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ARTICLE INFO ABSTRACT

While space is perceived as unitary, experimental evidence indicates that the brain actually contains a
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surrounds us and which we can act upon. In the present review, we focus on non-human primate
research and we review the single cells, areal and cortical functional network mechanisms that are
proposed to underlie extrapersonal and peripersonal space representations. Importantly, the current
dominant framework for the study of peripersonal space is centered on the key notion that actions and
specifically arm and hand-related actions, shape cortical peripersonal space representations. In the
present review, we propose to enlarge this framework to include other variables that have the potential
to shape peripersonal space representations, namely emotional and social information. In the initial
section of the manuscript, we thus first provide an extensive up-to-date review of the low level sensory
and oculomotor signals that contribute to the construction of a core cortical far and near space
representation, in key parietal, premotor and prefrontal periarcuate cortical regions. We then highlight
the key functional properties that are needed to encode peripersonal space and we narrow down our
discussion to the specific parietal and periarcuate areas that share these properties: the parieto-
premotor peripersonal space network and the parieto-premotor network for grasping. Last, we review
evidence for a changing peripersonal space representation. While plastic changes in peripersonal space
representation have been described during tool use and their underlying neural bases have been well
characterized, the description of dynamical changes in peripersonal space representation as a function of
the emotional or social context is quite novel and relies on behavioral human studies. The neural bases of
such a dynamic adjustments of peripersonal space coding are yet unknown. We thus review these novel
observations and we discuss their putative underlying neural bases.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction area 8, corresponding to the frontal eye-field or FEF, results in a

decrease of contralateral eye movements and a neglect in the

While our surrounding environment is often perceived as a
unitary construct onto which we act and with which we interact,
an ever growing body of neuropsychological evidence demonstrates
that the brain actually contains a modular representation of space,
some cortical regions being involved in the processing of extra-
personal space, that is the space that is far away from the subject and
that cannot be directly acted upon by the body, while other cortical
regions appear to process peripersonal space, that is the space that
directly surrounds us and which we can directly interact with (Fig. 1).

Early lesion studies in the non-human primate (Rizzolatti et al.,
1983) show that the unilateral ablation of the pre-arcuate cortex to

* Corresponding author.
E-mail address: benhamed@isc.cnrs.fr (S. Ben Hamed).

http://dx.doi.org/10.1016/j.neuropsychologia.2014.10.022
0028-3932/© 2014 Elsevier Ltd. All rights reserved.

contralateral space, that is to say a deficit in the visual processing
of objects in this part of the visual field (see also Wardak et al.
(2006)). Interestingly, this neglect is more pronounced in the far
extra-personal space and is not associated with somatosensory
deficits. In contrast, post-arcuate lesions to area 6 result in a severe
contralateral visual neglect, limited to peripersonal space and
associated with a somatosensory neglect. This bimodal neglect in
peripersonal space is also associated with a deficit in the use of the
contralateral hand.

In humans, cases of neglect restricted to the near peripersonal
space have been described (Berti and Frassinetti, 2000; Beschin and
Robertson, 1997; Bisiach et al,, 1986; Guariglia and Antonucci, 1992;
Halligan et al., 2003; Halligan and Marshall, 1991; Ortigue et al., 2006),
as well as cases of neglect restricted to the far extrapersonal space
(Coslett et al,, 1993; Cowey et al., 1994, 1999; Vuilleumier et al., 1998;
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Fig. 1. Spaces around the body. The peripersonal space is the space that directly
surrounds us and with which we can directly interact whereas the extrapersonal
space is the space that is far away from the subject and that cannot be directly acted
upon by the body.

Ackroyd et al., 2002; Ortigue et al., 2006), though these deficits in near
and far space processing appear to depend on the ongoing task being
performed by the subjects (Aimola et al.,, 2013; Keller et al.,, 2005).

The reversible perturbation of the right angular gyrus (ANG) using
transcranial magnetic stimulation (TMS) alters near space perception
while that of the right supramarginal gyrus (SMG) induces a more
marked deficit in far as compared to near space (Bjoertomt et al.,
2002, 2009). Functional and lesion studies confirm the involvement
of a dorsal network in the coding of near space in humans including
the left dorsal occipital cortex, the left intraparietal cortex and the
left ventral premotor cortex, and the complementary involvement of
a ventral network in far space processing, including the ventral
occipital cortex bilaterally and the right medial temporal cortex
(Aimola et al., 2013; Weiss et al., 2000). Interestingly, in normal
subjects, neural perceptual processes (e.g. a bisection judgment task)
and motor processes (e.g. a manual bisection task) remain unaf-
fected by whether the task is being performed in the near or the far
space (Weiss et al., 2003). This is in agreement with the report
of similar far and near space dissociations in patients whether
performing a perceptual or a motor task (Pitzalis et al., 2001).

In the face of this accumulated knowledge, the understanding of
the precise neural bases underlying near and far space processing,
the construction of extrapersonal and peripersonal space represen-
tations and their relation with perception, action and body aware-
ness is growing at a slower pace, since the seminal monkey studies
issued some 15 years ago. These early studies highlight two distinct
parieto-premotor networks (Jeannerod et al., 1995; Rizzolatti et al.,
1998, 2014; Sakata et al., 1998; Luppino et al., 1999; Rizzolatti and
Luppino, 2001; Rizzolatti and Matelli, 2003): a parieto-premotor
peripersonal space network, composed of a parietal region (area
VIP, see below) and a premotor region (area F4, see below), and a
parieto-premotor network for grasping with the hand, composed of
two parietal region (areas AIP and 7b, see below) and a premotor
region (area F5, see below). The theoretical framework developed
by the majority of these studies when discussing these two
functional networks is an action-based perspective of space. In
other words, it is centered on the key construction that actions and
specifically arm and hand-related actions shape cortical peripersonal

space representations. In the present review, we propose to enlarge
this framework to include other variables that have the potential to
shape peripersonal space representations. In the initial section of the
manuscript, we thus first provide an extensive up-to-date review of
the low level sensory (visual—including disparity, tactile, proprio-
ceptive) and oculomotor (vergence) signals that contribute to the
construction of a core far and near space cortical representation, in
key parietal and premotor and prefrontal periarcuate cortical regions.
In the next section, we highlight the key functional properties that
are needed to encode peripersonal space and we narrow down our
discussion to the specific parietal and periarcuate areas that share
these properties. These areas coincide with the parieto-premotor
peripersonal space network and the parieto-premotor network for
grasping with the hand, mentioned above. Section 4 thus provides a
review of seminal data on the contribution of the peripersonal space
network to the definition of a defense space, as well as more recent
evident evidence on its contribution to the prediction of impact to
the body and to the coding of others' peripersonal space. Likewise,
Section 5 provides a review of the contribution of the grasping
network to goal directed hand movements in peripersonal space and
to the mirroring of others' bodily movements. In all these sections,
we focus on non-human primate research and we review the single
cells, areal and cortical functional network mechanisms that possibly
underlie the processes of interest. In the last section, we review
evidence for a changing peripersonal space representation. While
such changes and their underlying neural bases have been well
characterized during tool use, the description of changes in periper-
sonal space representation as a function of the emotional or social
context is quite novel, mostly relying on human studies, and their
underlying neural correlates are yet unknown. We conclude with a
discussion of the putative neural mechanisms that could subserve
such changes.

