N

N

Body schema plasticity after tool-use

Lucilla Cardinali

» To cite this version:

Lucilla Cardinali. Body schema plasticity after tool-use. Human health and pathology. Université
Claude Bernard - Lyon I, 2011. English. NNT: 2011LY 010295 . tel-00868427

HAL Id: tel-00868427
https://theses.hal.science/tel-00868427
Submitted on 1 Oct 2013

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-00868427
https://hal.archives-ouvertes.fr

Université Claude Bernard )

>
-

UNIV=ERSIT= D= LLYON

////

N° d’ordre 295-2011 Année 2011

THESE DE L‘UNIVERSITE DE LYON
Délivrée par

L’UNIVERSITE CLAUDE BERNARD LYON 1

ECOLE DOCTORALE

Neurosciences et Cognition

DIPLOME DE DOCTORAT

(arrété du 7 aott 2006)

soutenue publiquement le 25.11.11

par

Mlle Lucilla CARDINALI

TITRE :

BODY SCHEMA PLASTICITY AFTER TOOL-USE

Directeur de thése: dr. Alessandro Farné, Ph.D.

JURY: Pr. Angelo MARAVITA, M.D., Ph.D. (Rapporteur)
Prof. Chris DIJKERMAN, M.D., Ph.D. (Rapporteur)
Dr. Frederique de VIGNEMONT, Ph.D., D.R.
Pr. Yves ROSSETTI M.D., Ph.D.
Dr. Alessandro FARNE’, Ph.D., D.R.






UNIVERSITE CLAUDE BERNARD - LYON 1

Président de I’Université M. A. Bonmartin

Vice-président du Conseil d’ Administration M. le Professeur G. Annat
Vice-président du Conseil des Etudes et de la Vie Universitaire M. le Professeur D. Simon
Vice-président du Conseil Scientifique M. le Professeur J-F. Mornex

Secrétaire Général M. G. Gay

COMPOSANTES SANTE

Faculté de Médecine Lyon Est — Claude Bernard Directeur : M. le Professeur J. Etienne
Faculté de Médecine et de Maieutique Lyon Sud — Charles Directeur : M. le Professeur F-N. Gilly
Meérieux

UFR d’Odontologie Directeur : M. le Professeur D. Bourgeois
Institut des Sciences Pharmaceutiques et Biologiques Directeur : M. le Professeur F. Locher
Institut des Sciences et Techniques de la Réadaptation Directeur : M. le Professeur Y. Matillon
Département de formation et Centre de Recherche en Biologie Directeur : M. le Professeur P. Farge
Humaine

COMPOSANTES ET DEPARTEMENTS DE SCIENCES ET TECHNOLOGIE

Faculté des Sciences et Technologies Directeur : M. le Professeur F. Gieres
Département Biologie Directeur : M. le Professeur F. Fleury
Département Chimie Biochimie Directeur : Mme le Professeur H. Parrot
Département GEP Directeur : M. N. Siauve

Département Informatique Directeur : M. le Professeur S. Akkouche
Département Mathématiques Directeur : M. le Professeur A. Goldman
Département Mécanique Directeur : M. le Professeur H. Ben Hadid
Département Physique Directeur : Mme S. Fleck

Département Sciences de la Terre Directeur : Mme le Professeur I. Daniel

UFR Sciences et Techniques des Activités Physiques et Sportives Directeur : M. C. Collignon
Observatoire de Lyon Directeur : M. B. Guiderdoni

Ecole Polytechnique Universitaire de Lyon 1 Directeur : M. P. Fournier



Ecole Supérieure de Chimie Physique Electronique Directeur : M. G. Pignault

Institut Universitaire de Technologie de Lyon 1 Directeur : M. le Professeur C. Coulet
Institut de Science Financiére et d'Assurances Directeur : M. le Professeur J-C. Augros
Institut Universitaire de Formation des Maitres Directeur : M. R. Bernard




1 ¢ 13 = Lot (O 6

From the body to its representation(s)......cccceeeieeeeciiiiemcciiiiieenncieeereeeenneeeeeeeennnsscessaeenns 8
NEWS fTOIMN ThE DOMY ovueereererreeieeeseeseie ettt ee s sbees s s ss bbb s e bbb 8
The human SOMAtOSENSOTY SYSTEIN ..cuueuieuieureesreeeeeeeasesssessse s sssssssssssss s sess s sesssess s sssses s s b b ses s s sessens s 9
TOUCK ottt ee et bbb R8RSR R AR AR AR 9
Lo (0] 00§ 0T 1=3 0 o) o PPN 11
Dorsal column-medial lemniscal pathway (DCML) ..o seessesssesssesssssssessssssssseses 12
TheE SOMATOSENSOTY COTTEX wvuiuurerirreeureesseesseessesssesseessessseessesssesssesssessse s s bbb s bR bbbt 15
Models of Body Representation......c..cccceeeciiiieeiiiiiiniiineiiiieeeinnnniereensscesensessensssssenssssssens 18
DYAAIC MOAELS ettt ee bbb bbb R bbb 23
Neuropsychological evidence: deafferentation and NUMDb-SENSE........couorierreerreenreerneeneeeneeeseerseee e 24

a0 Lol 1 1o 1 T 30

CONISCIOUSIIESS c.ovvurernersserisssiseesssesssesssssassssseessessssssssssssessssssssesssesssssassssssssssssssssssessssssssss sessssessssssssssssssssssssssssesssssssnsssssessnssens 32

TEMPOT AL AYNUAIMIC .. vurreerrereeriseeriseeris et s sesis s s esiss s sss s esss s s eSS AR5 33
Evidence from healthy SUDJECES. ...ttt 36
Triadic and Tetrad MOAELS ...ttt b et 48
Operational definition of Body Schema........ccoiiiiiiiiiiiiiiiiiiicrrccrrecrrree s reneessenenns 61
Body and SPacCe rePTrESENETATION ... iuurieuriereeereeseesreeseesseesseessesssesssesssess s b bbb 61
LD EY o0 33 L) o PPN 63
oo T - 65
What a tool is and what can it tell us about the BS ... ssees 65
L TS0 33 L) o PPN 66

Kinematics: revealing the brain’s cognitive architecture by analyzing motor performance71

Kinematic organization of a grasping MOVEMENT.....c..cueueereemeeneeneennessesssessess st sessesssesssesssssssssssssssssseses 72
Effect of eXtIINSIC PIrOPEITIES vt asss s ss s bbb st e en 74
Effect Of INTIINSIC PrOPEITIES ottt sse s bbb s s snes 74
KiNEMAtiCS IN PIACHICE ..ttt s bbb 76
L U NS 78
STUDY 1 eoeeteeseeetesseessesssesssesseessesse s sesss st sessse s s s s s a8 8 8RR A R R R AR Rt 79
STUDY 2 oo seeetesseessesssesssesssee s s sess et s s s8R 888 R R AR 84
STUDY 3 oeeeereeutesseessesssesssessses s s sees st s s s E s8R R8RSR £ R R 8RR AR Rt 92
DISCUSSION AND PERSPECTIVES .....cituuiiiiiitiiiiiiiiiiiiiiieiieiininineeinieineeieneeensesnesessssesses 110
GENETAL DISCUSSION c.uutvueeuerreesreeuerseessesees et ss bbb s ss bbb s s sR R 111
FULUIE POISPECLIVES ettt s b 114
BIBLIOGRAPHY ...ccuiiiiiiiiiiiitieiiineeisreeass e s re s s saas s sesassssransssssenasssnsnsssssennssssennsssne 117




Abstract

We all have a body: our own body and just one body. Through it, we move, we
interact with the world and other persons, we perceive, basically we live. It’'s a unique
essential object. If it is true that we have only one physical body, we also have many
representations of it in the brain.

There is little agreement about the exact number of body representations in the brain,
but not on the fact that we have more than one. The multi-componential models of
body representation are based on the notion, supported by scientific evidence that
different activities demand and rely on specifically adapted representations.

In my thesis, | studied one particular body representation that is used and involved in
action planning and execution, i.e. the Body Schema.

| have been able to describe and measure the plasticity of the Body Schema and its
level of specificity in healthy individuals. In particular, using a tool-use paradigm, |
showed that the Body Schema is quickly and efficiently updated once a change in the
body configuration occurs. With a series of kinematic studies, | contributed unveiling
the ingredients that rule the plasticity of the BS and the sensory information that is
used to this purpose.

As a result of my thesis, | suggest that a clearer definition and operational description
of the Body Schema, as an action-devoted repertoire of effectors representations, is

possible, particularly thanks to its plastic features.



Résumé

Nous avons tous un corps, et seulement un corps. Grace a lui, nous nous déplacons
dans l'espace, nous interagissons avec le monde extérieur et les autres individus qui
I’habitent, nous percevons, bref, nous vivons. Il s’agit d’un objet unique et essentiel.
Cependant, bien que nous ayons un seul corps, il en existe dans le cerveau plusieurs
représentations. Peu d’accord existe en littérature sur le nombre de représentation,
mais tout le monde concorde sur le fait qu’il en existe plus qu’une.

Les modéles de la représentation corporelle sont basés sur une notion de séparation
des fonctions, selon laquelle activités différentes requierent différentes

représentations.

Au cours de ma thése jai étudié une de ces représentations dont la fonction
principale est de fournir une connaissance du corps utile a [l'action. Cette
représentation est nommée Schéma Corporel.

En particulier, en utilisant une technique comportementale puissante telle que la
cinématique, j’ai pu montrer, pour la premiere fois, que le Schéma Corporel est une
représentation extrémement plastique, capable d’intégrer des outils lorsqu’ils sont
utilisés pour effectuer une action. Ensuite, j’ai pu décrire cette propriété plastique du
Schéma Corporel en montrant quelles informations sensorielles sont nécessaires et

quels aspects des outils sont intégrés dans la représentation du corps.

Les résultats des mes études expérimentales, ainsi que mon travail de synthése de
la littérature, m’ont permit d’élaborer une définition opérative du Schéma Corporel et

de sa plasticité



From the body to its
representation(s)

News from the body

Satisfaction of each fundamental need and preservation of life require an action or
series of actions: Eating, drinking, reproducing, avoiding threats etc. To efficiently act
means to make our body moving in the most correct and efficient possible way in
order to achieve the desired goal. This implies a precise and ready-to-use knowledge
of the configuration, shape and position in the space of our own body. If | want to
grasp a glass of water to drink, | need to know the position in space of the glass, as
well as (1) the position of my hand to implement the good trajectory, (2) the length of
my arm to decide whether | have to approach the trunk to the target or not, (3) the
shape of my hand to decide if | have to stretch my fingers, or rather close them. All
that information initially comes from peripheral receptors’, which provide signals that,
through specific pathways, reach the thalamus and the cortex where they are
processed and integrated into a representation of the body the brain uses to plan and
execute actions which has been called Body Schema. That’s why, before going
through the history of the body representation, | will briefly recall some basic notions
about the organization of our somatosensory system, as it is via the afferent
information from the periphery to the cortex that the brain is informed of the actual
state of the body. Many different sub-modalities convey inputs through this system to
the cortex, in a topographically organized manner, and they can play different roles in

the updating and feeding of the Body Schema (hereinafter, BS).

' The somatosensory system conveys information about muscles contraction or extension, joint flexion
and skin stretch. This proprioceptive information informs the brain about the position and configuration
of the body parts. As it has been recently pointed out (Longo et al, 2010) there is no signal that informs
the brain directly about the size of a body part. This knowledge must be, as a consequence,
represented in a stored representation of the body. The issue of the metric of the body representations
is of great importance for this dissertation and will be addressed in chapter 2.



The human somatosensory system

The electrophysiological study of the somatosensory system began in 1925 with the
recording of action potentials from fibers of muscles spindles in a frog by Adrian and
Zotterman (Adrian and Zotterman 1926a; Adrian and Zotterman 1926b). Using a
capillary electrometer they showed that, when applying different weights and so
stretching the muscles to different extent, several impulses were generated by the
receptors at a particular frequency, which increased with the load and decreased with
the time of application. This important study and those who came after contributed to
the knowledge of the somatosensory system and in particular to the Johannes Peter
Muller’s theory of sensation, according to which an evoked sensation depends on the
sensorial organ and not on the stimulation mode itself. The same electrical
stimulation applied to different nervous fibers, for example the optical nerve and the
auditory nerve, will produce a different sensation, in our example visual and auditory.
It is the type of the fiber stimulated, and the cortical area the fiber is connected to,
that determines which sensation will be evoked and not the stimulation by itself.

The somatosensory system provides four different modalities: touch, proprioception,
nociception and temperature. Each of those sensations is mediated via specific
receptors and pathways which activation determines the evoked sensation.

In the present paragraph | will focus only on touch and proprioception pathways as

they are considered of major importance in the updating of the Body Schema.

Touch

Touch, as well as proprioception, is mostly mediated by nerve ending embedded in
specialized capsule. Mechanoreceptors of the glabrous skin are divided in two

classes: deep receptors and superficial receptors (Figure 1).

Superficial receptors are Meissner corpuscle and Merkel cells. They are both situated

in the superficial layers of the skin and mediate light touch, texture discrimination and



pressure. Meissner corpuscles are rapidly adaptive receptors with a high sensitivity
(low threshold) due to their particular position within the dermal papillae.

They are activated when light touch is delivered and rapidly generate action
potentials, which quickly decrease and eventually disappear if pressure is maintained

constant. When the stimulation is removed, the corpuscle regains its original shape

Mechanoreceptors of Hairy Skin
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Hair Follicle Receptor

Figure 1. Somatic sensory
receptors of the hairy skin.
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causing a second volley of action potentials that inform the brain about the end of the
stimulation. Merkel cells are rather slowly adapting receptors and show sustained
response to prolonged mechanical deflection and displacement of the tissue. Deep
receptors include Pacinian and Ruffini’s corpuscles. They are bigger and less
numerous than the superficial receptors. Pacinian corpuscles have a structure similar
to Meissner’s ones, with which they share also the characteristic of being rapidly
adaptive receptors. They respond to the dip of the skin, without providing any
response to stationary pressure. They can be activated by vibratory stimulations even
when they are applied few centimeters far away from the corpuscle location at a
specific frequency (200-300 Hz). Ruffini’s corpuscles are slowly adapting receptors
that are sensitive to skin stretch. All these structures contain the peripheral ending of
neurons, whose cell body is located in the dorsal root ganglions, who carry out two
important functions: the stimulus transduction and the retransmission of stimulus
information to the central nervous system. Mechanoreceptors are innervated by

neurons with large myelinated axons, which allow a fast retransmission of the signal



(35/70 meter/second). Each neuron has a receptive field that depends on the type
and location of the innervated mechanoreceptor. For example, fibers that innervate
superficial mechanoreceptors receive information from many receptors (10-25
Meissner corpuscles) with a receptive field that can extend for 2-10mm. At the
contrary, deep receptors are separately innervated by one fiber and have much
larger receptive fields (a Pacinian corpuscle of the hand can display a 10 cm-wide
receptive field). This confers diverse properties to the receptors, the superficial ones
being able to carry out fine discrimination of the stimulus properties, whereas deep
receptors can resolve only rough differences. Another interesting aspect is that the
distribution of these receptors varies across different body-parts, resulting in a
difference in sensory acuity. For example, in humans the smallest receptive fields are
in the fingertips, where the concentration of Merkel’s and Meissner’s corpuscle is

particularly high, and their size increases along the proximal direction (figure 2).

- (]

: - o Figure 2. Location of some
|- } f mechanoreceptors in the glabrous
() i skin of the hand and size of their
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From Kandel et al., 2000

Proprioception

Proprioception is the sense of the static position (statesthesia) and movement
(kinesthesia) of the body-parts, which allows us to appreciate posture changes even

in the absence of visual information. Three types of mechanoreceptors provide



proprioceptive information®. The receptors of the muscle spindle are situated in the
belly of a muscle and provide the CNS with information about changes in the length
of the muscle itself. The Golgi tendon organs are located at the insertion of skeletal
muscle fibers into the tendon of skeletal muscle. They register and transmit
information about the amount of contraction of the muscles. Finally, the receptors of
the joint capsule are sensitive to the flexion and extension or articulation. Together,
they provide the brain with the relevant information to decide about the
flexion/extension of a particular muscle, the strength of the movement and it’s
velocity. As for the mechanoreceptors of the skin, those receptors are innervated by

large myelinated fibers that assure a fast transmission of the signal (see table 1).

FIBER | INFORMATION SIZE VELOCITY | RECEPTORS TYPE
large Muscles spindles
Aa Proprioception 70-120 m/s
myelinated Golgi tendon organs
Proprioception Muscles spindles
A large
P .g 35-70 m/s
myelinated Meissner and Merkel
corpuscles (type 1)
Touch
Pacini and Ruffini
corpuscles (type 2)

Dorsal column-medial lemniscal pathway (DCML)

2 Mechanoreceptors of the skin too contribute to the sense of body parts’ position by informing the
cortex about the stretch of the skin (Edin, 1992).




The DCML pathway is characterized by three level of retransmission of the
information since three sensory neurons are connected. The first neurons of the
chain are the ganglion neurons innervating the peripheral receptors. Already at this
stage, a topographical organization can be observed. The skin areas innervated by
fibers from one dorsal root (dermatome) are organized in a caudal-rostral manner
(figure 3). This spatial segregation is the reason why even a central lesion can affect
a relatively circumscribed part of the body, as in the case of deafferented patients

that will be described in the next paragraph.
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Figure 3. Schematic representation of dermatomes.

In the spinal cord, the large fibers conveying tactile and proprioceptive information
follow a different pathway with respect to the smaller fibers (conveying thermal an
noxious information). The axons of the ganglion cells continue inside the spinal cord,
running up the posterior (dorsal) columns. Axons from the lower body are located
most medially (closer to the midline), and run in the gracile tract of the spinal column.

Sensory axons from the upper body enter the spinal cord later, specifically from the
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Figure 4. Schematic
representation of the
DCML system
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thoracic segment T6 on up (see figure 4). They are therefore disposed more laterally

and travel up the cuneate tract.

