far from the experimenter’s right hand,
as well as from their own right hands (Farné et al., unpublished data). While the visual
stimulus presented near the patients' hands successfully extinguished the touch on the
patients’ left hand, no cross-modal extinction effect was found to support a possible body-
matching property of the human PpS system. This discrepancy with the evidence reported
in the electrophysiological literature might stem from the fact that we used a more radical
change in orientation between the observer's own and the observed hands (more than 35
degrees, see section 1.1). Finally, we have shown that the human PpS also features
plastic properties, akin to those demonstrated in the monkey: Visual stimuli presented in
far space induced stronger cross-modal extinction following the use of a 38 cm rake to
retrieve (or act upon) distant objects (Farné and Ladavas 2000; see also Berti and

Frassinetti 2000; Bonifazi et al. 2007; Farné et al. 2005b, 2007; Maravita and Iriki 2004).
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The patients’ performance was evaluated before tool-use, immediately after a 5 minute
period of tool-use, and after a further 5 to 10 minute resting period. Far visual stimuli were
found to induce more severe contralesional extinction immediately after tool-use,
compared with before tool-use. These results demonstrate that, while near and far spaces
are separately represented, this spatial division is not defined a priori. Instead, the
definition of near and far space may be derived functionally, depending upon movements

that allow the body to interact with objects in space.?

Peripersonal space representation in neurotypical participants
In healthy participants, most of the behavioural evidence for the hand-centred visuo-tactile
representation of near space derives from a visuo-tactile interference (VTI) paradigm. In
this series of studies, participants were asked to discriminate between two locations of a
tactile stimulus, while an irrelevant visual distractor was delivered at a congruent or
incongruent location. The overall effect was a slowing in response times for the
incongruent trials, as compared with the congruent ones (Pavani and Castiello 2004;
Spence et al. 2004, 2008). More relevant here is the fact that the interference exerted
when the visual distractor was presented near to as compared to far from the tactile
targets. In analogy with the cross-modal extinction studies, the VTI was stronger when the
visual information occurred close to the tactually stimulated body-part rather than in far
space (see Spence et al. 2004, 2008, for reviews). Using the same approach, the effect of
tool-use on VTl in near and far space has been studied in healthy individuals (Holmes et
al. 2004, 2007a, b, 2008), with some differences in results as compared to studies

conducted in neurological patients, as described above (see also Maravita et al. 2002).

3 We have recently studied the effects of tool-use on the body schema (Cardinali et al. 2009¢). We have found that the
representation of the body has been dynamically updated with the use of the tool. This dynamic updating of the body
schema during action execution may serve as a sort of skeleton for PpS representation (for a critical review of the
relationship between human PpS and body schema representations See Cardinali et al. 2009a).
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Evidence for the existence of multisensory PpS is now accumulating from
neuroimaging studies in healthy humans. These new studies provide further support for
the homologies between some of the electrophysiological evidence reviewed above and
the PpS neural mechanisms in the human brain. Specifically, brain areas that represent
visual and tactile information on and near to the hand and face in body-centered
coordinates have been reported to be the anterior section of the intraparietal sulcus and
the ventral premotor cortex (Bremmer et al. 2001; Makin et al. 2007; Sereno and Huang
2006). These findings correspond nicely with the anatomical locations of the monkey
visuo-tactile network. Moreover, recent studies have identified the superior parietal
occipital junction as a potential site for representing near-face and near-hand visual space
(Gallivan et al. 2009; Quinlan et al. 2007). This new evidence extends our current
knowledge of the PpS neural network, and may guide further electrophysiological studies
to come.

While using functional brain imaging enabled us to demonstrate that multiple brain
areas in both sensory and motor cortices modulate their responses to visual stimuli based
on their distance from the hand and face, it did not allow us to determine the direct
involvement of such representations in motor processing. In a series of experiments
inspired by the macaque neurophysiological literature, we recently examined the reference
frames underlying rapid motor responses to real, three-dimensional objects approaching
the hand (Makin et al. 2009). We asked subjects to make a simple motor response to a
visual ‘Go’ signal while they were simultaneously presented with a task-irrelevant distractor
ball, rapidly approaching a location either near to or far from their responding hand. To
assess the effects of these rapidly-approaching distractor stimuli on the excitability of the
human motor system, we used single pulse transcranial magnetic stimulation (TMS),
applied to the primary motor cortex, eliciting motor evoked potentials (MEPSs) in the

responding hand. As expected, and across several experiments, we found that motor
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excitability was modulated as a function of the distance of approaching balls from the
hand: MEP amplitude was selectively reduced when the ball approached near the hand,
both when the hand was on the left and on the right of the midline. This suppression likely
reflects the proactive inhibition of a possible avoidance responses that is elicited by the
approaching ball (see Makin et al. 2009). Strikingly, this hand-centred suppression
occurred as early as 70 ms after ball appearance, and was not modified by the location of
visual fixation relative to the hand. Furthermore, it was selective for approaching balls,
since static visual distractors did not modulate MEP amplitude. Together with additional
behavioural measurements, this new series of experiments provides direct and converging
evidence for automatic hand-centered coding of visual space in the human motor system.
These results strengthen our interpretation of PpS as a mechanism for translating
potentially relevant visual information into a rapid motor response.