2. Neural bases of far versus near space representation

Locating a visual object with respect to our own body involves
the combination of both low level and high level cues. The high
level cues are based on the cognitive interpretation of what is
being perceived. For example, we can infer the distance at which a
lion stands from us based on its apparent size and on the prior
knowledge we have of the size of an adult lion. Low level cues
include both oculomotor information such as eye vergence and
visual cues such as binocular disparity information. Vergence
corresponds to the conjugate eye movements that allow both eyes
to focus onto a given visual object. As a result, an image of this
object is projected onto each fovea, at the center of each of the
right and left retinas. Vergence by providing the brain with
information about where the eyes are fixating in space at the
same time, carry information about the location of the object that
is being fixated. However, when we are actively fixating a specific
object, we are also able to simultaneously estimate the location of
a visual stimulus located in front or behind this fixated object. This
estimate is constructed by combining eye vergence signals with
binocular disparity information. Binocular disparity corresponds to
the difference in where the image of a given object falls on the left
and right retina. The binocular disparity of a fixated object is thus
null. The disparity of an object that is located between the eye
convergence point and the face is negative, while that of an object
located beyond the eye fixation point is positive. An early model
suggests that the encoding of the spatial location of an object can
be achieved through the modulation of the neuronal response of
disparity selective neurons by eye vergence signals (Pouget and
Sejnowski, 1994). And indeed, neuronal response modulation by
vergence and disparity cues is documented in the several cortical
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regions which have been proposed to contribute to near and far
space processing.

2.1. Contribution of the parietal cortex to the coding of near
peripersonal and far extrapersonal space (Fig. 2a)

Several parietal areas contribute to an enhanced representation of
near space, through diverse mechanisms. In the medial parietal area
V6A (Luppino et al.,, 2005), a significant proportion of neurons are
modulated by gaze position in 3D-space as well as by vergence
signals, i.e., by the location in depth of the visual object being foveated
(Hadjidimitrakis et al., 2011, 2012; Breveglieri et al., 2012). Impor-
tantly, at the population level, the preferred fixation distances extend
up to 30 cm from the monkey's body, i.e. within the limits of the
space that can be reached by the monkey's arm. Fixations beyond
50 cm, i.e. beyond the monkey's reaching space, are also represented,
but to a lesser extent. Interestingly, fixations around 45 cm from the
monkey's body, at the limit of the arm's reaching distance, are the
least represented. The significance of this functional limit or “gap
zone” between a peripersonal reachable space and an extrapersonal
unreachable space is not clear (Hadjidimitrakis et al., 2011, 2012;
Breveglieri et al., 2012). A similar neuronal preference for eye fixation
within the near peripersonal space is also described in other parietal
areas. The majority of 7a neurons, on the cortical convexity of the
inferior parietal cortex, are described to prefer fixations within 50 cm
from the monkey's face (Sakata et al.,, 1980). The close by area 7b is
dominated by the tactile modality. However, up to 30% of its face and
arm related tactile neurons also have a response to visual stimuli
presented close to their tactile receptive field (Hyvdrinen and
Shelepin, 1979; Hyvdrinen, 1981). A preference for peripersonal space
is additionally described in lateral intraparietal area LIP, lying on the
lateral bank of the intraparietal sulcus IPS and characterized by an
enhanced central visual field representation (Ben Hamed et al., 2001).
Indeed, 72.5% of LIP neurons have a higher discharge rate for fixations
in the near peripersonal space (Genovesio and Ferraina, 2004; Gnadt
and Mays, 1995). These neurons also have higher discharge rates for
disparities corresponding to visual stimuli presented between the
monkey and the fixated spatial location, i.e. presented in the near
peripersonal space (Genovesio and Ferraina, 2004). A similar prefer-
ential coding of the portion of space closest to the monkey can also be
found on the medial bank of the IPS, in medial intraparietal area

® Vergence tuning compatible with peripersonal space coding

* Disparity tuning compatible with peripersonal space coding
@® Disparity tuning with no evidence for peripersonal space coding
© Monocular depth cues
© Naturalistic near space stimuli
* Disparity tuning compatible with the coding
of 3D object structure

@ Vergence tuning with no evidence for peripersonal space coding

MIP or parietal reach region PRR (Bhattacharyya et al., 2009). This
correlates with an alignment of disparity tuning curves and gain
modulation by vergence angle during the preparation of arm reaching
movement can be seen. Last, a preferential coding for moving visual
stimuli in near peripersonal space is described in the ventral intrapar-
ietal area VIP, using either natural object presentations (Colby et al.,
1993) or stereoscopic visual presentations allowing for a quantification
of binocular disparity information during a fixed-vergence design
(Yang et al,, 2011; Bremmer et al., 1997, 2013) (Fig. 2a).

A recent fMRI study in the non-human primate, designed to
investigated the coding of 3D visual shape, allows to capture how
the intraparietal cortex encodes disparity information in the
+ 0.6° range (Durand et al., 2007). The authors show a change in
the hemodynamic signals as a function of the position of the
presented visual stimuli in depth in the anterior part of lateral
intraparietal area LIP, in caudal intraparietal area CIP, in medial
lateral area MIP/PRR, as well as in posterior parietal area PIP,
matching observations from the same group in humans (Durand
et al,, 2009). In these parietal regions, this coding of position in
depth is often associated with the coding of the 3D structure of
complex objects. In contrast, in anterior parietal area AIP, the
coding of 3D structure is present (Durand et al., 2007; Srivastava
et al,, 2009; Verhoef et al.,, 2010; Theys et al., 2012), in the absence
of a coding of the position of visual stimuli in depth (Durand et al.,
2007). Most interestingly, the majority of AIP neurons remained
selective for 3D objects in the absence of disparity cues, indicating
that 3D structure was partially extracted from monocular depth
cues (Romero et al., 2013). A significant proportion of AIP neurons
also express short latency, low visual selectivity responses to 2D
object fragments containing a particular curvature (Romero et al.,
2014). These responses are highly dependent upon the location of
the visual stimuli within the neuron's receptive field (Romero
et al., 2014). All this taken together suggests that AIP might be
more interested in object fine structure rather than in its actual
position in space, thus possibly challenging the contribution of this
cortical region in extracting object affordances that can further be
used to program and execute appropriate grip (Romero et al., 2014).
Notably, in adjacent area VIP, Durand et al. (2007) do not describe
any disparity-related fMRI activations, contrasting with Bremmer
et al.,, 2013. This is most probably due to the fact that while Durand
et al. (2007) manipulated disparities in the order of + 0.6°,

MIP/PRR
viP
LIP

Areas involved in reaching, with evidence for an
over-representation of peripersonal space.

Parieto-frontal network subserving peripersonal

space for grasping.

Parieto-frontal network subserving self defense

and the encoding of a safety boundary around the body.
Oculomotor cortical structures with partial evidence

for an over-representation of peripersonal space.

Fig. 2. (a) Meta-analysis of evidence for low level depth cues in identified intraparietal and peri-arcuate functional areas, color coded as identified in the legend.
(b) Functional networks associated with an enhanced representation of peripersonal space: areas involved in reaching (dark blue), parieto-frontal network subserving
peripersonal space for action (cyan), parieto-frontal network subserving self defense and the encoding of a safety boundary around the body (green), oculomotor structures

with partial evidence for an over-representation of peripersonal space (red).