Axons of the both tracts, cuneate and gracile, end in the homonymous nuclei, where
a second synapsis is made. Then the axons cross the midline to ascend
contralateraly to the represented body side. The third neurons have their body in the
thalamus. The thalamus is not just a retransmission structure, since a first processing
is done in its nuclei. The thalamus is a structure of the diencephalon composed by
nuclei that have distinct connections to the cortex depending on the type of sensory
information they process. In the ventral posterior part there is the relay of the
somatosensory information from the periphery to the cortex, and in particular to the
primary somatosensory cortex (S1). This part is composed by two nuclei, the ventral
posterolateral nucleus (VPL), the ventral posteromedial nucleus (VPM). VPL receives

projections from the DCML about the body and projects to S1 in the post central
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gyrus. The VPM receives tactile, thermal and noxious information about the head and
the face area via the 5" cranial nerve. In both nuclei a somatotopic organization has

been observed (Lenz et al 1988).

The Somatosensory cortex

The somatosensory cortex is divided in two parts, the primary somatosensory (Sl)
and the secondary somatosensory cortex (Sll). They are both situated in the anterior
portion of the parietal cortex (APC) (see figure 5). S| occupies the post central gyrus,

just behind the central sulcus.

Primary somatic

Primary somatic
sensory cortex (S1)

sensory cortex (SI)

Posterior
parietal cortex

Postcentral

“entral
Centra syrus

sulcus

:;jj,‘if;‘,',t]j:;:j;“' Figure 5. Schematic representation

- , of the Primary (light pink) and
Thalamus = W\ ‘ secondary (dark pink)
e L somatosensory ~ cortex.  The

I Ventral posterior
lateral nucleus

- thalamus and the posterior parietal

rAartav ara alen ranracantad

VP complex

It is composed by Brodmann areas 1, 2 and 3 that differ for their structure, function

and type of afferent input.

Area 3 has been divided in two sub areas. Area 3a lies in the fundus of the central
sulcus, and area 3b in the rostral bank of the postcentral gyrus. Area 1 lies on its
crown and reaches down into the postcentral sulcus and caudally to it is located area
2 (Geyer, Schleicher, and Zilles 1999). These four areas receive inputs from the
periphery in such a way that in each of them one modality prevails over the others. In
particular, 3a receives afferents from muscles spindles and it is responsible of hard
vs. soft, roughness and convexity of the stimulus processing; 3b from cutaneous

receptors (both rapidly and slowly adapting receptors) and is involved in tactile



discrimination tasks. Area 1 receives input from rapidly adapting receptors of the skin
and is sensitive to movement and direction, and finally area 2 receives input from
deep pressure and joints receptors (Geyer, Schleicher, and Zilles 1999). Thalamic
projections from VP enter the cortex at the level of the IV layer from which the
information is transmitted to the others layers. Area 3b receives the majority of the
projections from the thalamus and its surgical removal produces an inactivation of
area 1 with which it is highly interconnected (Garraghty, Florence, and Kaas 1990).
Each area has its own somatotopy, which means that a complete representation of
the contralateral half of the body surface is present (J. H. Kaas 1993). Penfield and
colleagues (Penfield and Boldrey 1937; Rasmussen and Penfield 1947) using a
technique of cerebral stimulation first described what is now widely known as
somatosensory homunculus.

These maps follow a common type of organization: the body is represented in a
caudal-rostral direction in a mediolateral sequence. The leg and trunk representation
is located medially in respect to the hand and the face (see figure 6). In 3b two
parallel representation are present, one for each adaptation mode, i.e. the fingers are
represented in two columns that receives input one from the rapidly adapting and the
other from the slowly adapting receptors (J. Kaas et al. 1979; Kandel, Schwartz, and
Jessell 2000).

Genitals

Figure 6. Schematic representation

of the somatosensory homunculus
Somatosensory cortex in SI.

Moreover, the homunculus is a distorted representation of the body where the
amount of neurons and thus of space dedicated to a particular body-part is not

determined by its physical dimension, but by the density of receptors. Thus, the hand,



the lips and the feet have a larger representation than the legs or the trunk despite
their actual size is much smaller.

The four areas of APC are strongly interconnected to each other. In particular, it has
been shown that abundant and bidirectional connections exist between area 1 and 3b
as well as 1 and 2, organized in a somatotopic way (Burton and Fabri 1995; Pons
and Kaas 1986).

S1 has also important connections with higher order areas in the parietal cortex. In
particular, reciprocal connections exist between S1 and the secondary
somatosensory cortex (Sll) where stimuli from both sides of the body are processed.
Sl has also a greater stimulus selectivity and larger receptive field that allow more
complex processing of the stimulus. Two pathways originate from S1: the first
pathway goes through area 5 and 7b in the posterior parietal cortex; the second one
projects to SlI, in the superior bank of the lateral sulcus, which in turns project to the
insula. It has been proposed that these two pathways are the analogous of the dorsal
and ventral streams of the visual cortex (see p.15-16 of this thesis). In particular, the
S1-areab-area7 pathway would be involved in object processing for action planning
(Mountcastle et al. 1975) while the S1-Sll-insula pathway would be involved in object

perception (see p. 20-21 for discussion).



Models of Body Representation

The necessity of having a representation of the body that stores all the information
about its configuration is evident and has been formulated more than a century ago
by Pierre Bonnier (1905) who first suggested the existence of a spatially organized
representation of the body (“spatial sense”). However, Head and Holmes, with their
work on Brain (Head & Holmes, 1911), are more often considered as the first authors
having proposed an organized model of body representations. In their paper, the
authors introduced the idea of the existence of a “Postural Schemata” (later become
Body Schema), a representation of the body used for action execution and
appreciation of postural changes, separated from a Superficial Schema, devoted to
localization of tactile stimulation on the body surface. The dichotomy was mainly
based on the performance of a patient (HR) who, after surgical ablation of a portion
of the precentral gyrus, was perfectly able to localize a stimulated spot on his hand
(naming it or pointing to a model), but failed in reproducing or describing the position
of the same hand. The authors observed a deficit in recognizing the position in space
of the left affected arm and especially of the distal segments. In particular, the patient
was not able to update the representation of the left arm position after passive
movement. The lack of proprioception made him develop a visual strategy according
to which he formed a visual image of his arm configuration that he was able to
consciously update if visual feedback of his own voluntary movements was available.
However, in the case of passive movements with eyes closed, the visual image of the
arm position persisted unchanged. As a consequence, despite some spared tactile
perceptual abilities, touch localization through a pointing movement was impossible
for stimuli delivered on the left arm because of the inability to localize the arm itself.
Instead, when asked to report verbally, or on a map the position of the stimulation,
his answers were correct.

At page 187 of their seminal paper, Head and Holmes wrote:



“For this combined standard, against which all subsequent changes of posture
are measured before they enter consciousness, we propose the word "schema." By
means of perpetual alterations in position we are always building up a postural model
of ourselves which constantly changes. Every new posture or movement is recorded
on this plastic schema, and the activity of the cortex brings every fresh group of
sensations evoked by altered posture into relation with it. Immediate postural

recognition follows as soon as the relation is complete”.

In those few lines, all the main characteristics of the Body Schema were already
outlined.

First of all, the Body Schema is a constantly updated representation. This is because
our own body is constantly changing at least in position but also, even though in a
longer time scale, in dimension throughout the entire life: the motor system needs to
be provided with a correct knowledge of body configuration, hence the need to
update the BS.

The second main feature of the BS is that the update is done using “fresh group of
sensations evoked by altered posture”, that is propriocepive, kinesthetic and tactile
information. Proprioception in particular it’s thought to play a key role in the plasticity
of the Body Schema since it's the modality that informs the brain about change in
spatial configuration of body-parts, through muscles and joints receptors. However,
after Head & Holmes’ work, it has been shown that tactile mechanoreceptors can
provide additional information about joint configuration (Edin 1992).

Finally, the authors proposed this update to happen at an unconscious level. Indeed,
when we start a movement and during its execution, we don’t need to pay attention to
our body, as its (change in) position and configuration are already available and
unconsciously processed. However, the final result of the updating can be conscious,
which means that we can verbalize or be aware of our own body position.

Already in the same seminal paper, Head and Holmes also proposed the existence of
a second body representation called Superficial Schemata, which is a conscious
representation devoted to perceptual goals. The Superficial Schemata, which has
been called Body Image (although not uniformly) in the subsequent nomenclatures,

allows for the “recognition of the locality of a stimulated spot”. Its integrity in patient



HR was responsible of his spared ability to localize tactile stimulation with the naming
or map task.

This dichotomy still persists, together with the experimental approach used by
the authors to test the integrity/deficit of the two body representations. Subsequent
studies used motor and perceptual tasks to separately access the Body Schema and
the Body Image (hereinafter, Bl), respectively. This approach has been widely
influenced and motivated by the introduction of the visual two routes model (Goodale
and Milner 1992a; Milner and Goodale 2008a) to the somatosensory system and
more recently to the body representation domain (Dijkerman and De Haan 2007;
Kammers et al. 2009; Kammers, Mulder, et al. 2010)

The two-route model suggests that the same sensory information can be
processed in different ways in different brain structures depending on the aim of the
individual; two separated, although richly interacting streams, are dedicated to the
processing of sensory information when an action (dorsal stream) or a perceptual
judgment (ventral stream) is requested. This has been originally shown in the visual
domain (Goodale and Milner 1992b; Mishkin and Ungerleider 1982), and then in the
auditory (Belin & Zatorre, 2000) and somatosensory domains (Dijkerman and De
Haan 2007; Kammers, Longo, et al. 2009).

Mishkin and colleagues (Mishkin 1979; Mishkin and Ungerleider 1982) first
suggested the existence of a ventral visual stream (the “what” way) and a dorsal
visual stream (“where” way). Both originating from the striate cortex, the two streams
then diverge from it and also receive separated projections. Based on a large amount
of electrophysiological, anatomical and behavioral studies, they proposed that the
two streams differ by the type of information they elaborate. The dorsal stream,
reaching the posterior parietal cortex, is dedicated to the processing of spatial
information of an object thus its lesion results in the inability to localize the object.
The ventral stream, that reaches the inferior temporal cortex, has the function of
elaborating object qualities and so contributes to object recognition. Because of their
functions, the two routes of this model are also called “where” and “what” stream.
Further support from this model came from monkey studies showing a dissociation
between object discrimination and object localization. Gross and colleagues (Gross,

Rocha-Miranda, and Bender 1972) showed that a lesion of the inferior temporal



cortex lead to impairment in a visual discrimination and recognition task but not in a
spatial one. The opposite pattern has been observed after lesion of the posterior
parietal cortex (Ungerleider and Brody 1977). In Ungerleider and Mishkin’s model the
dissociation between the two routes is based on the fact that they process different
aspects of a same object. This means that no matter what | want or | am asked to do
with an object, its position will be elaborated in the dorsal stream while its features,
like the color or the shape, will be processed in the ventral stream. Ten years after
this first two-route model, Goodale and Milner (1992) proposed a different
interpretation for the functions of the two anatomical pathways. In their model, they
strengthen the importance of the output and propose a new taxonomy, namely “what”
vs. “how”. In particular, they suggest the existence of a vision for the perception
(“what” route) in the occipital-temporal cortex, and a vision for action (“how” route) in
the occipital-parietal cortex. Putting the accent on the aim of the processing means
that the same feature of an object, like its position or its size, will be processed for
example in the dorsal stream if | want to grasp that object, or in the ventral stream if |
have to recognize it. It is not the type of information per se that determines which
route is activated, but the goal the processing subserves. Recently, Dijkerman and de
Haan (Dijkerman and De Haan 2007) took inspiration from Goodale and Milner’s
work to interpret the existence of separated cortical pathways for somatosensory
information in terms of separated processing streams. Indeed, Mishkin described in
the late 70s a somatosensory pathway running form the anterior parietal cortex
(APC) to the insula, via the secondary somatosensory cortex (Mishkin, 1979).
Dijkerman and de Haan suggested that this pathway is responsible for recognition
and perception of external objects (the “what” way), while the action-related
processing (the “how” way) is done through a different cortical pathway that
originates in APC and terminates in the posterior parietal cortex (PPC) (see figure 7).
An important characteristic of this model is that stimuli are processed in a sequential
way (Inui et al. 2004) so that the more we progress along the pathways the more
elaborated is the processing.

However, compared to the other sensory systems, the somatosensory system has
the specific and unique feature of providing information not only about the external

world but also about the body itself. This two routes model may thus also explain the



somatosensory perception of the body itself. As shown in figure 7, the APC-PPC-
insula route is proposed as the neural substrates of the perceptual representation of
the body (BI), with PPC dealing with the metric aspects of the body and the insula
being responsible for the sense of ownership of one’s own body. The APC-SII-PPC,

on the other hand, codes for the body representation for action (BS).
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Figure 7. Outline of the two-routes model of somatosensory processing.
From Dijkerman and de Haan, 2007

Interestingly, the PPC seems to be involved in both perception- and action-related
body processing. As the authors point out in the review, in the somatosensory system
the independence of the two routes seems to be less strong than in the visual
system. One possible and plausible explanation is that for a correct haptic perception
and recognition of an object, information from the perceptual and the action stream
has to be integrated in order to create a veridical percept. However, independence of
the two streams has been proven and the distinction between body representation
subserving action and perception is at the base of the dyadic models of body

representation that will be reviewed in the following paragraph.
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Dyadic models

Dyadic models postulate the existence of two separated body representations. Most
of such models agree in identifying the Body Schema as one of the two
representations. The BS is a plastic, action-devoted schema of the body that is built
on proprioceptive (and tactile) information, whose update is essentially unconscious.
Dyadic models descend directly from Head and Holmes’ model presented before and
this is particularly true for the description of the Body Schema that was already, in
Head and Holmes’ theory, described as a motor-oriented representation. The major
contribution of the two routes model on the BS has been to provide a new
methodological approach to test its characteristics, and dissociation from the body
representation for perception, i.e. the Body Image. Different is the case for the BlI.
Indeed, most of the models also agree on the existence of the Body Image, a
perceptual conscious representation of the body. However, if the scientific community
almost unanimously agrees on a coherent and structured definition of the BS, the
conceptualization of the Bl suffered from a lack of characterization. As recently
pointed out by de Vignemont (de Vignemont, 2010), p. 670, “The body image groups
all the other representations about the body that are not used for action, whether they
are perceptual, conceptual or emotional (body percept, body concept and body
affect)”, which means that the name body image has been frequently used for all
what the body schema is not, in a sort of by default definition. In this context, the
application of the action/perception model had the great merit of helping define the
Bl, mainly by providing a theoretical and methodological frame for scientific
investigation. Dyadic models are indeed based on dissociations observed both in
patients and, more recently, in healthy subjects, at different levels.

Following the two-routes model, perceptual and motor tasks have been designed and
used to separately access respectively the Bl and the BS. This type of approach
brought to a dichotomic way to describe the two representations. In particular, three
main dimensions can be identified of which BS and Bl represent the two extremities
(see table 2). The first is the action/perception dimension, already mentioned above.
The second one is the level of consciousness, where the BS is considered of as an

unconscious body representation and the Bl as a conscious one. Finally, the two



representations are supposed to differ in terms of temporal dynamics, the BS being a

short-term representation while the Bl a long term one.

Body Schema Body Image
Function Action Perception
Consciousness Mainly unconscious Conscious
Temporal dynamics Short-term Long-term

In the following paragraphs, | will present the relevant work that contributed to the
characterization of the BS and the BI. In the first paragraph, | will review five
neuropsychological studies in which the authors addressed the issue of the
dissociation between a body representation for (tactile) perception and a body
representation for action. In the second paragraph, | will present more recent studies
on healthy subjects on whom sensory illusions have been used to separately test BS
and BIl. Methodological aspects of all the studies will be discussed within the
theoretical frame of the two-route model, as proposed by Dijkerman and de Haan
(2007), and considerations on how to widen this model will also be discussed. This

aspect has indeed been one of the aims of the work reported here (study 2).

Neuropsychological evidence: deafferentation and numb-sense.

Many different neuropsychological syndromes are explained as a consequence of a
disruption of (at least one) body representation. The dichotomy Body Schema-Body
Image is however grounded on a particular neurological syndrome: deafferentation
(Brochier, Habib, and Brouchon 1994; P. Halligan et al. 2011; Paillard, Michel, and
Stelmach 1983; Rossetti, Rode, and Boisson 1995). Deafferentation is a clinical
condition characterized by a loss of somatosensory information that can affect a
portion of the body. Central deafferentation arises after a lesion of the
cortical/subcortical areas devoted to somatosensory processing, while peripheral
deafferentation is a consequence of a lesion in the peripheral nerves. In both cases,
body-parts localization in space, as well as appreciation of postural changes, are no

more possible without constant visual control. Motor control and action execution



might still be spared to different degrees, but heavily rely on visual feedback and
sustained attention (Stenneken et al. 2006). Clearly, the lack of proprioception and
the consequent deficit in motor control make deafferentation an interesting example
of disruption of the Body Schema (de Vignemont 2010). An influential study by
Paillard and colleagues (Paillard, Michel, and Stelmach 1983), reported a patient
(RS) who, after a lesion following obstruction of the left posterior parietal artery,
presented deficits for the right hand in joint position sense, as well as a in a single
detection task and in the two point discrimination task®. The authors asked the
blindfolded patient to point to tactile stimuli delivered in 18 different locations on the
surface of her left (normal) or right (deafferented) hand. The main result was that,
despite the fact that she was not able to feel the stimulation on the deafferented hand
and to verbally report it, the patient could still localize tactile stimulation with a
pointing movement of the other (spared) hand. Moreover, it is to notice that, even in
absence of proprioception and with no visual control, the patient could still point with
her right affected hand toward the healthy one, in order to localize the stimulations.
These results suggest that a correct Body Schema was available for performing the
motor task. Finally, as the authors pointed out, there was a difference in the error
performance for the two hands: errors in localization on the deafferented hand were
distributed in centripetal manner; while on the healthy hand they followed a
centrifugal distribution. It thus seems that in absence of somatosensory feedback, the
affected body-part is represented as shrunk®.