Together, the behavioural and imaging studies reviewed above confirm the
existence of brain mechanisms in humans that are specialized for representing visual
information selectively when it arises from near the hand. As highlighted in the previous
section on monkey research, a strong binding mechanism of visual and tactile inputs has
repeatedly been shown also in humans. Importantly, these converging results have refined
and extended our understanding of the neural processes underlying multisensory
representation of PpS. Namely, by identifying various cortical areas that are involved in
different sensory-motor aspects of PpS representation, and the time course of hand-
centered processing.

The tight relationship between motor and visual representation of near space in the
human brain led us most recently to an intriguing question: Would the loss of a hand
through amputation (and therefore the inability of the brain to represent visual information
with respect to it) lead to changes in visual perception? We recently discovered that hand-

amputation is indeed associated with a mild visual ‘neglect’ of the amputated side:
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Participants with an amputated hand favoured their intact side when comparing distances
in a landmark position-judgment task (Makin et al. 2010). Importantly, this bias was absent
when the exact same task was repeated with the targets placed in far space. These results
thus suggest that the possibility for action within near space shapes the actor's spatial
perception, and emphasize the unique role that PpS mechanisms may play as a medium

for interactions between the hands and the world.

A multisensory interface for body-objects interactions
Until recently, the characteristics of visuo-tactile PpS in humans had been assessed
exclusively while the relevant body parts were held statically. Even the most ‘dynamic’
properties of PpS, such as tool-use modulation of the visuo-tactile interaction, have been
studied in the static phase preceding or following the active use of the tool (Farne et al.
2005; Holmes et al. 2007b, Maravita et al. 2002). An exception could be found in those
studies showing dynamic changes of PpS during tasks such as line bisection (e.g., Berti
and Frassinetti 2000), although multisensory integration was not measured in these
studies. However, if the PpS representation is indeed directly involved in body-object
interactions, then modulations of visuo-tactile interaction should be found without needing
the use of any tools. On the contrary, the visuo-tactile interaction, or the dynamic
'remapping' of near space should be a basic, primary property that only secondarily can be
generalized to tool-use (see Brozzoli et al. 2009b). In this respect, the execution of a
voluntary free-hand action, for instance reaching towards an object, should induce a rapid
on-line remapping of visuo-tactile spatial interactions, as the action unfolds. To test this
hypothesis in humans, we conceived a modified version of the visuo-tactile interference
paradigm (VTI) described above, where multisensory interactions were assessed also
during the dynamic phases of an action. We asked a group of healthy participants to

perform two tasks within each trial: The first task was perceptual, whereby participants
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discriminated the elevation (up or down) of a tactile target delivered to a digit on one hand
(index finger or thumb) trying to ignore task-irrelevant visual distractor presented on a
target object. The second motor task consisted of grasping the target object, which was
presented in four different orientations, with the index finger and thumb in a precision grip.
The visuo-tactile stimulation was presented at one of three different timings with respect to
the execution of the action: Either in a static phase, when the grasping hand had not yet
moved; At the onset of the movement (0 ms); Or, in the early execution phase (200 ms
after movement onset). When participants performed the action with the tactually
stimulated hand, the VTl was enhanced (i.e., there was more interference from the visual
distractor on the tactile task) as compared to the static phase (Figure 3a). This effect was
even more pronounced when the visuo-tactile interaction was assessed during the early
execution phase of the grasping. Crucially, if the same action was performed with the non-
stimulated hand, no multisensory modulation was observed, even though both hands
displayed comparable kinematic profiles (Brozzoli et al. 2009b, see Figure 3b). This result
provided the first evidence that, in humans, a motor-evoked remapping of PpS occurs,
which is triggered by the execution of a grasping action: As in the monkey brain (see
Section 1.1 of this manuscript), the human brain links sources of visual and tactile
information that are spatially separated at the action onset, updating their interaction as a
function of the phase of the action. Our brain updates the relationship between visual and
tactile information well before the hand comes into contact with the object, since the
perceptual re-weighting is already effective at the very early stage of the action (Figure 3a
and b). The finding that such visuo-tactile re-weighting was observed selectively when
both perceptual and grasping tasks concerned the same hand, not only confirms the hand-
centered nature of the PpS, but critically extends this property to ecological and adaptive
dynamic situations of voluntary manipulative actions. Furthermore, the kinematics analysis

revealed possible parallels between the motor and perceptual performances, showing that
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a difference in the kinematic pattern was reflected by a difference in the perceptual domain
(see Brozzoli et al. 2009b, for details).