Please cite this article as: Cléry, J., et al., Neuronal bases of peripersonal and extrapersonal spaces, their plasticity and their dynamics:
Knowns and unknowns. Neuropsychologia (2014), http://dx.doi.org/10.1016/j.neuropsychologia.2014.10.022



http://dx.doi.org/10.1016/j.neuropsychologia.2014.10.022
http://dx.doi.org/10.1016/j.neuropsychologia.2014.10.022
http://dx.doi.org/10.1016/j.neuropsychologia.2014.10.022

4 J. Cléry et al. / Neuropsychologia B (NEEE) REE-EEE

Bremmer et al. (2013) report that about 60% of VIP cells preferred
near space disparities of —2° or below (see next paragraph).
While most of the above cited studies highlight a preferential
encoding of near peripersonal space, they nonetheless often describe
a simultaneous though weaker encoding of far space. In a recent
monkey fMRI study (Cléry et al, ongoing work), we identify only few

parietal loci representing near space to the exclusion of far space
(Fig. 3, horizontal panel 1). Specifically, we use moving naturalistic
cubes of identical angular (apparent) size to stimulate either the far
space (1.5 m away from the monkey's face) or the near space (15 cm
from the monkey's face), while the monkeys are fixating an LED placed
at an intermediate location (90 cm from their face, fixation being

Left

hemisphere hemisphere

A- Experimental B- Intraparietal sulcus C- Arcuate sulcus

design Left Right Left Right
Medial Medial Medial Medial

Ant }> Post Poste}s Ant Ante}s Post  Postels Ant
Lateral Lateral Lateral Lateral

1- Near and Far Space
visual representations

I Near > Far [ Far > Near [ Near + Far I ] Nearonly Far only

Near stim. 4.8 t-scores 25 4.8 t-scores 25

2- Visual and Tactile

convergence
® 2 2
33
Visual stim. Tactile stim.

3- Visual predicts tactile

®. 2
B ¢ o

Low energy looming visual, spatially
and temporally predicting
low energy tactile

4- Simultaneous visual
and tactile

Simultaneous low energy
looming visual and tactile

3148

t-scores 10

Fig. 3. fMRI mapping of the contribution of the intraparietal and periarcuate cortex to peripersonal and extrapersonal space coding, in a representative non-human primate
individual. Top panel: flattened representation of the cortex, obtained with Caret (left and right hemispheres of individual monkey). The yellow inset corresponds to the IPS
and the green inset corresponds to the AS, as represented in (B) and (C). Black solid lines indicates the limit between the convexity and the banks of the IPS and AS; black
dashed lines indicate the bottom of the sulcus and black dotted line, the projection on the flat map of the most posterior coronal section of the IPS, just before the annectant
gyrus. AS, Arcuate sulcus; CS, central sulcus; I0S, inferior occipital sulcus; IPS, intraparietal sulcus; LS, lateral sulcus; LuS, lunate sulcus; PS, principal sulcus; STS, superior
temporal sulcus. (A) Experimental design for each study: 1) Neural bases of near and far space visual representations; 2) Neural bases of visual and tactile convergence;
3) Neural consequences of prediction of impact to the face by visual looming stimulus over tactile-related activation; 4) Neural consequences of simultaneous visual and
tactile presentations. (B) Parietal cortical activations presented on the flattened IPS (yellow inset in the whole brain flat maps presented in the top panel). (C) Periarcuate
cortical activations presented on the flattened AS (green inset in the whole brain flat maps presented in the top panel). On all maps, colors represent t-score scales as
indicated by the legends. In study 1, all t-scores are at FWE-corrected level (p < 0.05). In studies 2-4, t-scores are color-coded from 3.1 uncorrected level (p < 0.001) to above
FWE-corrected level (p < 0.05).
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controlled with a video eye tracker, fixation window of 2°, Fig. 3a1). As
a result, this study involved a larger disparity range than those
manipulated in Durand et al. (2007). Posterior and medial to the
intraparietal sulcus, the upper most medial portion of area V6A
selectively encodes visual objects presented in the near peripersonal
space (not shown). Within the intraparietal sulcus (IPS), a selective
coding for near peripersonal space can be seen in ventral intraparietal
area VIP (Fig. 3b1, red to yellow), matching Bremmer et al. (2013).
Interestingly, this selective near space representation does not encom-
pass the entire VIP, but nicely coincides with the VIP visuo-tactile
convergence patches as identified with full strength tangential moving
bars and full strength airpuff tactile stimulations to the perioral skin
(Fig. 3b2, Guipponi et al, 2013a). Note that none of these two
experimental contexts (Fig. 3b1, far versus near space stimulation;
Fig. 3b2, visual and tactile convergence as identified from full strength
sensory stimulations) lead to lateral bank LIP activations, indicating
that our observations are not confounded by microsaccades, nor to
medial bank activations, indicating that our observations are not
confounded by blinks (Guipponi et al, 2014). In comparison, the
fundal cortex surrounding these patches appears to equally represent
near and far spaces (Fig. 3bl, white) and the posterior medial
intraparietal bank as well as a large extent of the lateral intraparietal
bank preferentially represents far space (Fig. 3b1, blue). Overall, this
fMRI study captures the extent of parietal cortex dedicated to near
space and far space processing. It highlights the fact that there is
actually a strong overlap between the near and far space encoding
networks. These overlapping representations are possibly at the origin
of the construction of a unitary perceived space representation.
However, how this is precisely achieved is yet unclear. A precise
analysis of how vergence signals interact with disparity signals for
space representation can potentially shed light of this question as
well as account for the apparent partial discrepancy between these
fMRI observations in the lateral and medial banks and the above
cited single cell recording studies.

In humans, Quinlan and Culham (2007) show a strong over-
representation of peripersonal space in the dorsal parieto-occipital
sulcus (dPOS), in a region possibly corresponding to the human
homolog of area V6A (Pitzalis et al., 2013). In this study, subjects
viewed looming and receding moving visual stimuli presented
close to their face (moving in the range of 13-17 cm from the face),
at an intermediate distance from their face (moving in the range of
33-43 cm from the face) or far away (moving in the range of
73-95 cm from the face). In dPOS, BOLD contrast increased for closer
stimuli. Interestingly, this was not the case in the putative hVIP, which
was activated by moving stimuli irrespectively of their distance from
the face. This suggests that while near space representation in dPOS
strongly relies onto vergence signals, the VIP neurons might actually
rely on the combination of several depth cues, including disparity, as
described by Bremmer et al. (1997, 2013) and in our fMRI study on
near and far space representations.

Overall, while there is clearly a growing understanding of
how near and far spaces are encoded in the parietal cortex, we
are still missing a systematic fine grained parametric analysis of
how oculomotor vergence and sensory disparity signals interact,
in a spatial range encompassing extremely close visual stimuli
and far away an reachable stimuli, applied to the entire parietal
cortex at the same time. Likewise, it would be interesting to
further understand how higher level cues interact with ver-
gence and disparity signals to construct a representation of
space. Durand et al. (2007) have used such an approach to
explore how objects are encoded in 3D. A similar approach
could be extended to the analysis of space representation at
large. Our ongoing Cléry et al. is an initial step in this direction.
In particular, it would be of high interest to substantiate the
notion of “gap zone” functionally delimiting far space from
peripersonal space.