It is important here to underline that the movement the patient was asked to perform
was a ballistic pointing movement, which strengthen the unconscious sensorimotor
aspect of the task. This type of movement relies indeed on fast action-related
sensory information and does not necessarily involve more conscious perceptual

processing of the stimulus. As already pointed out by Milner and Goodale (Milner and

8 The two-point discrimination is a spatial tactile threshold measurement that consists of delivering
either one or two synchronous, but spatially separated tactile stimuli on the skin surface, varying the
distance between them. In normal subjects, a threshold of a few millimeters is observable when the
finger pad is tested. Larger threshold are observed when the same test is applied in regions of the
body containing a lower density of mechanoreceptors with lager receptive fields (i.e., the arm or the
calf).

* This observation seems to be in contrast with data about the perception of fingers size after digital
nerve block (Gandevia and Phegan, 1999), that is a form of acute transient deafferentation. Body size
knowledge and distortion in body representations will be discussed in the following paragraphs.



Goodale 2008b) in their revisited version of the two visual systems model, “The fact
that a task involves action does not mean that the performance of this task would
engage vision for action” (page 778). In particular, the authors suggested that the
same motor task could involve processing of sensory information (visual in their
case) in the perception stream when the task is perceptual in nature, but solved with
a manual response. This issue had been anticipated, in the somatosensory domain,
with another study on a deafferented patient (JA) by Rossetti and colleagues
(Rossetti, Rode, and Boisson 1995; Rossetti, Rode, and Boisson 2001). JA suffered
from a complete sensory loss of the right side of the body after a left parietal and
thalamic lesion and, as the patient in Paillard and colleagues’ work, was unaware of
any somatosensory stimulation despite a residual ability of localize them in particular
conditions. In a first experiment, JA was asked to localize tactile stimuli delivered on
the right hand through two different forced-choice tasks: a motor task (pointing with
the left hand) or a verbal task (naming one of the previously shown possible site of
stimulation). Patient’s performance was well above chance for the motor task (18
correct localizations out of 40 stimuli over 6 sites) while he was at chance level for
the verbal task (4/21). Error distributions were also similar to those observed by
Paillard, with a preferential direction toward the wrist suggesting that in absence of
proprioception a shrinking of the hand representation occurs. The authors’ conclusion
from the first experiment was that, even in absence of a conscious detection of the
stimulation, localization was possible due to a spared low-level sensory-motor
representation of the body configuration and position. However, they also pointed out
that given the fact that in both cases forced-choice responses were asked, the
dissociation showed by JA could not be ascribed to a conscious vs. unconscious
processing of the information.

The novelty of the work by Rossetti and colleagues resides in addressing the
question of whether the dissociation was to be ascribed to the output of the task
(pointing vs. verbal response), or rather to the representation used to solve the task.
In other words, the point here was to try disentangling between task and process. To
answer this question they asked JA to localize the tactile stimulation delivered on the
right hand through the same motor task, but toward a map of the arm and not his own

body-part. The patient failed in performing the task suggesting that the tactile



information could only be used to drive direct movement and not for higher-level
processing. Despite using the same type of movement as in experiment 1, the fact
that in experiment 2 the pointing movement was directed to a map and not the actual
patient’s body was sufficient to disrupt the residual abilities. This version of the task
indeed requires a transformation from the localization on the skin to a conscious
visual representation of the arm and, as a final step, the matching of this body-
centered location and that based on an external map. This higher level processing
was not possible in JA, probably because of the inability to store tactile and
proprioceptive information long enough for such elaborate processing. This
interpretation is supported by the results of an additional experiment, where the
authors introduced three different delays between the tactile stimulation and the
motor response. The shortest delay (1 s) had no effect on the patient’s localization by
pointing performance, which remained well above chance level, while the longer
delays (2 and 4 s) produced a significant decrease in the patient’s performance,
which dropped to chance level. The conclusion of this last experiment was that the
sensorimotor representation used for the ballistic pointing movement can not store
information for more than one second, after which the information either accesses the
higher level representation or, if this is not available, is lost. Interestingly, the authors
also designed a proprioceptive version of this task where the experimenter positioned
the patient’s index finger either of two possible spots and the patient was asked to
localize it through a pointing task. They found a pattern of results similar to the one
with the tactile stimulation. However, a difference in the delayed condition was
present. In particular, using three timings (0, 4 and 8 sec) the authors found that only
in the 8-sec-delay condition the performance was disrupted (i.e. the ability to localize
the deafferented finger was below chance level). This result suggests that the
proprioceptive information can be retained for at least 4 sec, that is a much longer
time than in the case of touch.

As a further step, Rossetti and colleagues also tested for the influence of perceptual
processing on the motor response by asking JA to point to and name the location of
the tactile stimuli at the same time. They found that performing the verbal task
concurrently with the motor one destroyed the patient’s spared ability to localize the

stimulation with a motor action. This additional finding suggests a dominant role of



the semantic on the sensorimotor system, at least in these conditions. Interestingly,
the amplitude of the error in this dual task, that is the distance between the stimulated
and located point, increased to values similar of those reported for the point-to-map
task, suggesting that the motor task was performed using the same, perceptual, body
representation. This result seems to fit a hierarchical organization of the
somatosensory processing, whose higher levels are damaged in JA. The sensory
information is thus available only for unconscious, relatively low-level processing
subserving the ballistic pointing movement, but can not access higher level
processes, necessary for verbal localization or spatial transformation from the body
surface to the external space, as in the pointing to the map task. Moreover, the
attempt to access this higher level processing has the consequence of destroying the
relatively spared localization abilities.

The complementary dissociation has been reported by Cole and Paillard
(1995) (see P. W. Halligan et al. 1995 for similar results). They described a
peripherally deafferented patient (GL) who suffered from a selective loss of large
myelinated fibers as a consequence of an acute viral infection. GL was able to
perceive thermal stimuli on her skin, to verbally describe the location of the stimuli on
her body surface and to show the same location on a map. However, when vision
was prevented, she was unable to point directly to the stimulated body-part
suggesting that she was unable to use her Body Schema simply by relying on
proprioceptive information. To face her daily life problems she developed visual
based strategies as a substitute of proprioception, even though these strategies had
a huge attentional cost. For example, Cole and Paillard described how this patient
learned to correctly shape her hand and control the grip force in order to grasp an
egg, but that she could hold it only as long as her attention was not captured by a
new event. Weight appreciation was also possible with visual control, with a good
discrimination level (10 g in 150 g).

Gallagher and Cole (Gallagher and Cole 1998) reported a similar case (IW) who,
similarly to GL, suffered from an acute neuropathy that caused the disruption of large
fibers below the neck, leaving him with no proprioceptive information about the
position of his limbs. Despite the pervasive disease, the patient had been able to

recover important motor functions: he re-learned how to walk, to type on a keyboard,



to perform movements under a constant visual and attentional control. The authors
interpreted this behavior as evidencing the compensatory role of the Body Image,
when the BS is lacking, also suggesting deep interconnections are present between
the two body representations.

Finally, a recent study by Anema and coworkers (HA Anema, Zandvoort, et al. 2008)
investigated the dissociation between BS and Bl in two strokes patients (KE and JO)
with intact basic somatosensory processing. Both patients were indeed able to
perceive tactile stimuli delivered on their contralesional hand and arm, however their
ability to localize the same stimulations varied depending on the task they were
asked to perform. Above threshold stimulations were delivered on four different
locations of the contralesional hand and patients were asked to point with the
unstimulated (spared) hand either to the stimulated one, or to a map representing the
stimulated hand. An additional task was used to control for basic motor abilities and
consisted in pointing toward four visual targets. The two patients showed a different
pattern of results, with KE being more impaired when asked to point to his hand,
while JO performed better in the latter condition, but was impaired in the pointing to
the map condition. Unfortunately, as discussed by the authors, the small number of
trials recorded in each patient makes any further speculations difficult, in particular
with respect to the spatial distribution of errors. In Paillard’s work, the authors found a
peculiar distribution of the final position of pointing movements toward the center of
the hand, suggesting a deformation of the representation of the deafferented limb,
mainly in the direction of a reduction in size. In Rossetti’s work the same shift toward
the wrist was present, supporting the notion of a shrinking in the hand representation
in absence of proprioception. In Anema’s paper the results follow the same trend.
Patient KE seems to be selectively impaired in the distal-to-proximal direction when
asked to point to his own hand, with a shift toward the wrist. However, visual
inspection of the pointing performance (see Figure 8) suggests that, irrespective to
the location of the tactile stimuli on the hand, all the movements were directed to the
wrist, thus displaying a rather general bias (not a relative shift of each single
stimulus) toward one region in body space. Moreover, in the task in which she
showed a better performance (point-to-map), a general bias toward the left is

observable, compatible with a hypermetric pointing performance. More strikingly, no



spatial segregation is visible among landing positions to the four possible locations
(the bottom-left spot is never correctly localized and there is a concentration of

localization in the upper-left part of the hand; see figure 8).

Also JO exhibits a behavior compatible with a hyper-metric pointing performance in
the unaffected task (point-to-hand), although a spatial segregation is still visible in

this case.

Pointing-hand Pointing-map

KE

JO
Figure 8. Pointing performance of patient KE
(top) and JO (bottom) in the point-to-hand
(left) and point-to-map (right) tasks.
From Anema et al, 2008
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The case studies described in this paragraph allowed testing the three
dimensions at the extremities of which the BS and the Bl have been collocated (see
table 1). The data discussed suggest that the strong dichotomy should be

reconsidered as summarized in the following paragraphs.

Function

For the functional dimension, a dissociation between perception and action
has been shown, supporting the idea that two separated representations are behind
the two functions, namely the BS for action and the Bl for perception. However, what

is less clear is the relation between function and task. As already mentioned, Milner



and Goodale (2008) pointed out, in the visual domain, that the fact that a subject is
asked to make a movement doesn’t imply that the same subject will process the
sensory information in the dorsal, action pathway. Manual and arm responses have
been used to perform perceptual judgments, as for example in size matching tasks,
where subjects are asked to estimate the size of an object by opening the thumb and
index finger (Westwood and Goodale 2003; H Anema, Wolswijk, et al. 2008).
Similarly, in the body representation domain, movement performance can tap into the
Bl, as shown by Rossetti et al’'s work (2001), where with the same motor task they
showed a dissociation between BS and BI.

The use of motor tasks to test the Body Schema is an important methodological and
theoretical aspect. If we consider patient JA (Rossetti, Rode, and Boisson 1995) and
GL (Cole and Paillard, 1995) and try to define their deficits on the basis of their ability
to localize target via a pointing movement, one could say that they are both equally
capable to do it and reach the (wrong) conclusion that their deficit is similar in nature.
One would probably say that in both cases the BS is preserved, since movements
are possible. However, this is not the case: JA is able to localize stimuli only through
pointing movements directed to his own body, and not to a map of the body, while the
opposite is true for GL. This suggests that a same output/response can rely on
different body representation depending on the contextual task in which it is
performed (Milner and Goodale, 2008; Kammers et al 2010) and implies that
particular care has to be used in choosing the best methodological approach (this
point will be more extensively discussed in the discussion of study 2).

Kammers and colleagues (MP Kammers, van der Ham, and Dijkerman 2006) applied
the same rationale to a study on healthy subjects where they used a motor matching
task to test the body representation for perception (this work will be extensively
discussed in the following paragraph). | think the claim made by these authors about
the need of a wider approach to the study of body representations is of great
importance and, in line with Kammers and colleagues’ recommendations (M
Kammers, Mulder, et al. 2010), | used a multidimensional approach to assess the
plasticity of the BS. In study 2 (see results section), two different outputs (motor or

perceptual) were coupled with two possible inputs (tactile or verbal) to investigate (1)



the possibility to accessing the BS plasticity and (2) to test, in healthy subjects, the

selective effects of tool-use on the body representation for action.

Consciousness

The second dimension along which BS and Bl are classified is consciousness.
BS has been classically considered as an unconscious representation that does not
need awareness to be updated. Paillard and coworkers (1983) reported that their
patient was completely unaware of the tactile stimulation received and surprised by
her ability to point to it (“/ don’t understand! You put something here. | don'’t feel
anything and yet | go there with my finger. How does that happen?” p. 550). Despite
this inability to perceive it, the very same tactile stimulation that could not reach
consciousness was processed inside the BS, mapped on a represented arm position
and allowed a correct localization through a pointing movement.
Rossetti and colleagues (1995, 2001) suggested that hierarchical organization exists,
where the conscious processing acts as a higher-level controller of the unconscious
system, as shown by the disruption of the spared localization abilities in JA when the
pointing movement was simultaneously performed with a verbal (conscious) task.
These results suggest the BS is an unconscious representation; however, as recalled
at the beginning of this paragraph, this does not mean that we cannot be aware of
the position (and size) of our body-parts. Instead, as Head and Holmes wrote in their
paper (1911-12), it means that the update occurs under the level of consciousness,
but the result can reach consciousness, and so can be verbalized and consciously
elaborated, as in the case of motor imagery tasks. The Bl, as it is conceived in dyadic
models, is conscious and it is indeed involved in perceptual tasks, or better
processes, where the body information is consciously processed (verbal localization,
non ballistic pointing movements). Therefore, along this dimension, we can’t readily
place BS and Bl at the two extremities and so we can't strictly talk about dissociation.
However, we can dissociate between the level of consciousness required to access a
body representation and that required to process information and build the body
representation. As mentioned above, it is the updating of the BS that is unconscious
while we can verbally (i.e. consciously) report a change in body configuration. This

has two important implications. The first is, again, the need of a wider and more



articulated experimental approach that takes into account the possible dissociation
between unconscious processing vs. conscious report. The second, a direct
consequence of the first implication, is the importance of studying both body

representations in dynamic situations by inducing plastic changes (see study 2).

Temporal dynamic

Finally, the third dimension is the temporal dynamics. Rossetti et al (2001)
investigated the temporal aspect by introducing a temporal delay between the
stimulation and the localization pointing. They found that the representation that
guides action could store the information for about 1 to 4 seconds, depending on the
sensory modality (touch or proprioception). Moreover, we saw (Rossetti et al, 1995;
see study 2 in this thesis for similar results) that only ballistic fast movements are
guided by the BS. These results suggest that the BS is a short-term representation
where the actual state of the body is stored for a very short time and constantly
updated to efficiently serve action performance. However, some of the action-relevant
information about the body are more constant than other. Position in space changes
more often and quickly than body-parts’ size, although both are fundamental for
performing actions. As de Vignemont (2010) suggested, it is unlikely that the BS re-
calculate body-parts’ size each time we move, as it would be indeed too costly. At the
same time, growth is not the only source of changes in body size. Tools can, and are
often used to, overcome body limitations producing an abrupt increase in size. This
would imply that in some way the BS should be able to quickly recognize when
effectors’ size has to be recalculated (see study 1), possibly being able to even make
the difference between a size change induced by tool-use or by a body lengthening
(see study 3). In conclusion, along the temporal axis, BS cannot be placed to one of

the extremities, as both long-term and short-term bodily information are used.



Action Perception

Unconscious Update Conscious

Short-term (position and size)  Long-term

Long-term (size and shape)

Before critically reviewing the studies on healthy subjects, | would like to
discuss two main problematic issues about the definition of Bl and BS. The first
concerns the spatial boundary of these representations, the second concerns the
ownerships of each representation’s content.

The former point lies in the following sentence in Gallagher and Cole’s paper
(1995):

‘Body image boundaries tend to be relatively clearly defined. The body
schema, in contrast, can be functionally integrated with its environment, even to the
extent that it frequently incorporates certain objects into its operations--the hammer

in the carpenter's hand, the feather in the woman's hat, and so forth”.

A growing part of the literature has shown that Body Image boundaries are far from
being sharp. In this respect, the Rubber Hand lllusion (RHI) (Botvinick & Cohen,
1998) is probably the most striking example of the brain’s capacity to integrate
inanimate objects on the perceptual representation of the body (For its importance in
the study of body representations in healthy subjects, the illusion will be illustrated in
the following paragraph). When considering instead the extent of the Body Schema,
we showed that it is a highly plastic representation (Cardinali et al. 2009; Cardinali et
al. 2011), however we will also show that there are limits to the Body Schema
plasticity that are mainly related to objects that participates to action performance
(and it's not really the case for the feather in the woman's hat, no matter how
charming the example is). A recent study by Newport and colleagues (Newport,
Pearce, and Preston 2010) also showed that the possibility to incorporate external
objects, like fake duplicates of the subject’s hands, can overcome plausibility rules for

the BI, but not for the BS. Using a modified version of the RHI paradigm, they
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induced in healthy subjects the illusion of having two supplemental hands (and not
just one as in the classical version of the RHI). They showed that the Bl was sensitive
to this illusion as the subjects reported feeling of ownership for both supernumerary
hands, but the BS resisted the illusion, allowing the incorporation of only one hand
(this study will be more extensively explained and discussed in the following

paragraph).

The second issue deserving discussion is about the description of the Body
Image as my own body, while the Body Schema would be a rather “anonymous
process” (Gallagher and Cole, 1995). | wish to suggest here that there might be a
confound in this respect, possibly arising from the conscious-unconscious nature of
the two representations. The BS is built mainly on the basis of proprioceptive
information, which is the most body-related sensation, in the sense that it informs the
brain about the state of my body -not a body- and it is used to plan and implement
actions on my body, again not a body. It seems thus difficult to refer to the BS as an
anonymous and pre-personal representation, unless one does not use
consciousness to define what is personal.

A recently advanced bodily-self theory (Gallese & Sinigaglia, 2010) posits that the
sense of self does not exist outside the body, but it is rather a sense of body that is
enactive in nature and is to be found in the power of action. In other words, it
identifies the self in the action potentiality of the body. It seems then that, at least
according to this model, the Body Schema can not be considered of as an
impersonal representation, but rather as the source of the self itself. At the same
time, since early in life, we are able to imitate observed behaviors. Many studies
showed that newborn are able to reproduce face movements when they see them in
an adult (Meltzoff and Moore, 1977). At the basis of this capacity lies the ability of
matching my face’s movements with those of your face. This seems to suggest that
the BS can not be described as strictly personal, nor strictly un-personal. However, in
a recently proposed theory of the origin of the sense of ownership (de Vignemont
2007), de Vignemont describes the BS as a self-specific representation of the body

that is not shared between the self and the other and, of particular relevance for this



thesis, represents the acting body. As such, the BS becomes the source of the sense
of ownership as it constitutes the spatial content of the bodily sensations.

| think that the personal/un-personal nature of the BS is an important issue, in
particular when addressed in the context of mirror neuron mechanism theories.