It is worth noting that the increase in VTI that was triggered by the action, even if
already present at the very onset of the movement (Figure 3a and b), kept increasing
during the early execution phase. That is, an even stronger interference of visual on tactile
information was revealed, as the action unfolded in time and space. This suggests that
performing a voluntary action triggers a continuous monitoring of action space, which
keeps ‘assisting’ the motor execution of the action during its whole dynamic phase.

In order to investigate more deeply the relationship between PpS remapping and
the motor characteristics of the action, we tested whether different multisensory
interactions might arise as a function of the required sensory-motor transformations. We
would expect that action-dependent multisensory remapping should be more important
whenever action performance requires relatively more complex sensory-motor
transformations.

In a more recent study (Brozzoli et al. 2009a), we asked a group of healthy participants
to perform either grasping movements (as in Brozzoli et al. 2009b), or pointing
movements. For both movements, the interaction between task-irrelevant visual
information on the object and the tactile information delivered on the acting hand increased
in the early component of the action (as reflected in a higher VTI), thus replicating our
previous findings. However, a differential updating of the VTI took place during the
execution phase of the two action types. While the VTI magnitude was further increased
during the execution phase of the grasping action (with respect to movement onset), this
was not the case in the pointing action. In other words, when the hand approached the
object, the grasping movement triggered stronger visuo-tactile interaction than pointing.
Thus, not only a continuous updating of PpS occurs during action execution, but this

remapping varies with the characteristics of the given motor act. If (part of) the remapping
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of PpS is already effective at the onset of the motor program, the perceptual modulation
will be kept unchanged. But in the case of relatively complex object-oriented interactions
like grasping, the remapping of PpS will be dynamically updated with respect to the motor

command.

3. Conclusion

The studies reviewed in this chapter uncover the multisensory mechanisms our brain uses
in order to directly link betweem visual information available outside our body and tactile
information on our body. In particular, electrophysiological studies in monkeys revealed
that the brain builds a body-parts centred representation of the space around the body,
through a network of visuo-tactile areas. We also reviewed later evidence suggesting a
functionally homologous representation of PpS in humans, which serves as a multisensory
interface for interactions with objects in the external world. Moreover, the action-related
properties of PpS representation feature a basic aspect which might be crucial for rapid
and automatic avoidance reactions, i.e. a hand centred representation of objects in near
space. We also showed that PpS representation is dynamically remapped during action
execution, as a function of the sensory-motor transformations required by the action
kinematics. We therefore suggested that PpS representation may also play a major role in
voluntary action execution on nearby objects. These two hypotheses (involuntary and
voluntary object-oriented actions) are not mutually exclusive and one could speculate that,
from a more primordial defensive function of this machinery, a more fine-grained and
sophisticated function could have developed using the same, relatively basic visuo-tactile
spatial computational capabilities. This development could lead to its involvement in the

control of the execution of voluntary actions towards objects.
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Figures captions

Figure 1: Representation of visual stimuli in hand-based coordinates.

Visual responses of a typical premotor neuron with a tactile RF (hatched) on the forearm
and hand, and a visual RF within 10cm of the tactile RF. On each trial, the arm
contralateral to the neuron was fixed in one of two positions: (A) on the right (light grey
symbols and lines), or (B) on the left (dark grey symbols and lines) and the visual stimulus
was advanced along one of four trajectories (humbered 1-4). C. Responses of the neuron
to the four stimulus trajectories when the arm was visible to the monkey were recorded for
both positions. When the arm was fixed on the right, the response was maximal for
trajectory 3, which was approaching the neuron’s tactile RF. When the arm was fixed on
the left, the maximal response shifted with the hand to trajectory 2, which was now
approaching the tactile RF. This example shows that neurons in the monkey's premotor
cortex represent visual information with respect to the tactile RF.

Modified from Graziano et al. 1999.

Figure 2: Peripersonal space representation.

Head- and hand-centred peripersonal space (green areas) with respect to the reaching
space (red region).

Modified from Cardinali et al. 2009b.

Figure 3. Grasping actions remap peripersonal space

A. Action induces a re-weighting of multisensory processing as shown by a stronger VTI
at the action Onset (55 ms) compared to the Static condition (22 ms). The increase is even
more important (79 ms) when the stimulation occurs in the early Execution phase (200 ms
after action starts). B. Dynamics of the free hand grasping; the figure shows as schematic
of estimated the position of the hand in the instant when the stimulation occurred, for the
static condition (blue panel), exactly at the onset of the movement (yellow panel) or during
the early execution phase (light blue panel). Wrist displacement (green trajectory) and grip
evolution (pink trajectories) are shown in each panel.

Modified from Brozzoli et al. 2009.