2.2. Contribution of the premotor and prefrontal cortex to the coding
of near peripersonal and far extrapersonal space (Fig. 2a)

Similarly to what has been described in the parietal cortex,
several premotor and prefrontal cortical regions demonstrate a
preferential coding for near peripersonal space. As discussed pre-
viously, post-arcuate lesions to area 6, including areas F4 and F5,
result in a severe contralateral visual neglect, limited to periperso-
nal space. Correlating with these observations, the neurons of area
F4 essentially represent visual objects located in the peripersonal
space (Rizzolatti et al., 1981; Gentilucci et al,, 1988; Graziano et al.,
1994; Gross and Graziano, 1995; Fogassi et al., 1996). Specifically,
these neurons can be divided into pericutaneous neurons (54%),
responding to visual stimuli presented in the close vicinity (a few
centimeters) of the skin and distant peripersonal neurons (46%),
responding to visual stimuli presented at a distance from the skin,
within the animal's reaching distance (Rizzolatti et al., 1981).
Interestingly, the visual receptive fields of these neurons are inde-
pendent of the position of the eyes or the body and remain anchored
to a specific body part. For example, a neuron responding to a visual
object presented close to the right hand when the arm is stretched
away from the body will continue to respond to a visual stimulus
presented close to the right hand even if the arm is held close to the
chest, (Graziano et al.,, 1994; Fogassi et al., 1996; Gentilucci et al.,
1983). These neurons essentially represent the near peripersonal
space around the face and the arms (for review, Rizzolatti et al., 1997,
2002). Adjacent area F5, along the inferior branch of the arcuate
sulcus, contains highly overlapping movement representations of the
hand and mouth, as revealed by electric stimulation studies
(Rizzolatti et al., 1988; Hepp-Reymond et al., 1994). Accordingly, the
neurons of this premotor cortical region respond to hand-grasping
both in light and in dark and 50% of these neurons additionally
presentation 3D graspable visual objects (Murata et al, 1997,
Rizzolatti et al.,, 1988; Raos et al., 2006). These F5 neurons called
“canonical” neurons have a visual selectivity that matches their
motor selectivity, responding best to the object that calls for their
preferred hand-grasping configuration (Murata et al, 1997; Raos
et al.,, 2006). Following the inactivation of F5, the hand shaping that
relies on the visual properties of the object to be grasped is disrupted
(Fogassi et al., 2001). In relation with the scope of the present review,
the visual response of F5 neurons is selective of near peripersonal
space though their response mostly relies on whether the viewed
object is graspable or not (operational quality) rather than on their
distance from the body (Bonini et al., 2014). In the peri-arcuate cortex
facing area F4, across the arcuate sulcus, the neurons of the frontal
eye field (FEF, area 8) are also modulated by the distance at which a
visual object is presented. Specifically, a prefrontal cortical region just
anterior to the saccadic FEF is modulated by eye vergence (Gamlin
and Yoon, 2000; Akao et al., 2005; Alkan et al., 2011). In addition, the
FEF neurons are modulated by binocular disparity (Ferraina et al.,
2000). However, none of these studies on pre-arcuate cortex func-
tions highlight a preferential encoding of near or far extrapersonal
space, in contrast with the description of a more pronounced visual
neglect in the far extra-personal space following a lesion of this pre-
arcuate cortex than in near peripersonal space (Rizzolatti et al., 1983)
(Fig. 2a).

The same monkey fMRI study as cited above (Cléry et al., ongoing
work, Fig. 3, horizontal panel 1) provides additional information on
near and far space representation around the arcuate sulcus (Fig. 3c1).
Within the upper branch of the arcuate sulcus, we describe stronger
activations for near visual stimuli than for far visual stimuli including
the premotor convexity (dorsal premotor areas F2 and F7, Fig. 3cl,
red), and the prefrontal dorsal convexity (the medial portion of the
FEF and area 46p, Fig. 3c1, red). A clear bilateral activation selective to
the near visual space stimulation at the exclusion of the far space
stimulation can be seen in area F7, at a location compatible with the
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supplementary eye field SEF (not shown). The SEF is described to
encode oculomotor information in a diversity of frames of references,
ranging from eye- to head- to space/body (Martinez-Trujillo et al.,
2004) to object-centered frame of reference (Olson and Gettner, 1995;
Olson, 2003). Vergence-related activations have been described in the
SEF (Alkan et al.,, 2011), these activation being stronger for predictive
vergence than random vergence (Alvarez et al., 2010) behavior. But to
our knowledge, the specific contribution of this area to near space
processing has not been documented yet. A second bilateral activation
specific to the disparity induced by near visual space stimulation can
be seen on the posterior bank of the arcuate sulcus, across from the
FEF, at a location compatible with F4 (Fig. 3c1, red). This postarcuate
preferential near space representation is surrounded by cortex that
equally represents near and far spaces (Fig. 3c1, white). In comparison,
a preferential far space representation is observed at the tip of the
lower branch of the arcuate sulcus, the inferior premotor convexity
(lateral F5), as well as the prefrontal ventral convexity (Fig. 3c1, blue).

3. Multimodal peripersonal space representations

As discussed in Section 1, peripersonal space corresponds to
the space that surrounds our body at the frontier with our skin.
Bimodal visuo-tactile neurons responding both to tactile stimula-
tions to the skin and to visual stimulations in the near space are
suggested to be at the origin of this peripersonal space represen-
tation, as reviewed by others (Brozzoli et al., 2012; Ladavas and
Farne, 2004). A parieto-premotor network appears to play a crucial
role in this peripersonal space representation. Indeed, amongst the
several cortical areas discussed above as having an enhanced
representation of peripersonal space, only few have neurons with
these specific response properties underlined above. Peripersonal
neurons firing both when a tactile stimulus is delivered to the
animal's skin and when a visual stimulus is presented in the space
near the part of the body where the tactile field is located can be
found in two key parietal cortical areas. First, in the ventral
intraparietal area VIP, which is a site of audio-visuo-tactile con-
vergence in both humans (Bremmer et al., 2001) and non-human
primates (Colby et al., 1993; Duhamel et al., 1998; Guipponi et al.,
2013a), as well as a site of multisensory integration (Avillac et al.,
2004, 2005, 2007). VIP neurons encode visual information in a
gradient of eye- to head- frame of reference (Duhamel et al., 1997;
Avillac et al., 2005), while tactile stimuli are encoded in a stable,
unique head-centered frame of reference (Avillac et al., 2005). As a
result, in a fraction of VIP neurons, the visual and tactile receptive
fields spatially match irrespectively of eye position. For the
remaining neurons, the relationship between the visual and tactile
receptive fields depended on gaze direction. Visuo-tactile neurons
can also be found in parietal area 7b. This area presents a coarse
somatotopic organization, with a face representation on the upper
inferior parietal convexity, at the border with area 7a. Lateral,
along the inferior parietal convexity, and adjacent to this face
representation comes an arm and hand followed by a foot
representation (Hyvdrinen and Shelepin, 1979; Hyvarinen, 1981;
Robinson and Burton, 1980). In the face and arm region of 7b,
about 33% of the cells are described as bimodal, their visual
receptive fields spatially matching their tactile receptive fields
(Hyvdrinen and Poranen, 1974; Hyvdrinen and Shelepin, 1979;
Hyvdrinen, 1981; Leinonen et al., 1979; Leinonen and Nyman,
1979). Peripersonal neurons can also be found in the premotor
cortex, both in areas F4 and F5, in rostral area 6 (Gentilucci et al.,
1988; Rizzolatti et al.,, 1988; Graziano et al., 1994; Gross and
Graziano, 1995; Fogassi et al., 1996). This multisensory conver-
gence in ventral premotor cortex is also observed in humans
(Bremmer et al., 2001), corroborating the somatosensory neglect
observed following premotor area 6 lesions (Rizzolatti et al., 1983).