The mirror mechanism consists of a peculiar activity of certain neurons that are
activated both when an individual performs an action and when observes someone
else performing the same action. Since their first discovery in the macaque brain area
F5 (di Pellegrino et al. 1992) many researches have been conducted to elucidate the
characteristics and functions of mirror neurons. In the macaque brain three major
brain areas have been described as the mirror circuit of grasping: a frontal area (F5a,
p and c), a parietal area (AIP and PFG) and a temporal area (STS).

A growing amount of functional neuroimaging literature supports the notion that in the
human brain mirror neurons/systems exist, in particular in the inferior precentral
gyrus, inferior frontal gyrus and the inferior parietal lobule, although the first
electrophysiological recordings of mirror neurons activity has been documented in
other areas (Mukamel et al. 2010). It has been proposed that the mirror mechanism
play a crucial role in action understanding since it allows a complete matching
between the sensory (visual or auditory) experience of someone else’s action and
one’s own motor experience (Rizzolatti and Sinigaglia 2010).

The specificity of the mirror neurons of the human brain is that they are able to code
the goal (i.e. firing according to the aim of the observed movement, independently
from the effector used to achieve it), as in monkeys (Umilta et al. 2008), but also
single-movements (Gazzola and Keysers 2009; Cattaneo et al. 2009). The discovery
of this mechanism, as well as the observation of early imitative behavior in newborn,
challenge the idea of a BS as personal representation. However, as we will see in
study 3, this representation seems to be particularly sensitive to the way it is updated,

S0 possibly to the motor potentiality.

Evidence from healthy subjects

Only recently, dissociations have been provided in healthy subjects supporting

the existence and relative independence of Body Schema and Body Image. All these



studies used different types of sensory illusions, and particularly the tendon vibration
(Kammers, van der Ham, and Dijkerman 2006) and the RHI (Tsakiris and Haggard
2005; Kammers et al. 2009; Kammers et al. 2010) which was already mentioned in
the former paragraph and will be explained in more details below.

When a vibration at a frequency of 75 Hz is applied on the sinew of an
immobilized limb muscle, an illusory extension of the muscle length is produced that
leads to the experience of an illusionary movement of the limb. Kammers and
colleagues (2006) used this illusion to dissociate BS and Bl by asking subjects to
perform three different localization tasks. Two illusion conditions were used while
subjects were asked to localize body-parts with different tasks (see below). In the
“direct” condition, the vibration was applied to the biceps brachii tendon of the right
dominant arm and subjects were asked to localize the arm; the “indirect” condition,
where the same vibration was applied to the same muscle while subjects were
holding the right knee and asked to localize the knee. In this way, the authors have
been able to vary the level of competition between sensory input informing the brain
about a (unreal) displacement of the limb, i.e. the signals coming from the muscle
spindles provoked by the vibration, and the other information coming from the skin
and other tendon receptors about the fact that the limb actually didn’t move. The
direct condition maximized the first type of inputs, whereas in the indirect condition
the amount of information increased, i.e., that coming from the knee joints and skin,
was ‘against’ the presence of a movement. To separately test either body
representation, subjects were asked to localize the right arm with three different
tasks: a ‘perceptual’ task, consisting of an active matching of the right (vibrated) arm
position with the left (un-stimulated) arm and a motor task, consisting of a reach-to-
point movement of the left hand toward the right one, were used in the Experiment 1.
In Experiment 2 the authors added a passive matching task where the left (un-
stimulated) arm was passively moved by the experimenter and subjects had to stop
the movement when they thought the left arm matched the right (stimulated) one in
position.

Owing to the definition of the BS as a proprioceptively based representation of
the body, one would expect the motor task to be more influenced by this kinaesthetic

illusion than the Bl. However, results showed that the two matching tasks were much



more affected (in both direct and indirect conditions) than the motor one. Moreover, a
difference was present also between the two former conditions; the subjects showing
a larger perceived displacement in the “direct” one (when asked to directly locate the
vibrated arm). A significant interaction was present between condition and task,
showing that the matching in the direct condition was significantly more affected than
that observed in the other tasks. These results are somewhat puzzling. In the
introduction, the authors predicted the effect of the kinaesthetic illusion on the Bl in
the following way: “Body Image may use stored knowledge from experience that
stretching of the biceps is caused by lowering the arm, to override the conflicting
information and in this way minimize uncertainty” (p. 2431) while the BS should resist
to the illusion “since there might be more proprioceptive input suggesting that the arm
is stationary, instead of moving”. In other words, they suggest that the BS is more
heavily based on proprioceptive information, but at the same time is not affected by a
massive event as the perceived movement of a limb®. However, the Bl that is mainly
a visually-based body representation, was strongly affected, with subjects showing
an arm drift of about 6 cm. Some methodological issues are discussed by the
authors. First of all, in the first experiment, when pointing to the vibrated arm,
subjects were allowed to touch the body-part, which provides an important feedback
to correct the subsequent movements. Moreover, the performance was not corrected
for a baseline, which was not performed meaning that the drift showed in the
Experiment 1 was not corrected for a general shift in proprioception independent from
the induced vibration (Wann and Ibrahim 1992). Interestingly, when the baseline has
been introduced in Experiment 2, the amount of the drift recorded with both matching
tasks was reduced by half of its amplitude. Surprisingly, in this second experiment,
where tactile feedback was prevented by a plastic sheet, subjects performed even
better than in the previous experiment, although one would not expect to find an
improvement in the performance when no feedback is provided.

Recently, converging results supporting dyadic models of body representation

have been provided by experimenters using the RHI (Botvinick and Cohen 1998;

> Unfortunately, in the second experiment authors compared the three tasks among them but not each
of them with 0, meaning that it is not possible to know if the deviant score of the motor response is
significantly bigger than 0



Kammers, Kootker, et al. 2010; Tsakiris et al. 2010). In this famous and widely used
illusion, subjects experience a sense of ownership of a fake hand, placed in a
plausible posture, after synchronous stimulation of their own (unseen) hand and the
visible fake one. In a classical setup, subjects are seated in front of a table where
their hand, hidden from sight, is placed close to a visible rubber hand. They are
instructed to look at the fake hand while the experimenter brushes both hands in an
asynchronous or synchronous fashion (i.e. introducing or not a temporal delay
between the touch on the two hands and, as a consequence, between the visual and
the tactile information). In the synchronous condition, the conflict among the location
of the seen touched hand, the perceived touch and the proprioceptively located hand
is solved by the brain assuming that what is felt is where it is seen. In other words,
the conflict is solved in favor of the visual information, with a recalibration of the
proprioceptive information that results in the feeling that the position of the real hand
is shifted toward the position of the rubber hand. Indeed, the incorporation of the
rubber hand is typically tested through two indexes: the proprioceptive drift, that is the
shift in the perception of the position of the hand under illusion, and the personal
report of the subjects, as measured with ad hoc questionnaires.

For the RHI to occur four conditions seem to be essential. The first one is the
synchrony between the stroking of the two hands. The illusion indeed arises only
when the seen and perceived touches happen at the same time. The second is the
spatial compatibility between the position of the real and the rubber hand. Tsakiris
and Haggard (2005) tested a group of subjects in a RHI setup in two different
conditions, one in which the rubber hand was aligned with the real one and another
where the rubber hand was tilted of 90° in respect to the real one. They found that
only the condition in which the rubber and real hand were aligned was effective in
eliciting a positive proprioceptive drift, which is a perceived shift in the position of the
real hand toward the rubber hand. In the same study, the authors tested also for the
possibility to induce the same type of illusion when stroking a neutral object. If the
illusion is simply the result of a bottom-up association between vision and touch,
stroking a wooden stick should be sufficient to induce the illusion. This doesn’t seem
to be the case, as they did not found any significant drift when the tactile stimulation

on the subject’s hand was synchronously delivered with a same stimulation on a



wooden stick. (see Tsakiris et al 2010 for similar results). Similarly, the authors did
not succeed in inducing the illusion when the laterality of the rubber hand was not
congruent with the real one, thus strengthening the hypothesis that RHI is not the
result of a purely bottom-up association. Finally, the shift in the proprioceptively
perceived position seems to be a local phenomenon that concerns only the
stimulated finger and not an adjacent, non-stimulated finger. When both the subjects’
and rubber hands were stimulated on the index finger, the authors found a drift only
when the finger to be subsequently localized was the one stimulated (index) during
the induction of the illusion, and not the little finger. This result suggests that the drift
concerns only the stimulated finger and not the entire hand. However, when two
fingers (index and little) are stimulated and subjects are asked to localize a third one
(the middle finger) whose position is in between the two stimulated ones, the drift is
present also for this finger. This clearly shows a top-down modulation of the illusion
and in particular the involvement of a representation of the hand that specifies the
relative position of the fingers. Together with the drift of the perceived position of the
stimulated real hand, subjects also experience a sense of ownership of the fake
hand, as measured by questionnaire. Also this subjective feeling of ownership is
present only when the above conditions are satisfied. Altogether, these findings
suggest that the bottom-up coupling between visual and tactile stimulation is a
necessary condition to evoke such an illusion, but is however not sufficient, as the
illusion is clearly modulated by top-down mechanisms, and in particular by the
representation of the body (Costantini and Haggard 2007). When the rules of this
body representation are violated, as in the case of an incompatible posture of the
rubber hand or an incongruence of the fake hand laterality, the illusion is broken.

The richness of the RHI paradigm in terms of the number of questions that can
be addressed through it, together with the easiness with which the illusion can be
elicited, have made of the RHI one of the most popular experimental approaches to
the study of body representations. One of the main questions that have been
addressed is whether the rubber hand is incorporated in the Body Image or in the
Body Schema, or in both. Similarly to what has been done in patients studies, this
hypothesis has been tested following the two routes model, by designing motor and

perceptual tasks to test the proprioceptive drift and look for a potential dissociation



between BS and BIl. The rationale behind these studies is that, if the rubber hand is
integrated in the BI, then perceptual localization tasks should be affected by the
illusion and motor tasks would not, and vice versa, if the incorporation happens to
occur at the level of the Body Schema.

Kammers and colleagues (2009) tested a group of healthy subjects with a
classical RHI paradigm. In a first experiment they use an articulated experimental
design where, after 90s of synchronous or asynchronous stimulation of the subjects’
right index finger and the equivalent finger of the rubber hand, a first perceptual
response was recorded about the position of the stimulated finger. Subjects saw the
experimenter moving her own finger on a board placed above the table were the
three hands were placed (the right and left subject’s hands and the right rubber
hand). They were asked to stop the experimenter when they estimated that her finger
was in a location that corresponded to the position of their own right (or left,
according to the condition) index finger. This first perceptual response was followed
by a first motor response, which consisted in a ballistic pointing to localize either the
right or the left hand, using respectively the left or the right hand. A second motor
response was then required, by using either the same or a different hand with respect
to the one used in the previous trial. Finally, a second perceptual task, identical to the
first one, was performed. This particular paradigm allowed the authors to compare
motor and perceptual tasks and to see whether the RHI could affect the Bl (as a
change in the perceptual localization task would suggest) and/or the BS (as a change
in the pointing kinematics would testify). Moreover, the second perceptual task was
designed to establish the effect possibly caused by the arrival of fresh proprioceptive
and kinesthetic inputs from the motor task on the persistence of the RHI. In other
words, perceptual retesting was meant to assess the strength of the illusion against
new somatosensory information. In a second experiment of the same study, the
perceptual task consisted in verbally choosing among three sticks the one that
matched the distance between the subjects’ hands, whereas the motor task
consisted in picking it up with a bimanual fast grasping movement. Similarly to
previous studies (Ehrsson 2004; Ehrsson 2005) the authors found that the perceptual
tasks were sensitive to the illusion. When asked to judge the position of their right

index finger by verbally positioning the experimenter’s fingers (exp.1) or choosing a



stick (exp.2), subjects showed a larger drift (about 6 cm) toward the rubber hand for
the synchronous, compared to the asynchronous condition. In other words, their
perceptual localization of the stimulated hand was incorrect. However, when the
localization of the right index finger was assessed through a motor task and in
particular with a ballistic pointing, the authors observed no significant drift. Moreover,
when the stimulated hand was used to point to the left one, the kinematic profile was
not affected, as one would predict if the representation of the hand position used to
point was resistent to the illusion. This suggests that the same hand that is localized
perceptually as being displaced in space is perfectly well located when a motor task
is required.

These findings strongly support the idea that two different body
representations are used for motor and perceptual tasks. These two representations,
the BS and the BI, are characterized by a different weighting of the sensory
information: the Bl is more influenced by visual information, as shown by the visual
dominance on touch and proprioception that is the base of the RHI; on the contrary,
the BS is mainly based on proprioceptive information, which is more relevant for a
correct (pointing) action execution.

Another important result from the above reported study emerges from the
second perceptual task, performed after the two pointing movements. After reaching
twice with the left hand, that is when no new afferent information were provided to the
(right) stimulated hand, the strength of the illusion is unaffected: subjects still judged
their right hand to lay about 6 cm toward the rubber hand. However, when the (right)
stimulated hand was used to perform one of the motor responses, the newly provided
kinestesic and proprioceptive inputs were capable of reducing the proprioceptive drift,
by about half of its original amplitude, and this was even more pronounced when the
right hand was used for both pointing movements. However, this is only a partial
reduction of the drift, which remains significantly larger when compared to the control
asynchronous condition. This suggest that the two representations subserving the
two tasks are separated, but nevertheless interact and that the main difference
between them might arise from the weight that is attributed to visual and

proprioceptive inputs in the updating processes.



In a subsequent study, the same group showed that when the emphasis is
placed on the action performance, the RHI can indeed affect the BS (Kammers et al,
2010). In this new version of the illusion, subjects kept their right stimulated hand
(unseen) in a grasping posture, that is with the little finger resting on the table and the
thumb and the other fingers open in a grasp position. The rubber hand was placed
above the real one in a similar posture, but with either a smaller or a bigger finger
grip aperture. The authors found an effect on subsequent grasping movements, and
in particular that the maximal grip aperture was influenced by the size of the rubber
hand grip aperture. When asked to grasp a same object, subjects opened their thumb
and index finger wider when they experienced the illusion of owning a RH with a
larger grip aperture. The peak of velocity of the movement was also modulated by the
type of rubber hand used to induce the illusion.

This study suggests that, at least in certain conditions, the BS can be sensitive
to the RHI. The first main difference with the previous study is in the posture of the
hands, which strengthen the motoric aspect. This is supported by a recent work by
Gentilucci and colleagues (Gentilucci and Campione 2011) who revealed in a series
of elegant studies that the posture assumed by an effector can have an influence
even on the kinematic of a different effector. Second, the tactile stimulation provided
during the induction phase involved both thumb and index finger. As already
discussed in this paragraph, Tsakiris and Haggard (2005) showed that the RHI, when
induced passively without any sense of agencys, is a local phenomenon and results
in a change in the perception of the hand position that is limited to the passively
stimulated finger, but does not affect the adjacent one. This result led to a definition
of the Bl as a fragmented representation, in opposition to a more holistic BS. By
using this particular grasping posture and/or stimulating both the index and thumb
fingers, the authors created the ideal conditions to have a whole hand illusion. It is to
notice that in this particular posture, the index finger is directly in contact with the
middle, which is touching the ring finger and so on. It might be argued that this

particular configuration of the hand with the index finger touching the others would

% The sense of agency is defined as the feeling to be the initiator and controller of an action
(Jeannerod, 2003). By definition, passive movements do not involve agency as they are not initiated
nor controlled by the subject.



more likely produce a drift in the perception of the other three fingers because of the
contiguity and because of the necessity of keeping a coherence between the newly
felt position of the index finger and the tactile information about the index finger being
in contact with the middle. It has been indeed shown that a change in the perception
of the position of a body segment can induce a change in perception of position/size
of another body-part that is in contact with the first one. Lackner (Lackner, 1988)
vibrated alternatively the biceps brachii (uni or bilaterally), or the antagonist muscles
of healthy blindfolded subjects. The vibration produced an illusionary sensation of
movement of the vibrated body-part, the arm. He also asked subjects to hold different
body-parts (the nose, the buttock or the head) during the vibration period and then to
report the experienced sensations. He found that, depending on the direction of the
induced illusionary displacement of the arm, subject could feel the held
(unstimulated) body-part changing in size. One could advance that the BS, which is
informed about the arm displacement, tries to keep a coherent representation of the
position of both the arm and the body-part held by it. The tactile information about the
contact between the vibrated arm and hand and the nose, for example, is coupled
with the proprioceptive inputs about the illusionary displacement and results in what
is known as the Pinocchio lllusion, which is a feeling of the nose increasing in length.
Interestingly, this illusion has been more recently shown to be able to influence
subjects’ estimation of tactile length (de Vignemont, Ehrsson, & Haggard, 2005).
Subjects perceive tactile stimulation applied on the body-part that is felt being longer,
because of the illusion, are estimated as further apart from each other, when
compared to a baseline condition when no illusion is present. As we saw in the
previous reported experiments, this perceptual task is supposed to involve the Bl
while the proprioceptively driven illusion is more likely due to a change in the BS.
This result thus suggests again an interaction between the two representations
and/or a dynamic recruitment of one or the other body representation, depending on
the type of task required and/or the weight accorded to the current sensory
information.

In a similar study using the RHI illusion, Newport and colleagues (2010) have
been able to report effects on motor responses after the illusion induction. The

particularity of this study comes from the fact that subjects have been presented with



two images of their own left hand, shifted on the right and on the left of the real
unseen left hand. Moreover, an active touch was used to induce the illusion. Subjects
were asked to stroke the bristles of a toothbrush, for only 20s while watching one or
two hands duplicate that were visually acting synchronously or asynchronously with
the actual tactile stimulation. Two different stimulation conditions were designed: a
unilateral condition, in which only one duplicate hand, either the leftward- or the
rightward-shifted, was synchronously moving with the real hand; a bilateral condition,
in which both fake hands were moving synchronously with the real one. Both motor
and perceptual tasks were administered after the illusion induction. The perceptual
task consisted of a questionnaire about the conscious perceptual experience of the
illusion, while the motor task consisted of performing three subsequent pointing
movements toward a visual target. When comparing the synchronous versus the
asynchronous condition, the authors found a significant effect in the responses to the
questionnaire for both conditions (uni- and bilateral) only in the synchronous
condition, suggesting that the Bl is able to incorporate not only one, but two images
of fake hands with an active stroking task. Interestingly, the results of the motor task
for the unilateral condition showed that the incorporation in the Bl was accompanied
by a modification of the BS. The final error point was indeed affected by the
condition, with a rightward shift in the reached end points when the incorporated fake
hand was the one on the left, and a leftward deviation of the end points when the
fake right hand was incorporated. The authors thus suggested that a modification of
the motoric body representation is observable when the illusion is induced using an
active movement. These data seems to be in contrast with one of the Kammers and
colleagues’ study in which the authors failed to report an effect of the RHI on motor
pointing. However, the difference in the induction of the illusion could be the key to
understand this difference. Newport et al’s used an active version of the task where
the tactile stimulation was a consequence of the action performed by the subjects.
This type of protocol strengthens the motoric aspect of the task and gives another
value to the received tactile input. In the active stroking, the tactile input is not a
simple external event, but the expected consequence of an action. We know, indeed,
that the brain anticipates the perceptual consequences of an action (Miall and

Wolpert 1996). The congruency between the expected perceptual outcome and the



actual tactile consequences of the performed action can play a crucial role in
strengthening the idea that the finger the subject is moving is the one that is seen
moving. Moreover, with this particular paradigm the subject experiences also a sense
of agency for the action seen. In addition, this interpretation is compatible with the
more recent work by Kammers and colleagues (2010) where the authors showed an
effect on kinematics of grasping movements after RHI, provided it is elicited on the
whole hand.

Most interestingly, Newport et al’s further found that in the bilateral condition,
when both duplicate hands were moving synchronously with the real hand, the
subsequent motor response were significantly deviated to the left, as in the unilateral
right condition. This finding suggests that only one hand was controlled and
incorporated in the BS, even though the perceptual task in the same condition
suggested an incorporation of both hands into the Bl. Interestingly, this paradigm
allowed the authors to underline a difference between the two representations in
terms of possible incorporation of supernumerary limbs. The Body Image seems to
be able to incorporate at least two additional hands (see also Guterstam, Petkova,
and Ehrsson 2011), while the Body Schema can control only one at a time. Giving
the fact that having a supernumerary limb is a violation of the normal human body
structure, what could make the Bl accepting such a situation as possible? And what
could make the BS be instead reluctant to this same possibility? One could argue the
difference may lay in the plausibility of the situation. In particular, it is plausible and
common experience to receive tactile input through objects that are not our own
body-parts (although they are in contact with them). Yamamoto and Kitazawa
showed, for example, that we can feel a tactile stimulation delivered to the tip of a
drum stick (Yamamoto and Kitazawa 2001). Tactile sensations can come at the
same time from our own body (the hand in this case) and the tip of the tool so that we
can receive different sensory information from different extremities at the same time.
However, we cannot send motor commands to other extremities but our own arms.
Of course, we can control tools with our hands, but the motor command is sent to our
muscles that indirectly produce the movement of the tool. This suggests that the
limits of the plasticity of the BS may be dictated by the action possibility, that is the

possibility to implement, or not, an action on the effector.



Interestingly, in the condition where two hands were synchronously moving, all
the subjects but one showed a reaching trajectory that was compatible with an
incorporation of the rightward duplicate of the subject’s hand. It is to notice that that
hand is the one closer to the midline. It has been previously reported that
proprioception of upper limb can drift toward the midline when vision is occluded
(Wann and Ibrahim, 1992). Although in the baseline condition Newport and
colleagues did not find any drift, it is possible to hypothesize that in case of such a
conflicting situation where two hands are present and both move synchronously with
the real one, as the one of the two fake hands, the potential conflict is solved in the
direction of this bias toward the midline that seems to be present in the proprioceptive
system.

To summarize, the literature offers a consistent body of evidence that supports
the existence of two separated body representations: these have been referred to as
the BS and Bl by most of the studies reported above, which frame the body
representational problem in dyadic models. There is quite large consensus that the
Body Schema is an action devoted schema of body-parts (size) and position in space
and therefore tested with motor tasks. It is also largely acknowledged that the BS is
an unconscious representation that is updated at every movement and allows
appreciating postural changes and performing motor control accurately.
Proprioception seems to be the key sensory information used for updating the BS
and its disruption leads to deficits in the ability to correctly localize and act on the
body surface. It is a holistic representation, where internal coherence is maintained
and supposed to be highly plastic. Pretty much on the opposite side, the Body Image
has been described as a perceptual representation of the body subserving
identification of stimulated body-parts. It is a conscious representation and can
accept inconsistency as for example the ownership of supernumerary limbs. The two
representations differ also in term of temporal dynamics, although we already have
seen in the previous paragraph the BS and Bl cannot be placed at the two

extremities of this axis (see page 32).



Triadic and Tetrad models

Triadic models essentially respond to the need of a clearer description of the Body
Image. In the previous paragraph we referred to the Bl as a perceptual, conscious,
long term representation of the body, mainly tested with perceptual localization tasks.
However, in the literature, disparate descriptions have been proposed that made
difficult a sharable and, most important, operational definition of this particular
representation. Gallagher and Cole (1995), for example, wrote that:

“The body image consists of a complex set of intentional states--perceptions,
mental representations, beliefs, and attitudes--in which the intentional object of such
states is one's own body. Thus the body image involves a reflective intentionality.
Three modalities of this reflective intentionality are often distinguished: (a) the
subject's perceptual experience of his/her own body; (b) the subject's conceptual
understanding (including mythical and/or scientific knowledge) of the body in general;

and (c) the subject's emotional attitude toward his/her own body”.

In this description, many levels of the body knowledge and experience are pooled
under one single label as if they were supported by the same body representation. At
the same time, neuropsychological studies showed that a cortical lesion can produce
an impairment of one aspect of this body knowledge, while leaving the others intact.

Sirigu and colleagues (Sirigu et al. 1991) tested D.L.S., a 62-yr-old patient affected by
an early form of Alzheimer disease, by using different body-part localization tasks.
Pointing tasks were triggered either by verbal instructions (“point to the knee”) or
visual cues (“touch on your body the body-part the experimenter is touching on
himself’). Two naming tasks were also used where the patient had to name body-
parts indicated by the examiner on the patient’s body, or on the examiner’s body. In
this way, the authors could test the ability of the patient to localize body-parts on her
own body, the experimenter’s body or a doll’s body. As a control for the integrity of
basic pointing movements and for excluding a problem in the analysis of complex
stimuli, they also asked the patient to point to parts of inanimate objects. Despite a
perfect performance was observed in the latter task, the patient was unable to point

to any body-part on her own body, as well as on the experimenter’s or the doll’s



body, either after verbal and visual command. A qualitative analysis of the pointing
movements revealed a prevalence of contiguity mislocalizations (pointing to body-
parts close to the target one), such as the lower arm for the elbow, followed by
functional errors (pointing to a body-part similar in function, such as the knee for the
elbow). However, the patient was able to name body-parts shown on her or the
experimenter’s body, as she was able to describe their function, but not to describe
their position. The specificity of this problem for body-parts is also shown by the fact
that, when pictures where attached to the same body-parts she was unable to
localize, pointing movements directed to those pictures were accurate. This series of
studies clearly shows that a spatial representation of the body structure exists and
that it is damaged in D.L.S. Less clear is the model of body representations proposed
by the authors to explain the disorder. Sirigu and colleagues proposed the existence
of (at least!) four body representations (p.637). The first is the Semantic and lexical
representation and, as the name says, contains the semantic knowledge of body-
parts. It is responsible of the ability of naming body-parts, to describe the functional
relationship that exists among them, as well as their function. It is described as being
propositional in nature and tightly linked to the verbal system. This representation is
not affected in D.L.S., given her ability to answer correctly to questions such as “what
is the mouth for?” or “what are the hands for?”. A second representation (Structural
Description of the Body) is supposed to contain a visuo-spatial scheme of the human
body (although animal’s body have not been used as control in this study). It
describes the structure of the body, specifying the proximity relationship existing
between body-parts and their boundaries. It is described as being linked to non
verbal, visual and somatosensory systems. The third level is the “emergent body-
reference system” that is a representation of position in space of the different body-
parts, it provides information about the movements of the body-parts in the external
space and in respect to one another. It is described as being built on multisensory
information and, despite the use of the term “body image” in its description, it appears
to better correspond to the Body Schema, as it has been described in the previous
paragraphs. Finally, the fourth level consists of a motor representation, not further
described, which corresponds more to a set of motor commands and movements

than to a body representational level. Sirigu and colleagues’ model of body



representations has indeed been cited since afterward as a triadic model. As one can
easily understand, this model maintains the existence of a Body Schema, but splits
the vague concept of Body Image in two different representations: one semantic and
the other spatial.

The validity of this model has been more recently tested by Schwoebel and
Coslett (Schwoebel and Coslett 2005) in what is the only study, so far, on a large
group of brain damaged patients. The authors tested 70 stroke patients by using a
battery of tasks designed to test the three body representations proposed in Sirigu
and colleagues’ work. The rationale behind this study was that tasks designed to
assess a particular body representation should be strongly correlated among them,
while a low correlation should be found between tasks designed to test different
representations. For testing the BS they used a motor imagery task where patients
were asked to imagine performing four different movements with the ipsilesional and
contralesional hand, in separated sessions. A ratio between the movement time
needed for the imagery task and its actual execution was calculated for each
movement. The second task was the hand laterality task: patients had to judge the
laterality of a seen line-drawing of a hand, presented with either a palm-up or a palm-
down position and in one of 4 different orientations (with fingers pointing to the left,
right, away or toward the patient’s body). Owing to the definition of the BS as a motor
devoted representation, one could argue that these two tasks do not involve a
movement and so they can not be sensible to BS disruption. However, it has been
shown that motor imagery engages the BS, as well as actual movements (Cooper
and Shepard 1975; Parsons 1987). Cooper and Shepard (1975) showed that when
asked to judge whether a seen hand is a left or a right one, subjects solve this task
by mentally rotating their own hand until it matches the seen one. Moreover, the
reaction time depends strongly on the amplitude of the movement that has to be
imagined to solve the task and correlates with the time needed to actually perform
that movement (Parsons, 1987). In other words, solving the hand laterality task is
based on motor imagery of one’s own body, which is influenced by the actual
representation of the body position in space, i.e., by the BS.

For testing the Body Structural Description (BSD) the authors used localization

tasks of either a body-part or tactile stimulation, and a matching of body-parts by



location. Both localization tasks consisted of pointing with non-ballistic movements:
the first one consisted in pointing to one’s own body-part that corresponded to the
one shown in a picture. In the second task, subjects were asked to indicate on a map
where they had been touched. It is to notice that this last test is the same as the one
used in previous studies (Paillard et al 1983; Rossetti et al, 1995, 2000, Anema et al
2009) to investigate the Bl. Finally, the matching task consisted of choosing among 3
pictures the one that represented a body-part spatially close to the target one that
was shown on a picture.

The Bl was here tested with two matching tasks that involved a functional
knowledge about the body. The same pictures as those used in the matching task for
the BSD were presented to the participants who had to pair them based on functional
similarities (for example, the elbow and the knee, as they both are articulations), or to
the associated clothes/objects (wrist and watch, foot and shoe, etc.).

Schwoebel and Coslett ran a principal component analysis on the patient’s
data and found indeed a high correlation between the scores for the tasks aimed at
testing for the body image. Similarly, they also found a correlation between those
tasks aimed at testing for the body structural description but not between the tasks
for the body image and those for the body structural description, supporting the idea
that those two representations are separated and can be selectively damaged
following brain lesion. Interestingly, the two tasks designed for the BS, the motor
imagery and the hand laterality, did not correlate. The authors suggested two
possible explanations. The first one concerns the fact that the two tasks differ in term
of explicit/implicit processing of the body position in space. The hand laterality
requires indeed an implicit processing of subjects’ hand posture, while the motor
imagery task involves an explicit movement simulation. A second proposed
difference resides in the fact that the laterality task is solved with a rotation of the
entire arm while the motor imagery implies imaging movements of the single hand or
specific fingers. Despite this dissociation, both tasks showed a bilateral effect:
patients’ performances were affected, no matter which hand was used. More
importantly, lesion analysis on patients impaired in the two tasks suggested a
common involvement of the Dorso Lateral Frontal cortex (DLF) with no clear

lateralization, and Posterior Parietal Cortex (PPC) in both subgroups, but also some



specific lesions. In the group impaired in the hand laterality task the lesion extended
also to the right S1 and subcortical white matter underlying BA 40, while the one
impaired in the motor imagery task showed an involvement of the inferior portion of
the left BA 40. Lesion data from patients with Bl deficits suggested that the neural
correlate for this representation is to be identified in the left temporal lobe, while BSD
deficit are most frequently a consequence of a left parietal lesion. More recently,
Corradi-Dell’Acqua and colleagues (Corradi-Dell’acqua, Tomasino, and Fink 2009)
investigated the neural substrates of the BSD in healthy subjects with fMRI and
confirmed the involvement of the left parietal cortex and in particular of the
intraparietal sulcus (IPS). Overall, these results support Sirigu and colleagues’ model
and in particular show that the semantic/lexical and structural knowledge of the body

are coded in separate representations that have their own neural correlates.

Now, | will turn discussing two more recently proposed models of body
representations that focus specifically on the somatosensory system and, in doing so,
postulate the existence of different body schemes according to the different
mappings necessary to access full tactile awareness: These models postulate that
the coding of tactile stimuli not only occurs with reference to the body surface, but
also to the external space. The first model | will present is the one proposed by
Medina and Coslett (Medina and Coslett 2010). These authors suggested that the
classical BS should be divided in three body representations. The lowest one is a
Primary Somatosensory Representation, in other words, the cortical territory
activated by the tactile stimulation of a particular body-part. Although the authors do
not use the term of Somatosensory Homunculus, the reader can readily recognize it
in the authors’ description: “provide a depiction of the nature of the stimuli; this
representation is altered by use as well as peripheral and central nervous system
disruption” (p. 652). The second level is represented by the Body Form
representation that is responsible for the localization of tactile stimuli on the body
surface. As the previous one, this map is also a distorted representation of the body
even though the amount of distortion is not the same as the one in the homunculus.
Correct localization of a stimulus on the body requires a rescaling and coupling of the

two representations. Before introducing the third level, it is noteworthy that even in



healthy subjects, this remapping is not perfect and the brain seems to be unable to
compensate for the distortions in the body representations. The Weber illusion is
evidence in favor of the fact that only a partial re-scaling is possible. In this famous
illusion, blindfolded subjects are presented with two simultaneous tactile stimuli on
different body-parts, like the hand (high mechanoreceptors density) and the forearm
(lower mechanoreceptors density). Although the distance is kept constant, the
perceived distance is longer when they are applied on a body surface with higher
density of receptors, which in turns means higher sensitivity. For example, two
stimulations will be perceived as more distant when delivered on the hand than on
the forearm. This phenomenon suggests that the rescaling between the cortical areas
devoted to tactile processing of a particular skin region and the representation of the
corresponding body-part is not able to compensate, at least not completely, for the
map distortion. Taylor-Clarke and colleagues (Taylor-Clarke, Jacobsen, and Haggard
2004) studied this illusion further and tried to modulate it through distorted visual
inputs. Subjects were asked to compare the distance of two couples of tactile stimuli
delivered on the finger and on the forearm, before and after a period of exposure to a
distorted visual image of their body, where the hand was reduced to half of its size
and the forearm enlarged to double its real size. The authors found a significant
effect of this visual exposure, as subjects showed a reduction of the Weber illusion
(stimuli perceived further apart on the finger than on the forearm) after the visual
exposure period. However, it is still to notice that, despite the huge visual distortion,
the effect on the tactile task was only of about 1%. Similar effects of visual
information on the body form representation come from the phenomenon of “visual
enhancement of touch” (Tipper et al 1998; Kenneth et al 2001; Taylor-Clarke et al
2002), which consists of an improved tactile discrimination due to the vision of the
stimulated body-part. Here, again, visual distortion of the body can affect the spatial
resolution in the tactile modality, and in particular viewing a magnified picture of the
touched body-part produces a significant improvement in tactile acuity. Interestingly,
Medina and Coslett (2010) offer the Pinocchio illusion (supposed to tackle the BI),
and its consequences on the tactile processing shown by de Vignemont and

colleagues (de Vignemont, Ehrsson, and Haggard 2005), as evidence of the



existence of the Body Form representation and of its tight relation with the Primary
Somatosensory Representation.

Finally, the third level of body representation model proposed by Medina &
Coslett is the one that permits the localization of touch in the external space, and is
called Postural Representation. It integrates visual, vestibular and proprioceptive
information into a scheme of the size, shape, as well as the configuration in space of
the body. The localization of perceptual stimuli in the external space is not possible if
the information about the position in space of the stimulated body-part is not known.
The tactile location can so be encoded in an egocentric reference frame. This
description clearly makes the Postural Representation the equivalent of the BS in
terms of function, although the type of sensory information used to update it is

extended from propriocetion alone to other sensory modalities.

It is not clear if the body representations proposed by Medina and Coslett are
to be added to a conscious Bl and a BSD to form a pentad model. What is clear is
that as long as we create a label for each stage of the sensory processing and/or
selective deficit, the number of levels of representations within our models will be
multiplied, instead of being reduced, and doubts may emerge as to their actual
existence (de Vignemont, 2010). One solution could be to consider whether and how
many successive stages in the mapping processing can take place as multiple
computations performed within a unique body representation. For example, one can
imagine that the knowledge about the body shape and size, that is fundamental for
the motor control, is represented inside the BS and constantly updated each time a
change of these parameters happens. Although this assumption seems logic, it is an
assumption and not a scientific fact. There is actually no empirical evidence available
nowadays to support the hypothesis that both shape and size are embedded in a
single representation (say, the BS). Moreover, additional questions will immediately
derive: if we assume that the knowledge of the body metric is inside a body
representation, will it be the only body metric, or would each representation have its
own metric? Can/should we hypothesize the existence of a metric for action, a metric
for perception (and eventually a semantic metric)? We currently lack a satisfactory

answer to these questions. The point | would like to underline in this dissertation is



that we should orient our efforts towards an operational definition of body
representations, which take into account several criteria for circumscribing their
properties and functional roles. | will turn discussing this aspect later on (see general

discussion).