In addition to their bimodal visuo-tactile response selectivities,
the ventral premotor cortex F4 and F5 and the parietal areas VIP
and 7b share important functional characteristics in relation with
space and self-motion processing. For example, both premotor
areas F4 and F5 (in humans, Bremmer et al., 2001; in monkeys,
Fig. 3¢2, Guipponi et al., 2013b) and parietal area VIP (in humans,
Bremmer et al.,, 2001; in monkeys, Bremmer et al., 1999, 2000,
2002a; Guipponi et al., 2013a) are activated by large field optic
flow stimulations eliciting a percept of relative motion of the
subject with respect to the surrounding environment. Area VIP is
activated by vestibular stimulations, contributing to the representa-
tion of the subject's displacement in its environment (Chen et al.,
2011a, 2011b, 2013; Bremmer et al., 2002b; Akbarian et al., 1993).
Vestibular projections to premotor cortex are also described, though
they appear to be restricted, to the monkey area 6pa, coinciding
with area F5 (Akbarian et al., 1993, 1994). Last, the tactile receptive
fields of both cortical regions preferentially represent the face and
more so the peri-oral region of the face or the arm and hand. Face
representation is more marked in areas VIP (Colby et al., 1993;
Duhamel et al., 1998) and F4 (Graziano et al., 1994, 1997; Fogassi
et al., 1996; Gentilucci et al., 1983) while arm representation is more
marked in areas 7b (Hyvdrinen and Shelepin, 1979; Hyvdrinen,
1981; Robinson and Burton, 1980) and F5 (Murata et al., 1997;
Rizzolatti et al., 1988; Rizzolatti and Luppino, 2001; Raos et al.,
2006). As a result, two distinct functional circuits subserving
peripersonal space representation can be distinguished, as des-
cribed below.

4. Distinct, but functionally coupled VIP head-centered and F4
arm-centered peripersonal spaces

The first peripersonal space representation circuit is formed by
parietal area VIP and premotor area F4 (Fig. 2b, Rizzolatti and
Luppino, 2001; Matelli and Luppino, 2001). Importantly, in spite of
their strong anatomical connections and functional homologies, a
key functional difference needs to be highlighted between these
two cortical regions. The visual information in F4 is anchored to the
limbs. As a result, both the tactile and the visual receptive fields of
F4 neurons match each other, irrespectively of eye position and the
location of the object in space (Graziano et al., 1994). As discussed
above, in area VIP, visual and tactile information matches for a
significant fraction of VIP neurons, essentially representing the near
space around the face and head. For the remaining neurons, the
spatial position of the VIP visual receptive fields is influenced by
the gaze (Duhamel et al., 1997; Avillac et al., 2005). The tactile and
visual receptive fields match is essentially described for VIP neurons
representing the peripersonal space around the head (Duhamel
et al,, 1997). As a result, F4 visual information is anchored onto the
arm/hand while in VIP, visual information is anchored to the head
(Fig. 4). Interestingly, a recent study (Chen et al., 2014) describes
that, under large-field, multi-patch, random-dot motion visual
stimulations, virtually all VIP neurons represented visual informa-
tion in an eye centered and not in a head centered frame of
reference. This contrasts with the seminal Duhamel et al. (1997)
observations, suggesting that the spatial reference frames of visual
responses in VIP may depend on the visual stimulation conditions, i.
e. on the ongoing sensory context, thus hinting towards a context-
dependent, dynamic space representation

4.1. Defense, avoidance and margin of safety around the body

The VIP-F4 network thus processes all the necessary information
to bind together the localization of objects around our body, and
specifically around the head, with actions towards these objects.
Specifically, VIP represents the relative movement between the
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Fig. 4. Head and arm/hand peripersonal spaces have a privileged representation as
compared to the rest of the body.

environment or its sub-elements and the subject's the body, while it
does not encode the 3D structure of objects in the vicinity of the
body (Durand et al., 2007). This contrasts with adjacent anterior
intraparietal area AIP, whose neurons discharge during the fixation
of graspable objects, during their grasping both in light and in dark
(Sakata and Taira, 1994; Murata et al., 2000), as well as to the fine
3D structure of close by graspable objects (Durand et al., 2007).
As a result, one can hypothesize that VIP's function is more about
perceiving and locating objects in space than providing F4 with
information about how to grasp them. In this context, electrical
microstimulation studies provide insight about a possible functional
role of this parieto-premotor VIP-F4 network. Specifically, the elec-
trical microstimulation of area VIP produces eye blinking and squint-
ing (this in spite of the fact that spontaneous eye blinks do not
activate fundal IPS, Guipponi et al., 2014), ear folding back against the
head and shoulder shrugging (Thier and Andersen, 1998), as well as
lifting the upper lip in a face grimace, the retraction of the face from
the contralateral side of space and the lifting of the contralateral
arm and movement of the hand into lateral or upper lateral space
(Cooke and Graziano, 2003; Graziano et al., 2005; Stepniewska et al.,
2005), a movement repertoire that is also observed following air puffs
delivered to the face (Cooke and Graziano, 2003; Graziano and Cooke,
2006). In F4, at sites with visual and tactile receptive fields encoding
peripersonal space close to the head, a similar motor repertoire as
that observed in VIP is also elicited by electrical microstimulations
(Cooke and Graziano, 2004; Graziano et al, 2002; Graziano and
Cooke, 2006). At sites with visual and tactile receptive fields encoding
peripersonal space close to the arm or hand, fast withdrawal of the
hand to a protective posture behind the back is elicited (Cooke and
Graziano, 2004; Graziano et al., 2002; Graziano and Cooke, 2006).
However, mirroring the distinct functional response properties of
these two regions, distinct contributions of area VIP and area F4 to
defense and avoidance seem to co-exist, as highlighted by the
comparative electrical microstimulation study performed by Cooke
and Graziano (2004), Graziano et al. (2002) and Graziano and Cooke
(2006). While the above described motor repertoire could be elicited
from the premotor cortex with thresholds as low as 20 pA, both in the
awake and anesthetized monkey, in the parietal cortex, current
intensities of 100 pA or more had to be used and the frequency and
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Fig. 5. The boundary between far and near space representations is plastic and
dynamic, under the influence of a variety of endogenous and exogenous factors.

amplitude of this motor repertoire were greatly reduced by anesthesia.
Another important difference needs to be highlighted. The electrical
microstimulation of F4 systematically disrupts ongoing behavior
(by the above described motor repertoire), but this ongoing behavior
is abruptly resumed when the stimulation is interrupted. In VIP, the
evoked defensive repertoire often diminishes over repeated electrical
stimulation trials, indicating an adaptation to the stimulation. In
addition, the complex movement pattern generated by the stimula-
tion continues after the end of the stimulation (i.e. the monkey does
not abruptly resumes the behavior it was performing prior to the
stimulation), possibly indicating that the percept at the origin of the
motor response is still active (Graziano and Cooke, 2006). Overall,
these observations suggest a contribution of this VIP-F4 network to
defense and obstacle avoidance behavior, the parietal pole of this
network being more involved in the construction of a perception of
the environment anchored to the head, and the premotor pole being
more involved in the production of reflexive, rapid, complex defen-
sive motor patterns aimed at protecting the body by producing
defensive (e.g. closing of the eye lid, lifting the arm/hand in front of
the head) or avoidance responses (moving the head away to the side,
retrieving the arm and placing it behind the back). In other words,
this network is proposed to sub-serve the representation and
protection of near peripersonal space or safety margin around the
body, with a specific emphasis on two vulnerable body parts, the
head and the arm/hand unit (Fig. 5, Graziano and Cooke, 2006).