The last model of body representation | will present has solved the problem of
body metric by assuming the existence of a further body representation, the Body
Model (BM), which stores this kind of information (Longo, Azanén, and Haggard
2010). In their model, the authors distinguish three classes of processing inside the
somatosensory system. A first low-level process is Somatosensation, which is the
primary sensory processing of somatic stimuli that occurs in Sl and Sll. The two
higher-level stages are  Somatoperception and  Somatorepresentation.
Somatoperception is defined as “the process of constructing percepts and
experiences of somatic objects and events, and of one’s own body” (Longo et al,
2010, p.656). Somatoperception allows four fundamental activities of the human
being that are the localization of touch on the skin surface, the perception of the
metric of object in contact with the body, of the body-parts in the external space and
of object in the external space. The ability to localize tactile stimuli on the body
surface is explained by the authors as the result of a two stages mapping. First, the
tactile stimulus is coded in the neural map of the body (the homunculus), which
allows for the detection of the stimulus, but not it’s localization. At this stage, the
subject knows that he/she has been touched, but only the relative position with
respect to other locations inside this map is available. In a second step, the
somatotopic location is mapped in a representation of the body surface, that the
authors call Superficial Schemata (as originally identified by Head and Holmes, 1911-
12). At this stage, a tactile stimulus can be localized on the body. This remapping
requires a rescaling since the somatotopic map is highly distorted and a failure of this
remapping can bring to a mislocalization of tactile stimuli on the body that respects
the arrangement of body-parts inside the somatotopic map. In this respect,
supporting results come from Rapp and colleagues (Rapp, Hendel, and Medina
2002) who tested two stroke patients who had a parietal lesion involving, among

other structures, Sl and SlI. Despite the lesion, they were both able to perceive tactile



stimulations on the back, as well as on the palm of the contralesional, as well as
ipsilesional, hand. However, when asked to point (the eyes open) with the ipsilesional
hand toward the tactile stimulation on the contralesional hand, their performance was
impaired as compared with both the ipsilesional side (pointing with the contralesional
hand toward stimuli on the ipsilesional one) and the control subjects. In particular,
they showed a peculiar pattern of results characterized by a proximal shift and
compression of the end-points on both the back and the palm of the hand. The
authors interpreted this result as a systematic somatosensory reorganization after
lesion that preserves the pre-traumatic organization, since relative position of the
stimulation is still present, although it is compressed in a new shrunk hand.

A second body representation in Longo and colleagues’ model is the Postural
Schema that integrates different type of afferent information, such as proprioception
and touch, as well as efferent signals about movement, to form a schema of the body
posture. This description and name clearly reminds of the BS, a label the authors
explicitly avoid employing because of its inconsistent and contradictory usage. The
main (and only?) difference between Longo and colleagues’ Postural Schema and
the Body Schema as | have reviewed it up to now, is that the Postural Schema does
not contain any information about the size of the body. Longo and colleagues ground
their reasoning on the statement that there is no direct information from the periphery
to the cortex that inform the brain about the size of a body-part. While muscles
spindles and skin receptors can inform us about the stretching of the skin, or the
contraction (i.e., the relative length) of a muscle, no receptors can provide signals
about the absolute length of the same muscle for example. At the same time, this
information is essential for knowing the position in space of a body-part and as a
consequence for an effective interaction with the environment. To solve this problem,
the authors suggest the existence of a specific body representation, the Body Model
(BM) that stores the metric knowledge about body-parts’ size. As a consequence, the
localization of body-parts in space is thought to be the result of an interaction
between the Postural Schema that specifies the configuration of the different body
segments in space, and the BM.

Although | think that knowledge of the metric of the body is essential, and not

only for motor control, the existence of the BM is questionable. It is true that



mechanoreceptors in joints, muscle tendons or stretch-sensitive receptors in the skin
can inform the brain about a change in muscle contraction or skin stretching, but not
about the absolute length of the muscle/body-part. This implies that, in order to know
the position in space of a body-part, this information have to be integrated with a
metric representation; this does not imply, however, that an additional body
representation (the BM) exists. Indeed, we can imagine that, to execute actions, the
BS itself contains a metric of the body that is the result of a constant update following
the body modifications during the entire life. The problem here is not the origin of the
body metric (not given directly by receptors but derived in some other ways), which
remains problematic for any putative body representation (either BS or BM). From
where, indeed, would the BM emerge if there is no peripheral information directly
providing the body-part size (see below)? The real problem is whether it logically

follows from this observation (size is not directly given by receptors) that body metric
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is located outside the Postural Schema. As it will be shown in study 1, the BS is a
highly plastic representation that is able to adapt to abrupt changes of body size in a
short time scale (see study n. 1).

Moreover, the authors themselves must assume that the knowledge of metric
properties exists inside the already proposed representations or, at least, that those
representations have access to this kind of information. The Superficial Schema,

which subserves tactile localization through the remapping from the homunculus, has



to have knowledge about the body size. Secondly, the BM seems to be an innate
representation, since is not fed by any sensory information (see figure 9). So, where
does the BM come from? How such a representation can follow the impressive
changes in size the human body goes through?

To strengthen the point that an accurate knowledge of body size is important,
the authors bring as evidence the fact that during a period of “great spurt” as
adolescence is, young people are often clumsy and that coordination difficulties are
related to a peak of growth registered in this phase of life. This only suggests that, if a
BM exists, this metric representation is not properly fit to update changes in body
size. Again, it is hard to accept that a representation dedicated to body size
knowledge is not, in physiological conditions, capable to assure this role. It seems a
lot of work for not that much a gain. Moreover, this representation seems to be highly
distorted and therefore unable to grant a correct body localization, which is the
activity for which the BM is supposed, according to Longo and colleagues, to be
essential. The same group indeed showed that when asked to point to memorized
landmarks on the hand with a stick, subjects make constant errors compatible with a
distorted representation of the arm size and shape. In particular, the fingers are
represented as shorter while the hand is represented as larger (Longo et al, 2009). In
this study, healthy subjects were asked to make non-ballistic pointing movements to
named hand landmarks that have been previously memorized. The type of pointing,
as well as the input modality used in this task, would exclude an involvement of the
BS. Moreover, the absence of such a distortion when a size-judgment was visually-
based (choosing among differently distorted pictures the one the represents the
actual hand size) made the authors to conclude that the Bl is neither involved,
coming to the conclusion that there must be a third representation involved in the
task. However, alternative explanations are possible. The authors did not test for a
possible role of the memorizing process in the creation of a task-dependent visual
imagery of the hand. Second, it is possible that a Bl representation is used in both
tasks and that the dissociation is the result of a difference between the tasks, not
between the representations (see, for task dependent dissociation, Rossetti et al
2001; Kammers et al 2009, 2010). In the picture-choosing task, the richness of the

visual information makes the task easier since it can be done also by using a criterion



of plausibility of how a hand is shaped and not simply using a representation of our
own hand shape. In the memorized pointing task, the absence of online visual
information, mainly used in the building of the BI, could be responsible for the
observed distortion. Moreover, the fact that subjects were not blindfolded, might have
strengthened the importance of visual information and the adoption of visual
strategies. To go back to Longo and colleagues’ model, another surprising fact is that
the BM does not subserve any fundamental process, by itself. It is supposed to
contribute to body-parts localization and to the perception of metric properties of
tactile objects thanks to the integration with the Postural Schema. It does not seem to
be an economic choice. Following this hypothesis, we should have a representation
that is innate (while body size changes can be influenced by many external
environmental factors), “unfed” (that makes difficult to understand how it can be
updated), dramatically distorted (that make difficult to understand how we can
perform accurately any of our daily motor actions) and unable to follow normal
changes in size like, the growth of our own body. It is, indeed, quite difficult to agree
on the need of a BM. Instead, | suggest that a metric of the body is present in the BS
and the Bl and that the metric properties of the two representations can be differently
affected and accessed to, possibly according to the different processing needed to
solve a given function, task at hand. Here, | only briefly mention that this notion
derives from the dissociation between the dorsal and ventral visual streams
(Ungerleider and Mishkin, 1982; Goodale and Milner, 1992) that has been reviewed
above (chap 2) and has been extended to the somatosensory domain (Dijkerman &
de Haan, 2007). A metric of visual objects is present within each stream, but for
different purposes and it seems (more) plausible that a similar principle would also
hold for body representations (rather than having an additional, full-purpose body

metric representation).

At the end of this review, | want to summarize some of the points that are of
interest and that have been approached in my thesis. The context in which my work
is embedded is one of the most intensively debated in the neuroscience of the body.
As shown in this chapter, different authors have proposed many different body

representations, along with names, definitions, and suitable tasks to test them.



Basically, something to be baffled by. However, beyond the confused cloud of labels,
some key points are clear and can be addressed experimentally. The first and major
point is the plastic feature of the BS. As reported at the beginning of this chapter, the
BS is supposed to be a plastic representation (Head and Holmes, 1911-12). Being
the representation of body for action, it has to take into account any possible
modification in the body state that is relevant for action. Changes in posture are an
example. If | want to grasp an object | need to know the position of the hand and arm
| want to use to implement the correct trajectory. Arm length can also change: slowly,
as in the case of the normal growth, or abruptly, when we use tools. Despite the
simplicity of the idea and the fact that it has been proposed more than a century ago,
the plasticity of the BS has never been directly tested, and this has been the object of
the study n.1. The study n. 3 had the goal to make a step forward in the investigation
of the BS plasticity, as we tested the level of specificity of this plasticity and the rules

that govern it.

The second point is the relation between BS and BI. | have presented many
studies showing double dissociations between the two representations in patients
(Paillard et al, 1983; Rossetti et al, 2995, 2001; Anema et al, 2008; Brochier et al,
1994; Halligan et al, 2006). Recent studies also provided evidence in favor of a
dissociation in healthy subjects (Kammers et al 2009, 2010) showing that the Bl can
be modified without affecting the BS. We provided the opposite dissociation by
showing that tool-use selectively modify the BS, leaving the Bl relatively unaffected
(see study n.2). In the same study, we also addressed the issue, raised by Kammers
and colleagues (2010), of the importance of the input modality, as well as the output
in the methodological approach to the study of body representations. The
dissociation between BS and Bl is indeed based on the two-routes model of sensory
processing assuming that the outcome, that is action or perception, determines the
way sensory information is processed or, in our case, which body representation is
used. This model led to a methodological approach that used essentially motor
versus perceptual tasks. This approach is however simplistic and not immune to
dangers. We showed, in study n. 2, that the type of task does not guarantee per se

the access to a given body representation.



Operational definition of Body
Schema

Body and space representation

The review of more than one hundred years of work about the Body Schema made in
the previous chapter shows how difficult it is to reach a consensus on the number,
definitions and functions of body representations. However, a fruitful scientific
approach should be based on the clearest and most economic possible explanation,
which can rise only from clearly defined concepts. With this aim, the first step of my
thesis has been to try offering an operational definition of the Body Schema. In
particular, | tried to summarize the key features of this representation in such a way
that they could be tested in appropriate experimental conditions.

In doing so, the first problem | encountered was the undifferentiated use of the
labels Body Schema and Peripersonal Space (PpS) that is often present in the
literature.

The origin of this confusion is to be ascribed to the fact that both
representations share important features. The PpS is indeed a particular region of
space around the body where different sensory information are highly integrated
(Rizzolatti, Scandolara, Matelli, and Gentilucci 1981a; Rizzolatti, Scandolara, Matelli,
and Gentilucci 1981b;Rizzolatti, Fogassi, and Gallese 1997). It is coded by
multisensory neurons that integrate visual, tactile and auditory stimuli into a unique
multimodal representation of space that is limited in depth.

In addition, both the BS and the PpS are representation devoted to action and
both are shaped by action, as we showed in the two experimental contributions that
are presented at the end of this chapter.

Moreover, the Body Schema and the PpS have often been tested using similar

paradigms, such as those looking for the effects tool-use may produce over



perceptual tasks. Evidence in favor of a plasticity of the PpS comes from both animal
and human studies with tool-use. In the following section, | will first address the
theoretical issue of the possible independence of these two representations
underlying both their common features and differences. In the successive empirical
contributions, | tested the hypothesis that the PpS subserves the execution of
voluntary actions in space. We used the Cross-modal Congruency Effect (CCE)
paradigm (Spence et al 1998) to test the modulation of PpS as a function of an
action. The CCE is a measure of the integration between visual and tactile
information and in particular of the interference exerted by a visual, task-irrelevant
information on the response to a tactile target stimulus. In a classic CCE paradigm,
subjects seat holding two objects between thumb and index fingers, one for each
hand. Visual stimuli are embedded in the objects, close to each finger. The task is to
discriminate as quick as possible the location of a tactile stimulus that can be
delivered either on the thumb or the index finger. At about the same time as the
tactile stimulus, an irrelevant visual distractor is presented in a congruent or
incongruent location. The main effect is that when the visual distractor is presented in
an incongruent location, for example close to the index finger while the tactile
stimulation is on the thumb, the subjects’ performance is worse as compared with the
congruent condition. The CCE is the difference in performance (RT or accuracy)
between the congruent and incongruent trials. Importantly, the spatial distance
between the visual and tactile stimuli modulates the effect, the CCE being stronger at
shorter distances. Thus, this paradigm is well suited to measure changes of PPS,
which has limited extent in depth around the body. The novelty of our approach
consisted in the fact that we used the CCE paradigm in a dynamic situation, where
the visual distractors were embedded in a target object subjects were instructed to
grasp. As a further innovative aspect, we additionally recorded the kinematics of the
grasping movements in order to study the relation between action-related

modulations in PPS, as revealed by the CCE, and the action execution itself.



Discussion

The three contributions presented here addressed the issue of the need of an
operational definition of the Body Schema, as well as the possibility to separate the
concept of BS from the one of Peripersonal Space.

In the first paper, | proposed that the BS is an action oriented, plastic and
internally coherent representation of the body. The two experimental contributions
(Brozzoli, Cardinali, et al. 2009; Brozzoli, Pavani, et al. 2009) clearly showed that two
out of three of these characteristics are present in the PpS.

Results of the first study speak in favor of a remapping of the spatial
representation when a grasping movement is performed. This remapping consists of
a higher level or stronger interaction between the tactile information on the hand and
the visual one on the target object. Interestingly, this remapping is present already at
the onset of the action and increases along the movement toward the target object,
thus suggesting that the PpS is, as the BS, an action devoted representation.
Moreover, this plasticity is not only functional to action performance but it is also
modulated by which type of interaction with the object is implied by the action.

The second study indeed showed that the plasticity of the PpS depends on the
kind of sensori-motor transformations required by the action. The comparison
between grasping-dependent and pointing-dependent modulations of the PPS
showed that, despite a comparable CCE at the beginning of the action was present in
both cases, when the two actions started to differ one from another (as shown by the
kinematic profile), so did the CCE.

Despite the similarities, it is reasonable to think that these two representations
exist independently. As proposed in the review, physical contiguity between the body
and the tool could be the key aspect, as tool-use it is not required to induce plasticity
of the PpS (Brozzoli, Cardinali, et al. 2009; Brozzoli, Pavani, et al. 2009), while we
will show that an actual modification of the body, or of the afferent information from its
extremities, is necessary for inducing changes in the BS.

The aim of my thesis has been to test and describe the plasticity of the BS in

healthy subjects. To do that, | needed an effective paradigm that allowed me to alter



the current estate of the body to study the effect that this alteration may have on the
representation of the body itself, and a measure suitable to detect the plasticity.

This paradigm is tool-use. This choice has been dictated by many reasons,
among which, the importance of tools in humans’ culture and daily-life activities, as
well as the extraordinary skillfulness with tools our species has reached during
evolution. The reasons of this choice will be further discussed in chapter 3, where |
will also propose a brief review of some of the most relevant tool-use studies in
humans.

Regarding the measure, | used, as main instrument, the kinematic approach.
This approach allows one describing the motor behavior of subjects in terms of
temporal and spatial parameters. Indeed, it derives directly from the definition of the
BS as an action devoted representation of the body that a suitable way to test this
representation is to study action, and in particular the way body-parts are moved.

Basic principles of kinematics are the object of chapter 4 (p. 71).



Tool-use

What a tool is and what can it tell us about the BS

The ability to use tools is one of the most remarkable skills of the human species. It is
so well developed that it is actually debated the issue of whether it has to be
considered a peculiar and unique feature of the human kind, or if it pertains to other
species too. Many studies have indeed reported observations of tool-use in animals,
in the wild as well as in captivity. It is not the goal of the present chapter to solve this
interesting issue. Here, | want to introduce tool-use as a suitable paradigm to induce
changes in body configuration and thus study the plasticity of the body representation
for action.

The choice of using a tool-use paradigm is grounded on a particular definition
of what tool-use is and what is not. In particular, we refer to the definition given by
Beck in 1980 and we lay down three conditions that have to be respected. In the first
place, we consider tool-use as the use of an unattached external object; secondly,
the object has to be used with a functional purpose that can, however, be different
from the one the tool has been built for. Finally, we consider tool-use only the
condition of actual utilization of the external object, and not for example the fact of
simply holding it.

In the following review, all these aspects of tool use are discussed together
with previous studies that implied tool-use as a paradigm to investigate the effect on
space representations in healthy participants and patients. The review also points out
an important aspect that has been already mentioned in the chapter 2. In particular,
the fact that plastic changes of the Peripersonal Space has often been interpreted as

plasticity of the BS.



Discussion

In the present review, we proposed to precisely adhere to the definition of tool-use
originally advanced by Beck (B. Beck 1980). This definition underlies all my
experimental work. The advantage of a tool-use paradigm is the possibility to induce
fast changes in body morphology, so that the plasticity of the body representation can
be studied in a laboratory context. It is true that other paradigms allow producing
changes in body configuration. We already discussed in the previous chapter the use
of the RHI. However, we saw that this particular paradigm is more likely to modify the
Bl. Since tools are objects used to perform actions, their incorporation is more likely
to involve the body representation for action. In my thesis | provide evidence in favor
of a specific effect of tool-use on the BS and not on the Bl (see study 2).

It is also true that, in daily life, body configuration and size can be modified by
many others factors, such as growth, injuries, amputations etc. These sources of
modifications differ in terms of time scale, as well as for the type of reorganization
they imply in the sensorimotor system. We already mentioned in chapter 1 that the
BS is not strictly a short-term representation, since different action related information
can have different time scales. For example, changes in posture are faster and more
frequent than changes in size that happen throughout life. At the same time, as in the
case of tool-use, size update must be sometimes quick if a correct motor control has
to be maintained. In the study n. 2 one aspect will be again discussed, that is the
description of tool-use as the employment of an external unattached object. We
formulated the hypothesis that the BS is able to disentangle between two different
sources of body modification and in particular between tool-use and lengthening of
body-parts (thumb and index finger, in the present case). As described in the review,
the attribution problem has been already addressed by Kluzik and colleagues (Kluzik
et al. 2008) using a force-field adaptation paradigm, thus in the context of motor
learning. The authors found that, depending on the causal attribution of the
perturbation, i.e. to the arm or to the manipulandum, the transfer of the adaptation

varied. In our study, we showed that using a tool (“unattached external object”), or



lengthening the fingers (by attaching wooden sticks) has different effects on the BS
(see study 2).

Another main point raised by the review concerns the effect of tool-use on the
representation of the Peripersonal Space. We discussed the issue of the relationship
between Body Schema and Peripersonal Space in chapter 2. Here we review some
of the most important works that support the notion that using a tool in the far
extrapersonal space produces a remapping of this portion of space. In particular, by
allowing action in a region of space that was inaccessible before, the tool induces a
recoding of far space as near space. This has been shown through enlargement of
visual receptive fields in monkeys’ bimodal neurons (Iriki, Tanaka, and Iwamura
1996), changes in visuo-tactile integration in healthy subjects (Maravita, Spence, et
al. 2002) and patients (Farné, Iriki, and Ladavas 2005; Farné and Ladavas 2000) and
tool-use dependent biases in bisection in neglect patients (Berti and Frassinetti
2000). A key aspect, although of secondary importance in this chapter, arises from all
these studies. Space representation depends on action possibilities: the
representation of what is near (or far) is built on the fact that | can (or can not) act in
that particular region of space. This action supremacy is of great importance: if we
push the reasoning further we can readily realize that the decision about the
possibility of acting on a particular region of space depends in turn on the knowledge
about the size of the body that, in an action context, might be provided by the BS.
Longo and Lourenco (2007) showed indeed that there is a relation between the arm
size and the representation of the extent of the near space. A functional update of the
BS can thus produce secondary effects not only on motor control, but also on space
perception. For example, Witt and colleagues (Witt, Proffitt, and Epstein 2005)
showed that when subjects are asked to use a tool to reach an object, they also
estimate the same object as being closer to them compared to when they are not
asked to subsequently act on the object with the tool.

In the last ten years, researchers started to investigate the neural basis of tool-
use moving mainly from two fundamental questions. The first one arises from the
observation that tool-use is a motor skill particularly developed in human beings, in
such a way that for a long time it has been considered as uniquely present in our

species (Oakley, 1956). Although we now know that we are not the only animals



using and building tools (Visalberghi et al. 2005; Visalberghi et al. 2009; Povinelli,
Reaux, and Frey 2009; Povinelli and Vonk 2003) differences exist in particular in the
capacity of understanding the causal relationship between a tool and its effects. The
first question is then whether this capacity is underpinned by a specific neural circuit,
possibly of recent appearance in the evolution, which might be present only in
humans. Peeters and colleagues (Peeters et al. 2009) made a comparative fMRI
study where humans and monkeys (trained and untrained to tool-use) were
presented with movies of hand actions and tool actions. They found a large
overlapping circuit between humans and monkeys extending from occipitotemporal
areas to the intraparietal sulcus (IPS) and ventral premotor cortex (vPM), activated
for all the type of grasping. Interestingly, in humans, observation of tool grasping led
to the activation of an additional area in the inferior parietal lobule (IPL), that is the
anterior portion of the supramarginal gyrus (aSMG). This area plays a critical role in
the storage and retrieval of learned movement representations associated with skilled
actions (Heilman, Rothi, and Valenstein 1982; Poizner et al. 1998) and has been
found activated in previous studies during preparation for and pantomimes of tool-use
(Johnson-Frey et al, 2005; Moll et al, 2000; Rumiati et al, 2004), as well as by the
sound of tools (Lewis et al. 2006). It has been proposed that the role of the aSMG in
the tool-use network (including left inferior frontal, posterior parietal and posterior
temporo-occipital areas) is to activate learned motor representations related to
familiar tool-use (Valyear et al. 2011; Peeters, Simone, Nelissen, Fabbri Destro, et al.
2009), which would allow human beings to predict the functional consequences of
using a tool.

The second question is whether grasping objects with a tool relays on the
same well-established cortical network mediating hand grasping. It has been
proposed that the tool-use cortical network includes frontal, parietal and temporal
regions, as well as the cerebellum, that are strongly interconnected and differently
participate in tool skills by dealing with different aspects of such a complicated
behavior (Goldenberg and Spatt 2009; Imazu et al. 2007; Tsuda et al. 2009;
Johnson-Frey 2004). Tsuda and colleagues (2009) found a consistent overlap
between the hand-grasping related activations and tool-related activations. In a PET

study they asked healthy subjects to pick-up small objects and place them in a



basket either with their own dominant hand (precision grip involving the thumb and
the index finger) or a pair of chopsticks. Both tasks, when compared with a rest
condition, induced a large activation in the sensorimotor system (M1, SI, Sll, PMd
and PMv, SMA and cingulate cortex), parietal cortex (SPL, IPL, IPS and VIP), the
middle temporal gyrus in the left hemisphere. PMd, SMA, SPL and the cingulate
motor areas were also activated in the right hemisphere. However, grasping with
tools induced a higher activity in SI, PMv (BA 6) and PMd, PPC, MT and the
cerebellum in the left hemisphere, as well as the SPL bilaterally when compared to
precision grip grasping with the hand. A recent study confirmed the involvement of
the PMv, PMd and PPC (an and in particular of the SMG) in coding hand
peripersonal space (Brozzoli et al. 2011). Tsuda et al’'s pattern of activation could
then reflect the neural basis of peripersonal space plasticity induced by tool-use,
which has been previously shown in neuropsychological and behavioral studies (Berti
and Frassinetti 2000; Farne, Iriki, and Ladavas 2005; Maravita, Clarke, et al. 2002; N.
Holmes, Calvert, and Spence 2004). Activation of the middle temporal gyrus is
compatible with retrieving of knowledge about the tool. The same area has been
found activated by naming tasks selectively for tools (Chao, Haxby, and Martin 1999;
Martin et al. 1996) as well as knowledge recalling about action associated with tools
(Kellenbach, Brett, and Patterson 2003). An increase of activation for the tool-use
condition compared to free-hand grasping was found in S1, and in particular in the
inferior portion that usually represents face areas, although Faillenot and colleagues
(Faillenot et al. 1997) found an activation in similar location for grasping of complex
objects. Superior parietal activation is explained by the authors with the need of
visuo-spatial attention due to the level of difficulty of the task. Finally, the cerebellar
cortex activation is compatible with coordination of motor skills required by the use of
the chopsticks. Imamizu and colleagues (Imamizu et al. 2000) asked healthy subjects
to use a computer mouse to track a target in which the rotational transformation was
modified. They showed a robust activation of the cerebellum at the beginning of the
task. The activation was reduced and limited to a smaller portion of the cerebellar
cortex at the end of the training, suggesting that the cerebellum is involved in learning

new internal models of the tool.



Although the relevance of tool-use skills in everyday life and the importance of
knowing its neural correlates, only very few imaging studies have been performed to
date to investigate tool-use. In a recent review, Lewis (Lewis 2006) compared 64
different paradigms investigating the neural correlates of tool-use, among which only
one (Inoue et al. 2001) consisted in actual tool-use. Up to know, together with Tsuda
et al’'s and Imazu et al’'s (2007) studies, these are the only examples of imaging
studies on real tool-use’. In the other cases, because of the well-known constraints
imposed by fMRI technics on movement execution within the scanner, subjects were
asked to either imagine, or pantomime the use of a tool. Although similarities exist
between neural circuits recruited by performing action and motorically imagining to
perform the same actions (Parsons 1987) it has been recently shown that
pantomiming the use of a tool does not activate the same areas as the actual use of
the same tool (Imazu et al, 2007). In the future, particular care should be taken when
developing more natural and complex situations in which tool-use should be closer to
real life activity. A first step in this direction has been made by Culham and
colleagues (Culham et al. 2003; Cavina-Pratesi et al. 2010) who developed an
innovative apparatus to study free-hand grasping movements with fMRI. Recently,
they also tested subjects during a task of grasping with pliers (Gallivan, Cavina-
Pratesi, and Culham 2009) to test which brain areas are involved in the
representation of what is near (reachable) and what is far (not reachable). The results

of this study will be discussed together with the results of my study 3.

7 In addition, it has to be noticed that all these studies were run on Japanese subjects using
chopsticks, that is a very well known and used tool in that population. It means that they can
not inform us about the problem solving as well as learning process related to tool-use. Also,
the motor constraints imposed to the subjects were so heavy that only one out of these studies
actually required movements of the arm (Tsuda et al, 2009). This situation is far from real life
and has the risk of reducing one special feature of tool use, that is the possibility to overcome
human body limitations by performing actions otherwise impossible.



Kinematics: revealing the brain’s
cognitive architecture by analyzing
motor performance

The kinematic approach consists of describing movements in terms of spatial and
temporal parameters, such as velocity, acceleration, path length, trajectory,
movement time etc. However, its impact is not limited to the mere description of the
displacement of a particular body part in space. Indeed, since the first kinematic
study to the control of the hand (Jeannerod 1981), this approach has been used to
investigate cognitive functions such as objects representation, space perception and
social interaction. In my thesis work, | decided to use kinematic of free-hand and tool
movements to access the Body Schema and its plasticity. The choice of this
approach derives directly from the definition of the Body Schema as an action
devoted representation. Indeed, if we suppose that the BS contains all the body-
related information the brain needs to accurately guide action, a change in it would
necessarily be reflected in the way the action is performed. Moreover, as | showed in
the chapter 3, previous studies that addressed the issue of the effect of tool-use on
the Body Schema, actually failed in giving a conclusive answer mainly because of the
approach they used. Authors actually reported changes in either visual-tactile
interaction near and far from the body, but not direct evidence for the effects on the
body representation itself. In this chapter, | will describe a selection of the most
influential works on the kinematics of grasping and pointing movements, as these are
the types of movement | used in my experiments, and | will show that this approach is

a powerful tool and a suitable one for studying the body representation for action.



Kinematic organization of a grasping movement

Research on the highly developed human grasping skills starts in the early 80’s and
since then a considerable amount of work has been published on the kinematics, as
well as on the neural circuits underneath this ability.

We owe most part of our knowledge about motor organization of grasping
movements to the work of Marc Jeannerod, who started the prolific series of studies
on human kinematics. In 1981, Jeannerod and Biguer first described the kinematic
profile of reach-to-grasp movements and proposed a theory about the organization of
this movement, known as the “visuo-motor channels” theory. According to this theory,
grasping movements are composed by two types of motor behavior, reaching and
grasping. Each component is based on a visuo-motor channel that elaborates
particular aspects of the target object as a function of the to-be-performed movement.

The reaching (or transport) phase consists of carrying the hand towards the
object and is thus mainly represented by displacement of proximal joints of the arm.
The object information relevant to this phase includes the position, orientation and
distance in space, which are called “extrinsic properties” as they do not belong to the
object per se and can vary for a given object in different moments. These properties
are coded with respect to the body position and in particular to the effector (the hand)
position.

The grasping (or grip) component is constituted by the movement of the
fingers involved in the grasping and consists of the pre-shaping of the hand
configuration during the approaching phase to the target object. This behavior is
based on the so-called “intrinsic properties” of the target object, which include the
size, shape, weight etc.

In terms of kinematic parameters, a normal grasping movement is
characterized by a bell-shaped velocity profile, where the peak is reached at about
the 40% of the entire movement time, which is usually defined as the time between a
consistent increase in velocity and the moment when the fingers firmly contact the
object. The part of the movement from the velocity peak to the end of the movement

is called deceleration phase and is usually not longer than 1/3 of the entire



movement time (Jeannerod 1981; Jeannerod and Biguer 1989; Jeannerod 1984).
Derived from the velocity is the acceleration profile that is characterized by an early
positive peak (achieved before the velocity peak) and a late negative peak (the
deceleration peak).

Soon after the movement start, the hand begins to shape according to the
objects features. In the case of a precision grip, that is when the object is grasped
between thumb and index, these two fingers, which are usually in contact in a
standard starting position (i.e., pinch-grip), begin to move away one from the other
until they reach a maximum distance, called maximal grip aperture (MGA). This
happens at about 60-70% of the entire movement time. The MGA is precisely
modulated by the size of the object to grasp, although it is always larger than the
object itself. The relation between the MGA and the object size is constant and
known, so that for an increase of 1 cm in object size, MGA will increase by about
0.77 cm (Marteniuk et al, 1990). Once the MGA reached, the fingers start to close
until they touch the object. From the spatial profile of the thumb and index finger,
another parameter can be derived, that is the velocity of fingers aperture in which two
peaks can be observed. The first is a positive peak and appears just before the MGA;
the second is negative and it signals the moment in which the fingers are closing
faster. Studying the time at which this peak appears (its latency), Jeannerod (1981)
observed a temporal coincidence with the deceleration peak. This means that the
fingers close faster when the wrist is slowing down in its approach to the object
suggesting the existence of a highly functional coupling between the transport and
grip components of the movement.

Although the model postulates a relative independence of the two
components, they are not considered as completely separated. Transport and grip
components are indeed described as being functionally interrelated to subserve a
common general goal, which is to achieve a stable grasp for holding and eventually
manipulating the object.

To test the relation between the two components, researchers used many
different paradigms based on the following rationale: if the two components are
coded in separated visuo-motor channels that elaborate different object

characteristics, namely the intrinsic and extrinsic properties of the object, then the



variation of one of these properties should affect only the channel devoted to its
processing, but not the other. For example, if the object position in space (extrinsic
property) is coded as a function of the transport component, grasping the same target
object, though located at different distances from the hand starting position, should
affect the transport component, leaving the grip component unaltered.

I will now present studies that addressed this issue by varying different
properties of the target object and then studying the effect on the kinematics profile of

the movement.

Effect of extrinsic properties

The extrinsic proprieties of an object are mainly the position in space and the
distance with respect to the body. By changing the distance between the body and
the target object, the amplitude of the movement also increases. Several studies
found that more important movement amplitude implies a higher velocity and
acceleration peaks (Jeannerod 1984; Gentilucci et al. 1991; Gentilucci et al. 1992;
Chieffi and Gentilucci 1993) and longer movement times. The increase in movement
time, despite a higher velocity peak, has been interpreted as a lengthening of either
the acceleration phase (Chieffi and Gentilucci, 1993), or the deceleration phase
(Gentilucci et al.,, 1991). The object distance has been thus proved to affect the
transport component of the movement. However, the same authors also found a
modulation of the MGA as a function of the distance. In particular, Chieffi and
Gentilucci (1993) found that MGA is larger for longer movements. This finding
support a coordination between the two components of the grasping so that when the
movement has greater amplitude and is thus longer, the MGA is also rescaled and
appears later. This rescaling seems to be more likely due to the increase in
movement velocity (Jakobson and Goodale 1991) rather than a general increase in

movement time.

Effect of intrinsic properties

| already mentioned the linear relationship that has been observed between object

size and MGA amplitude. It has also been observed that grasping a smaller object



imply an anticipation of the MGA (Castiello et al, 1992; Chieffi and Gentilucci, 1993;
Jackobson and Goodale, 1991) and a reduction of the velocity of fingers aperture.
The anticipation of the MGA could be explained by considering the object’s size in
term of contact surface for the fingers (Bootsma et al. 1994). With the exception of
Efron objects, typically, a small(er) object offers a small(er) contact surface, which is
the space available for the fingers to grasp and hold the object. This is a constraint
that increases the level of difficulty of the movement and it is therefore possible to
read the anticipation of the MGA in terms of making a longer time available to close
the fingers with the requested precision. This interpretation is compatible with the
observation of effects of the object size on the movement time (longer for smaller
object; Chieffi and Gentilucci, 1993; Castiello et al, 1993) and length of the
deceleration phase. Again, it seems that a strong interconnection exists between the
transport and grip component, although their independent existence is supported.
The explanation proposed by Jeannerod (1995) is based upon the existence of a
hierarchical organization. At one level, specific channels are activated to extract the
relevant visual information about the object and planning the appropriate behavior. At
a higher level, a mechanism that represents the internal model of the action exerts a
top-down control on the channels. From this top-down control derives the
synchronization between the two components in terms of starting, phasing at the end
of the movement (as shown by the tight relation between deceleration peak of the
wrist and the negative peak of the velocity of fingers aperture) and stopping (both
components stop at the contact with the object). The principle that drives this
coordination between transport and grip component is time-based, so that the total
movement time is accorded to the component that needs it more and the other one
will be slowed down (Jeannerod et al. 1995).

The study of movements’ kinematics is a powerful and reliable approach that
allows the description of human movements and is also sensitive to minor variations
in the target’s characteristics. In the context of this thesis work, | used kinematics to
study changes in the motor control of the effector of the action. At the best of my
knowledge, no kinematic experiment has been previously conducted to investigate
the role of the effector properties, rather than those of the target properties, on action

performance. However, it seems reasonable to hypothesize that grasping



movements may reflect not only the properties of the object, but also the features of

the effector used to perform the action.

Kinematics in practice

| mentioned above the kinematic parameters that are typically used to describe a
movement. The present paragraph will briefly illustrate the steps | undertook in the
process of the analysis of movement kinematics, from the movement acquisition to

the movement description.