4.2. Looming stimuli and the dynamic intrusion into the peri-
personal safety margin

When considering the concept of a safety margin, stable stimuli
close to our body (e.g. a tree, a cup) do not have the same ecological
significance as dynamic stimuli looming towards us. Indeed, looming
stimuli are potentially more dangerous than other visual stimuli,
including dynamic stimuli with no predicted impact to the body.
Think in this respect of a predator or an aggressive conspecific
jumping on us, or of a branch coming onto us at high speed. Such
looming stimuli are known to trigger stereotyped defense responses
(in monkeys: Schiff et al., 1962; in human infant: Ball and Tronick,
1971). Interestingly, threatening looming stimuli are perceived as
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having a shorter time-to-impact latency as compared to non-
threatening objects moving at the same objective speed (Vagnoni
et al,, 2012). In a recent study (Ben Hamed et al., 2013), we show that
tactile sensitivity is enhanced at the predicted location and predicted
time of impact of a looming visual stimulus to the face as compared to
1) baseline tactile sensitivity (average increase in d'=0.44, n=10,
p <0.01 at corrected level), 2) the tactile sensitivity observed when
the looming stimulus is temporally predictive but not spatially
predictive (average increase in d’'=0.25, n=10, p < 0.01 at corrected
level), and 3) the tactile sensitivity observed when the looming
stimulus is spatially predictive but presented during the looming
stimulus rather than at its expected time of impact (average increase
in d=0.20, n=10, p <0.05 at corrected level). Tactile perception is
also enhanced as compared to baseline tactile sensitivity when the
looming stimulus brushes past the face without however predicting
an impact to the face (average increase in d'=0.75, n=10, p < 0.001).
This suggests a cross-modal processing of visual stimuli potentially
impacting the face.

Interestingly, and in direct relation with these observations, the
visual response occasionally observed in parietal tactile neurons
(and more generally in bimodal visuo-tactile neurons) was initially
interpreted as an “anticipatory activation”, predictive of touch in the
corresponding skin (Hyvdrinen and Poranen, 1974). Amongst the
several areas discussed above as hosting bimodal neurons, the
selectivity of VIP and F4 neurons appears as optimally tuned for
the detection of dynamic looming visual stimuli (Colby et al., 1993;
Bremmer et al., 2002a, 2002b; Rizzolatti et al., 1981; Graziano
et al., 1997), corroborating their possible role in the definition of a
border-of-self safety zone. Accordingly, in a recent non-human
primate fMRI experiment (Fig. 3, horizontal panels 3 and 4, Cléry
et al, 2013, 2014), we present low luminosity looming stimuli
predicting an impact to the face while monkeys fixated a central
fixation point. These degraded visual looming stimuli were either
presented on their own, or in conjunction with a very weak tactile
stimulus (air puff), either in temporal coincidence with the looming
visual stimuli (Fig. 3, horizontal panel 4) or in temporal offset, such
that the visual stimuli are actually predicting the tactile stimuli
(which are thus presented at the predicted time of impact of the
looming stimulus to the face, Fig. 3, horizontal panel 3). This
experiment is designed to identify the cortical sites that are
maximally activated by the predictive bimodal stimuli. These
robustly include striate and extrastriate visual cortical sites (not
shown). Areas VIP (Fig. 3b3) and F4 (Fig. 3b3) are also robustly
activated, bilaterally. Most importantly, these activations are sys-
tematically significantly higher when the looming stimulus is pre-
dictive of the tactile stimulus than when these two stimuli are
presented simultaneously, a condition which hardly elicits any
parietal (Fig. 3b4) or periarcuate activation (Fig. 3b4). Overall, these
observations indicate that the peripersonal defense network
described above is also involved in the prediction of intrusive
impact prediction to the body. In addition, they strongly suggest
that this parietal premotor VIP-F4 network most probably belongs
to a larger functional network involving lower level visual areas.

4.3. The parieto-premotor VIP-F4 network and social cognition

Ishida et al. (2010) describe, in parietal area VIP, “body-matching
neurons” that respond to visual stimuli presented near a specific
body part of the monkey being recorded from (as classically
described), but also to visual stimuli presented near the correspond-
ing body part of the human experimenter. The response of the
majority of these neurons depends on the position of the experi-
menter with respect to the monkey, though some of them are, to a
certain extent, independent of this spatial relationship between the
monkey and the observed experimenter. In humans, a shared
representation for the space near oneself and near others has

recently been described by Brozzoli et al. (2013). This suggests that,
at minimum, the parietal node of the discussed parieto-premotor
VIP-F4 network possibly contributes to the construction of both a
representation of one own's body and of the body of others. This is
to be contrasted with the description of the representation of others’
actions in the parieto-premotor network for action described below.

In conclusion, as stated above, the peripersonal representation
subserved by this parieto-premotor network, though serving the
definition of a safety body margin contributing the definition of
self (as a whole) with respect to the external world, over-
represents two vulnerable body parts, namely the head and the
arm/hand unit (Figs. 2 and 3). This network is tightly associated
with defensive behavior, protecting the body margin from external
aggression, and the prediction of intrusive impact to the body.
Because of these specific properties, we predict that the periper-
sonal space representation subserved by this functional network
dynamically adjusts to the general emotional and social context
the subject is experiencing (see discussion below).

5. The parieto-premotor network for action

The second circuit is formed by parietal areas AIP and 7b and
premotor area F5 (Fig. 2b). As will be detailed below, while areas
7b and F5 share sensory visual and tactile properties as well as
motor hand-related properties subserving their central role in
grasp planning and execution within a motor peripersonal space
defined as the reachable space (see Sections 2.2 and 3), area AIP
does not appear to contribute to peripersonal space representation
per se (though it does represent 3D objects structure and thus
possibly contributes to the definition of the motor affordances of
objects; see Section 2.1). However, given the strong anatomical
connections and otherwise functional homologies between these
three cortical regions (Matelli and Luppino, 2001; Rizzolatti and
Luppino, 2001), the contribution of areas F5 and 7b to grasping in
peripersonal space cannot be discussed without also discussing
the contribution of area AIP to this network.

5.1. Grasping

The second parieto-premotor network is formed by parietal
areas 7b and AIP (not that this latter cortical region is not described
to contain bimodal visuo-tactile neurons), and premotor area F5
(Fig. 2b, Rizzolatti and Luppino, 2001; Matelli and Luppino, 2001;
Rizzolatti and Matelli, 2003). It is functionally specialized in the
visuomotor transformation that subserves the grasping of objects
in our environment, i.e. the online adjustment of the hand and
finger configuration for a secured interaction with the objects. The
neurons of area AIP can be classified into three different categories
(see Sakata and Taira (1994) and Murata et al. (2000)). “Visual-
dominant” neurons discharge during object fixation and when this
object is grasped in light, but not in dark. “Visual-and-motor”
neurons discharge during grasping both in light and in dark, but
their response is higher when the grasped object is visible. These
neurons also respond to the mere presentation of a graspable object.
“Motor-dominant” neurons discharge during grasping whether in
dark or in light but are not responsive to the presentation of an
object. A specific coding for the 3D structure of objects is also
described in this region (Durand et al, 2007). The reversible
inactivation of this cortical region induces an inability for the
monkey to correctly shape its hand and finger to grasp the presented
object (Gallese et al., 1994). A high proportion of area 7b neurons
respond not only to visual and tactile stimulations but also to motor
activity (Hyvdrinen, 1981; Hyvdrinen and Poranen, 1974; Hyvdrinen
and Shelepin, 1979; Leinonen, 1980; Leinonen et al., 1979; Leinonen
and Nyman, 1979; Robinson et al., 1978). These neurons respond for
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simple actions (e.g. grasping a specific object) as well as to complex
sequences of actions, though differently (e.g. grasp to bring to the
mouth, Fogassi et al., 2005; Fogassi and Luppino, 2005). Last, as is
the case for AIP neurons, 20% of area F5 neurons discharge in
response to the visual presentation of 3D objects (Murata et al.,
1997). The so-called canonical neurons are selectively activated by
the vision of objects of a specific size, shape and orientation. Their
visual specificity matches their motor specificity and their visual
response is independent of whether an action is being planned or
performed towards the object or not (Murata et al, 1997). Its
inactivation leads to deficit similar to the one observed following
AIP inactivations (Fogassi et al., 2001).

5.2. Objects, one’s action and others’ actions

The monkey ventral premotor visuomotor neurons of area F5 are
classically subdivided into two categories of neurons. “Canonical”
neurons, as described above, respond to visually presented objects
and to actions generated towards these objects, both in dark and in
light and are proposed to underlie visuomotor transformation for
grasping (Murata et al., 1997; Raos et al., 2006). “Mirror” neurons
respond during both the generation of an action and the observa-
tion of someone else performing the same action, and are proposed
to play a role in action understanding (Gallese et al., 1996; Rizzolatti
et al., 1996; Rizzolatti and Matelli, 2003; Rizzolatti and Fogassi,
2014). In a recent study, Bonini et al. (2014) show that neurons with
canonical and mirror properties are often present at the same
cortical sites. A subset of F5 neurons actually share both canonical
and mirror properties (canonical-mirror neurons). In addition, the
authors show that responses of canonical and canonical-mirror
neurons to the presentation of graspable objects typically require
the stimulus to be in peripersonal space. In other words, these
neurons require the grasping action called for by the object to be
feasible. In contrast, the action observation responses of mirror and
canonical-mirror neurons are present irrespectively of whether the
observed action is performed in the peripersonal or in the extra-
personal space. As a result, in this cortical region, space constrained
responses to objects mostly rely on an action possibility rather than
actual distance from the body. Interestingly, mirror-neurons can
also be found in parietal area 7b (Fogassi et al., 2005; Fogassi and
Luppino, 2005). These neurons, like the “canonical” 7b neurons,
respond differentially to simple acts and to complex goal-directed
sequences of acts specifying an action. Fogassi et al. suggest that
these neurons not only code the observed act but also the intention
of the agent when performing the whole sequence specifying the
action. A further comparison between the properties of parietal 7b
and premotor F5 mirror neurons suggests that the inferior parietal
cortex plays an important role in the organization of natural
ecological actions (Bonini et al., 2010). Because of these specific
properties, we do not expect this functional network to be dyna-
mically adjusts to the general emotional and social context the
subject is experiencing. Rather, in addition to its dependence of its
responses on whether an object is graspable, we predict a dynami-
cal adjustment of these responses to the emotional and social
nature of the object to be grasped (e.g. graspable object on fire,
see discussion below).

6. Plastic AND dynamic peripersonal space representations

All throughout this review, we have considered peripersonal
space as a static functional representation, determined by fixed
body constraints such as the within reach space around the body or
around the head. However, there is an ever growing body of
evidence that peripersonal space should rather be considered as
extremely dynamic and rapidly adjusting to both endogenous and

exogenous factors (Fig. 5). Here, we distinguish two types of changes
in peripersonal space representation. Plastic changes are defined
as changes that occur following training or learning. In contrast,
dynamic changes are defined as abrupt changes due to a correlated
change in the environment or in the internal state of the individual.
These two types of changes are expected to be mediated by different
mechanisms (see below). Whenever monkey driven evidence is
available, this will be discussed in priority (Section 6.1). In the
absence of such experimental evidence, human data will be put
forward, in order to stimulate future research on the neural bases of
peripersonal space plasticity and dynamics in the non-human
primate.

6.1. Action-dependence

Near space is not rigidly defined by the space at hand-reaching
distance. Far space can indeed become included in near periper-
sonal space when subjects manipulate tools that allow them to act
in a larger space around their body (Farné and Ladavas, 2000; Berti
and Frassinetti, 2000). This tool incorporation into the body schema
and the correlated plastic expansion of peripersonal space represen-
tation cannot be solely based on the passive perceptual observation
of the tool in the hand, but requires active repeated use of the tool to
reach objects in far space (Farne et al., 2005). This tool remapping of
peripersonal space has been reviewed by several authors and is
beyond the scope of the present work (Maravita et al, 2003;
Maravita and Iriki, 2004; Ladavas and Serino, 2008; Cardinali et al.,
2009; Makin et al., 2012; Brown and Goodale, 2013; Brozzoli et al.,
2014; but see Holmes (2012)). We would just like to highlight here
the fact that training, i.e., repeated action, appears to be important
for tool remapping to take place, though this training does not need
to be long in order to produce measurable effects on peripersonal
space representation (Maravita et al, 2002; Sengiil et al, 2012).
Overall this suggests that tool remapping of peripersonal space relies
on motor knowledge (Brown and Goodale, 2013). This is supported,
amongst, other evidence, by the fact that peripersonal space repre-
sentation dynamically adapts to the action the subject is actually
performing (e.g. a reach versus a grasping movement, Brozzoli et al.,
2010). In a set of monkey electrophysiological recording studies, Iriki
et al. elegantly explore the neural bases of tool remapping of
peripersonal space. In particular, they describe bimodal neurons, in
the medial anterior intraparietal sulcus and in the post-central gyrus,
whose visual receptive fields expand following tool use training so as
to encompass the tool in addition to the hand or arm (Iriki et al.,
1996; Maravita and Iriki, 2004). This was the case for both “distal”
cells, whose tactile receptive field was on the skin of the hand, and
“proximal” cells, whose tactile receptive field was on the skin of the
shoulder. Importantly, these changes required active tool use. Using
positron emission tomography (PET), Obayashi et al. (2001) further
describe the activation, at the cortical level, of the pre-supplementary
motor area and the premotor cortex at locations matching F4 and F5
areas discussed above. The increased corticocortical afferents to the
intraparietal sulcus (Hihara et al., 2006) and the increased expression
of neuronal plasticity markers in this cortical region (Ishibashi et al.,
2002a, 2002b) following the learning of tool-use but not following its
execution confirm that training on tool-use activates parietal neuro-
nal plasticity mechanisms.

However, there is yet more to action-dependent plasticity of
peripersonal space. For example, Lourenco and Longo (2009) show
that changing the arm-related prioprioceptive signals by wearing
weights to the wrists results in a contraction of peripersonal space,
indicating that peripersonal space does not exclusively rely on
visuo-motor interactions, and supporting the idea of a functional
link between peripersonal space representation and body schema
(Cardinali et al., 2009). For example, Bassolino et al. (2010) show
that an extension of peripersonal space can be achieved not only
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by using a solid tools acting onto the far space environment, but
also with a tool that acts onto far space without being physically
connected to it (e.g. a mouse). This suggests that the driving
information in tool-use remapping might actually be the percep-
tual resultant of the action onto far space rather than the action
itself. In addition, the authors show that the subject's peripersonal
space representation adjusts to whether the subjects are manip-
ulating the mouse or not, suggesting that there is no such thing as
a “near space” representation but rather, that it is dynamical in
essence, constantly incorporating sensory, motor and higher-order
elements (see below) in time.

6.2. Inferred sensations

In most daily life situations, visual stimuli are physically per-
ceived and analyzed with respect to our self. However, some
artificial situations lead us to infer the presence of a visual stimulus
close to our body. For example, when facing a mirror, we see a visual
image of our body projected somewhere in extrapersonal space. A
visual stimulus seen through the mirror as close to our body will be
referred to a real stimulus close to our actual body, though this
stimulus is physically perceived in far space, and will be incorpo-
rated into our peripersonal space representation (Maravita et al.,
2000; Holmes and Spence, 2006). To our knowledge, there is a
unique experimental account of the putative neural bases of this
mirror inferential effect. Iriki et al. (2001) show that the bimodal
visuo-tactile neurons in the lateral anterior intraparietal cortex of
the monkey respond both when a visual stimulus is presented
within their visual receptive field close to the body, or when the
animals viewed a video in which a visual stimulus is presented
closed to their filmed body, at a location matching their visual
receptive field. Another example is the case of body shadow. Several
experiments suggest that the space round our body shadow is
partially remapped as peripersonal space (Pavani and Castiello,
2004; Bonfiglioli et al., 2004; Galfano and Pavani, 2005). This ability
to extend peripersonal space representation to other spaces refer-
ring to the body is proposed to serve defense and protective
behaviors. Think of yourself drinking at a water pound, in the
savanna, on the watch for any predator ready to jump on you. Both
a change in the visual information from the water reflection and the
body shadow limits are strong indicators of danger. However, the
neural bases of such inferred peripersonal space are still scarce.

6.3. Positional interactions

Head and arm peripersonal spaces are often considered as
independent spaces; however, recent evidence suggests that
depending on the relative position of one with respect to the
other, these peripersonal spaces can actually interact and merge.
Sambo et al. (2012a) show that the hand blink reflex that is elicited
by an electrical stimulation of the median nerve is dramatically
increased when the hand is placed within the face peripersonal
space. The authors suggest that this is due to a top down
modulation exerted by the VIP-F4 parieto-motor network and
having as effect to change the response thresholds of the medial
nerve. Interestingly, the eye blink reflex that is elicited by an
electrical stimulation of the trigeminal nerve is not affected by the
proximity of the hand to the face, suggesting that the hand is being
incorporated into the head peripersonal space and not the reverse.
In addition, the hand blink reflex is highly dependent onto
cognitive expectations and inferences. Indeed, it is enhanced only
when participants expect to receive stimuli on the hand (placed
close to the face, Sambo et al., 2012b). Last, this enhancement is
abolished when a thin wooden screen is placed between the
participants' face and their hand, creating a virtual separation
between the face and hand peripersonal space representations.

Again, the neural bases of such positional interaction in periper-
sonal spaces are scarce.

6.4. Social and emotional plasticity of peripersonal space

Last, several higher-order variables have been described to
dynamically influence perceptual processes and the representation
of peripersonal space. For example, Markman and Brendl (2005)
demonstrate an interaction between word valence (positive words
and negative words) and the representation of self, whereby
subjects are faster at pulling a lever than at pushing it when
presented with a positive word and faster at pushing than pulling
when presented with a negative word. Likewise, positive objects
induce an extension of the peripersonal space, such that they are
perceived closer to the body than neutral or negative objects, as if
they were included in the peripersonal space (Valls-Solé et al.,
1997). As a result, the nature of the action one is performing is not
only important in the definition of peripersonal space (Brozzoli
et al,, 2010), but also the emotional valence of the target as well as
the emotional consequences of the actions. This is all the more
marked in the context of social interactions (Teneggi et al., 2013).
Indeed, Teneggi et al. (2013) describe that our peripersonal space is
smaller when we are facing another individual standing in far space,
as compared to when we are facing a mannequin placed at the same
location. Importantly, the peripersonal boundary changes as a func-
tion of the social experience we are having with the individual facing
us. Teneggi et al. show that, following an economic game, periperso-
nal space boundaries between our self and the other individual
merge, but only if this person behaved cooperatively. Overall, this
indicates a link between low-level sensorimotor processing shaping a
core peripersonal space representation and high-level social and
emotional cues dynamically adjusting this core representation. This
type of dynamic adjustment of peripersonal space is proposed to
serve defense and protective behaviors. Corroborating this putative
function of peripersonal space dynamics induced by emotions,
claustrophobic fear is positively correlated with a larger peripersonal
space (Lourenco et al, 2011). These observations suggest that the
enlarged peripersonal space might actually be at the origin of
claustrophobia, anxiety to enclosed spaces and physically restrictive
situations arising from the higher rate of objects and agents per-
ceived as intruding into these subjects' peripersonal space.

7. Putative mechanisms subserving dynamic peripersonal
space representations

7.1. Domain specific social and emotional dynamics in the processing
of peripersonal space

As described in Section 6.1, action-dependent changes in peri-
personal space representation is proposed to essentially involve the
core 7b-AIP-F5 parieto-premotor network (and possibly other func-
tionally coupled cortical and subcortical regions). A major property of
this functional network is the dependence of its visual responses to
the operational quality of the presented objects, i.e. to whether they
are graspable or not. Emotional and social cues can alter the grasp-
ability of an object. For example, a graspable object on fire is no more
graspable. Likewise, in the presence of a dominant conspecific, a
graspable apple may become ungraspable for social peace motivations.
As a result, we predict that the peripersonal space representation
subserved by this functional network will dynamical adjust to the
emotional and social nature of the object to be grasped. In contrast, we
propose that the positional and inferential changes in peripersonal
space representation described in Sections 6.2 and 6.3 essentially
involve the core VIP-F4 parieto-premotor network, due to its central
role in the definition of a protective margin of self. Likewise, we expect
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this functional network to be involved in the dynamics in peripersonal
space representations following changes in the emotional and social
global context experienced by the subjects. This proposal does not
exclude functional interactions between these two networks (and
hence these two types of peripersonal spaces), as perception and
action are not independent cortical functions (for a review, Rizzolatti
and Matelli, 2003).

7.2. Plastic and dynamic

As stated in Section 6, plastic cortical changes are defined as
changes taking place following training or learning. In contrast,
dynamic changes are defined as abrupt changes in response to a
change in the environment or in the internal state of the individual.
Overall, peripersonal space appears to be not only plastic (Section 6.1),
that is to say affected by training and repeated exposure to a given
sensori-motor context, but also dynamic, that is capable of an instan-
taneous adjustment to the ongoing low-level (sensory and motor)
and higher order (inferential, emotional, social) context (Sections 6.2,
6.3 and 6.4). Several groups have provided important insights on the
neural basis of tool-induced plasticity in the non-human primate.
However, in the face of the growing number of neuropsychological
and psychological studies describing the dynamic properties of
peripersonal space representations in humans, non-human primate
studies describing its possible neural bases remain rare. Several
studies have characterized the dynamic changes in the visual recep-
tive fields of individual MT visual extrastriate (Womelsdorf et al.,
2006, 2008; Anton-Erxleben et al, 2007) and parietal cortex (Ben
Hamed et al.,, 1997, 2002) as a function of attention, demonstrating
the highly dynamic context-dependent nature of the visual space
representation. These attention-driven dynamic adjustments of how
individual cells represent visual information are proposed to allow
for an adjustment of spatial processing to the requirements of the
ongoing behavior, corroborating the psychophysical evidence for an
effect of attention on size and distance perception (Anton-Erxleben
et al., 2007, 2010; Anton-Erxleben and Carrasco, 2013; Wardak et al.,
2011). We propose that similar dynamic neuronal mechanisms
underlie the overt dynamic changes in peripersonal space representa-
tion described above and result from the weighted integration, by
local networks, of context-dependent incoming information (visual,
tactile, proprioceptive, attention, emotional, social, cognitive, motor,
etc.). Consequently, space representation dynamically is proposed to
change as a function of the nature of processed information, while the
unified space perception is proposed to be achieved via the fact that it
arises from stable cortical networks. Like it has been described for
attention (Buschman and Miller, 2007; Gregoriou et al., 2009, 2012),
long-range top-down synchronization mechanisms in the functional
networks highlighted above are expected to play a crucial role in the
continuous adjustment of the core peripersonal space representation
(as defined by low level cues) to the cognitive context. The periper-
sonal space dynamics induced by emotional and social situation are
expected to involve long-range synchronization mechanisms between
these core functional networks and such structures as the amygdala
or the orbitofrontal cortex. Future experiments will allow to directly
test this hypothesis.
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