All the experiments that are described in the results section, have been performed at
the “Mouvement et Handicap” Platform at the neurological hospital, in Bron. This
platform is equipped with an Optotrak system (Optotrak 3020, Northern Digital Inc.,
Ontario, Canada), consisting of three infrared cameras recording at a frequency of
100Hz for the first study and 200Hz in the second and third studies.

To track the displacement of subjects’ arm and hand, custom-made infrared emitting
diodes (IRED) are placed directly on the skin at specific positions. One is placed on
the wrist, at the level of the styloid process, in order to extract information about the
transport component of the movement. The other two IREDs are placed on the
extremities of the finger involved in the movements, i.e. one on the medial lower
corner of the thumb nail, one on the lateral lower corner of the index finger nail (study
1 and 3). For the study 3 an additional IRED was applied on the later low corner of
the middle finger nail. Data from these markers provide information about the grip

component of the movement.

Once the movement recorded, off-line analyses are performed using a Matlab-based
software developed in the laboratory (Main). The curves of velocity and acceleration
are calculated from the data of the IRED placed on the wrist (see Figure 10). The
curve of velocity of fingers aperture and the spatial profile of the fingers are derived
from the IRED of the thumb and opposing finger, i.e., either the index or the middle

finger (see Figure 11).



Figure 10. Example of the kinematic
profile of the transport component of a

/\ free-hand grasping movement.
/>< ' The Acceleration (RED line) and the
Velocity (BLUE line) have been calculated
/ \ on the wrist marker. Black bars indicate
the detected onset time and peaks.
o/

Peaks detection is done in a semi-automatic way by defining standard parameters.

Movement onset is defined as the first point in time after a series of twenty
consecutive frames in which the velocity is increasing. The movement end, for the
grasping movements, is detected on the closure of the grip, i.e. on the fingers profile,

as the first frame in time after a series of consecutive stable frames in position.

Figure 10. Example of the kinematic profile of
the grip component of a free-hand grasping
movement.

The Velocity of Grip Aperture (GREEN line) and
the Grip Aperture (purple line) have been
calculated on the thumb and index markers.
Black bars indicate the detected peaks.
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STUDY 1

Tool-use induces morphological updating of the

body schema

Cardinali et al, Current Biology, 2009




The aim of the first study was to provide a direct evidence of the plasticity of the BS.
The idea that the representation of the body for action is plastic is, as shown in the
first chapter of this thesis, an old one. However, it remained an idea supported by
converging, but indirect evidence. Theoretical arguments were in favour of this idea.
In particular, the fact that a correct motor control, that is the main goal subserved by
the BS, is based on a precise knowledge of the body state at a given time implies the
necessity of a constant updating. Many sources of perturbation of the states of the
body are possible. The human body changes in size throughout the entire life
following timescales that vary across individuals and, for a same person, for different
body parts. Even more frequent and brisk are changes in posture and relative
position of body parts.

To make BS plasticity observable in a laboratory context, we chose a tool-use
paradigm. Tool-use is indeed an important part of the human motor repertoire.
Although subjects had no previous experience with the particular tool we asked them
to use, we are all, as human beings, skilful tool-users. Moreover, tool-use has also a
long history as an experimental paradigm, since it has been applied to the study of
space representations in humans and animals.

Here, the reasoning was the following: the BS is the representation of the body
used to plan and execute actions. During the use of a tool like the mechanical grab
chosen for our experiments, the configuration of the acting limb (the right arm) is
transiently modified. In order to maintain a good performance, the BS must integrate
the characteristics of the tool in the arm representation; in other words, the BS has to
incorporate the tool. If this is the case, we should be able to detect traces of this
incorporation shortly after the end of the tool-use period. Kinematics, as fine-grained
description of the motor behaviour of a subject, can be a suitable technique to detect
this plastic update. If the representation of the arm is indeed modified, the action
executed by the subject should be affected by the update and be thus different form
the same action executed before the use of the tool.

We designed a series of experiments where healthy subjects were asked to
perform free-hand grasping and pointing movements toward a target object before
and after a period of tool-use. During this period, subjects used a 40-cm long grab to

grasp a target object. In an additional experiment, the tool-use phase was substituted



by an equivalently long phase of free-hand grasping movements where subjects were
wearing a weight, matching the one of the tool, around their right wrist. This was
done to control for any possible effect of muscle fatigue, as well as for the possibility
that mere repetition of grasping movements might affect subsequent kinematics.
Kinematic analyses were run on all the performed movements. Finally, we designed
a task to indirectly derive the representation of the arm length through pointing
movements: three different spot on the right arm of each subject were stimulated
tactually and the task for the participants consisted of pointing with the left (untrained)
hand toward the felt stimulation on the right (tool-trained) arm in order to localize it.
Distances among the estimated position were then derived off-line and compared
between pre- and post tool-use.

The kinematic analysis of the grasping and pointing movements performed
before and after the tool-use phase, but not the weight phase, showed that subjects’
movement profile was characterized by longer latencies and reduced peaks
amplitudes for the transport component parameters. We interpreted this new
kinematic profile as the trace of the update of the representation of the arm length in
the BS due to the temporary incorporation of the tool. This interpretation was
supported by the results from the tactile localisation task, where we found that after
tool-use, the indirectly estimated distance between the elbow and fingertip was

longer than before the use of the tool.



With this study we provided the first direct evidence of the plastic feature of the BS.
After a relative short period of tool-use (around 15 minutes) subjects showed a
modification of their kinematic profile while grasping a target object. The new
kinematic profile was characterized by longer latencies of velocity and deceleration
and reduced peaks amplitudes for acceleration, velocity and deceleration, as well as
longer movement time (from action start to stable grip). No effect was found for the
grip component, suggesting a selective update of the arm representation and not of
the hand. The transport component is indeed affected by proximal arm joints while
the grip component is a distal behaviour affected by fingers movement (Jeannerod,
1996).

As second main result, we found a generalization of the effects of tool-use to
pointing movements, which were never performed with the tool. This excludes a
possible interpretation of our main result as a practice-effect, in the sense of an
acquisition of skilfulness due to the repetition of the same movement (grasping the
object) over and over, since pointing movements were not trained. Moreover, against
this explanation (effect due to skilfulness acquisition) is the fact that in that case we
should have found a reduction of movement time after the use of the tool, and not an
increase as we actually did. Rather, the generalization to the pointing movements
strengthen the interpretation of the results as a consequence of a change in the arm
length representation, since in this movement only the transport component is
present.

We have been able to exclude the possibility that the new kinematic profile
shown by the subjects after the use of the grab was due to a change in the
perception of the object distance, and in particular to the object being represented as
closer to the body. One could argue that giving the fact that the tool allowed to
increase the extent of the reachable space, subjects could have just updated their
spatial representation and processed the target object as being closer. Three
arguments are against this explanation. The first comes from the set-up we used.
During the entire experiment, the position of the object was always kept constant and
the object was always placed inside the reachable space, precisely to avoid any
possible confound due to acting in different regions of space. Second, previous

studies have shown that reducing the distance between object and the grasping hand



induces a shortening of latencies for the transport parameters and not an increase,
as we actually observed after tool-use (Jeannerod, 1984; Gentilucci et al, 1991;
1992; Chieffi and Gentilucci, 1993). Third, the changes in kinematics observed when
comparing pre-tool and post-tool movements are in the same direction as the natural
difference shown by participants when compared on the basis of their arm length.

We also ruled out a possible causal role of muscle fatigue or movement
repetition with experiment 3, where subjects performed the same number of grasping
movements as in the tool-use phase, but with a tool-equivalent weight attached to the
wrist. We found no effect of this type of training on the subsequent free-hand
movements.

Finally, with experiment 4 we described the effect on the arm as a lengthening
of its representation. The physical features of the tool we asked subjects to use in our
study explain the selective update of the arm. It is indeed a long grab which main
functional characteristic is to lengthen the arm by a distalization of the final effector,
i.e. the fingers (Arbib et al. 2009). By the way, the length of the fingers of the tool as
well as the maximal possible aperture was not different from an average human
hand. This tool did not allow, for example, grasping objects larger than what the
subjets’ hand would have allowed. Overall, the results showed that the BS
incorporates the action relevant features of the tool, by updating the body
representation with its new metrical properties. This issue has been further
addressed in the study 2, where we created a new type of tool that functionally

modified the fingers length and thus enable a larger grip.

With this first study, we provided empirical evidence in favour of an old,
intuitive idea that for almost a century has been present in the scientific literature as
well as in the popular knowledge, i.e. that tools are incorporated in the body
representation for action.

Moreover, we also validated the tool-use paradigm as a suitable one to induce
BS plasticity and the pointing-to-touch as a powerful complementary task to access
this plasticity. The second step has been to use our new powerful instruments to test

the proposed dissociation between BS and Bl in healthy subjects.



STUDY 2

When action is not enough: Tool-use reveals tactile-

dependent access to Body Schema

Cardinali et al, Neuropsychologia 2011




The aim of the second study was double. First, we wanted to test whether a
modification of the BS, in healthy subjects, could be possible without any effect on
the BIl. In other words, we wanted to provide the (missing) dissociation between the
body representation for action and perception in normal subjects.

In the first chapter of this thesis | described the main models of body
representation. | also described how the development of the two-route model and its
application to the somatosensory domain brought to the development of dyadic
models composed by a body representation for action, the BS, and one for
perception, the BI. Their existence and dissociation have been supported by many
neuropsychological studies. Only recently, a dissociation has been shown between
BS and Bl in healthy subjects. In particular, Kammers and colleagues (2009; 2010)
showed that the rubber hand illusion (RHI) affects the Bl, leaving unaltered the BS.
Using the tool-use paradigm that we proved being able to induce plastic changes in
the BS, we tested for the opposite dissociation, namely its effect on the BS and not
on the BIl. To this aim, we designed motor and perceptual tasks to indirectly derive,
from participants’ behavior, the estimate of their (represented) arm length before and
after a tool-use exercise. As predicted by the two-route model, the motor task should
provide an access to the BS, while the perceptual ones are intended to test the BI.
However, | already recalled the potential limits of this output-based approach. As
suggested by Kammers and colleagues (2010), the risk here is to postulate the
existence of as many representations as the number of tasks we can design.
Therefore, as a second aim of the study we investigated the role of the input in
accessing the different body representations. In a 2x2 design, we coupled motor and
perceptual tasks with two entry modalities for defining the target body sites of each
task, which were either tactually or verbally identified. In four separate experiments,
we asked subjects to either point or perceptually localize the position in space of
three tactually stimulated or named anatomical landmarks on the right arm, before
and after tool-use performed with the right arm. Distances among the localized three
targets were calculated off-line and compared to test for an effect of the use of the
tool on the representation of the subjects’ arm length. According to the two-route
model and the results of our previous study, we predicted that only the motor task

would show the modification in the arm length estimation and not the perceptual one.



The results of this study confirm the idea that the BS is a body representation
essentially based on somatosensory information. Tactile stimuli only, and not verbal
cues, were indeed effective in accessing the BS and showing its functional update
following tool-use. The notion that the somatosensory system is the one that plays a
key role in the building and construction of the BS was already present in the first
definition of the BS. As | mentioned in the chapter 1, when Head and Holmes wrote
“the activity of the cortex brings every fresh group of sensations evoked by altered
posture into relation with it [the posture]” they clearly suggested that proprioceptive
information are used by the brain to build and keep up to date the BS. However, with
this study we showed that tactile information too contributes to the update of the BS.
The importance of the somatosensory system in the construction of body
representations is not difficult to understand. Through this system a constant flow of
information reaches the cortex to inform the brain about the current state of the body
and possible interactions with the external world.

The somatosensory system has also been proved to be modulated during action
execution. Animal studies showed that direct stimulation of S1 produce detectable
movements in mouse whisker of similar amplitude as those elicited by stimulation of
M1 (Matyas et al. 2010). Welker and colleagues (Welker et al. 1957) showed that
stimulation of postcentral areas of squirrel monkey brain also elicits movements
which pattern of organization mirrors those of movements produced by stimulation of
precentral areas. Seki et al. (Seki, Perimutter, and Fetz 2003) also showed in
monkeys that tactile stimulations were inhibited presynaptically to the level of the
spinal cord prior to wrist movements. The authors suggested that this mechanism
might be responsible for the increase in perceptual threshold during movements. In
humans, it has been observed that while performing an action, the tactile threshold
increases (Rushton, Rothwell, and Craggs 1981; CE Chapman et al. 1987) a
phenomenon called sensory-motor gating. Rushton and colleagues (1987) described
this phenomenon with a series of EEG studies that revealed the gating to be specific
for the P45-N55 response only when the stimulated finger is the one that is used to
perform the action and that the amplitude of the gating is proportional to the
movement velocity (see also Angel and Malenka 1982). Moreover, the attenuation of

tactile processing starts before the actual movement onset but does not last after its



end (Shimazu et al. 1999; Rushton, Rothwell, and Craggs 1981). Voisin and
colleagues (Voisin et al. 2011) recently showed that the sensory motor gating is
present also in observation. The authors applied a continuous sensory stimulation at
25 Hz and studied the somatosensory steady-state responses (SSSR), which is a
long-lasting electrophysiological brain response with which the stimulation shares the
frequency, on subjects that were instructed to watch video clips of acting hands, feet,
static hands, static objects and static hands passively stimulated. They found that
only while watching video clips of a moving hand or a passively stimulated (touched)
hand, the SSSR was reduced in average of 22% and 17% respectively. They
interpreted this effect as the result of a tactile gating effect as the one observed
during action execution. Kinematics studies also support the role of tactile and
proprioceptive information in the motor control of grasping and reaching movements
and in their online correction in case of a sudden and unexpected perturbation. In a
series of studies initiated by Jeannerod’s group, (Paulignan, MacKenzie, et al. 1991;
Paulignan, Jeannerod, et al. 1991; M Desmurget et al. 1998; Gréa et al. 2002) it has
been made clear that within a short delay after perturbation, subjects are able to
correct their trajectory, or pre-shaping of their hand when object position, or size is
modified. This online correction, of which subjects are not aware, is supposedly
based on tactile and proprioceptive information that are compared to the motor plan
that is elaborated before initiating the movement. This constant forward monitoring of
motor execution, also enriched through sensory feedback, is not based on visual
information, as visual pathways are not fast enough to assure a rapid correction.
Indeed, when a lesion damages the somatosensory pathway, as in deafferented
patients, the ability of rapidly correcting for perturbations is impaired (the motor
performance of deafferented patients will be breifly discussed in the discussion
session). Reach to grasp movements may actually be altered by relatively minor,
acute somatosensory deprivation, as demonstarted by Gentilucci and colleauges
when analysing the kinemtics of prehension movements performed by subjects after
local anesthesia of the grasping index finger (Gentilucci, Toni, Daprati, & Gangitano,
1997). They found that movements performed under anesthesia were characterized
by an increase of the maximal grip aperture and a lengthened early grip phase (the

finger aperture phase) while the final part of the grip phase (the finger-closure) was



relatively spared. This alteration of the grip phase induced also an increase in the
variability of the transport phase. Taken together, these results speak in favor of the
importance of tactile information in the control of fingers posture during prehension.
Moreover, the effect on the transport component also supports the notion of the
existence of a coordination between the grip and transport component.

A second main finding of study 2 concerns the relationship between BS and Bl and
the selectivity of tool-use effects. By using an appropriate combination of input and
output, we have been able to go beyond this dissociation and show that these two
representations are highly interconnected. Indeed, with the experiment 1 (tactile
input-motor output) and 4 (verbal input-perceptual output), which were designed to be
unbalanced toward one representation (BS and BI, respectively), we found a
dissociation in the sense that only the experiment involving the BS showed the effect
of the incorporation of the tool.

The fact that BS was affected by tool-use confirms that this representation is indeed
involved in and integrates information relevant to action performance. On the other
hand, the immunity of the BI, as shown by the perceptual task triggered by the verbal
cues, or even by the results of the pointing task in the naming condition, supports the
notion that this representation plays a role in perceptual tasks. Moreover, our results
also show that the level of consciousness is an important criterion to differentiate
between BS and Bl, since the verbal access, which implies a conscious semantic
elaboration of the to-be-localized body part, prevented the access to the BS, no
matter the type of output task. Again, the unconscious nature of the BS was already
present in Head and Holmes definition (see p. 13) and pervaded Gallagher’s model
of body representations (2005). According to this author, indeed, the availability to
consciousness is one of the major axis along which BS and Bl can be classified.
Evidence supporting the notion of consciousness as a discriminative criterion
between BS and Bl come from neuropsychological data. Rossetti and colleagues
(1995) already proved the verbal output to be effective in disrupting the spared
pointing capabilities of the patient they tested, which were based on an intact BS,
when asked to point to a tactile stimulation. Indeed, when asked to verbally localize a
tactile stimulation or to couple the verbal response with the pointing movement, the

patient’s performance was impaired, a result suggesting that the verbal output was



rather accessing the Bl, which was damaged in this patient. In our study, thanks to
the new methodological approach we used, i.e. combining different inputs and
outputs, we showed that the verbal modality implies the access to the Bl even when
used as input and coupled with a motor output (experiment 2).

The same approach also allowed us to show that, despite an independent existence
of the two representations, BS and Bl are also highly interacting.

Experiments 2 (verbal input-motor output) and 3 (tactile input-perceptual
output) represent the intermediate positions between two extremes, allowing for the
typical input of the BS (touch) to be assessed with the typical output feature of the Bl
(perceptual), and vice versa.

Experiment 2 showed that the increase in the participants’ represented arm length
depends on the type of input: After tool-use, pointing to verbally identified target
landmark on the forearm was ineffective. Noteworthy, such a differential pattern
emerged despite the very same motor pointing task as in experiment 1 was used and
the same visual information about landmarks position was allowed before starting the
open-loop pointing in each experiment. In experiment 3 we found a significant effect
of tool-use on the represented forearm length, also in the direction of tool-
incorporation. This result would not have been predicted by a merely output-based
rationale: Considering only the output of the experiment 3 (a perceptual judgment),
one would expect to find a result similar to the verbally triggered judgment of
experiment 4. Moreover, this result seems in contrast with what found by Rossetti
and colleagues (1995) and described above, that is the fact that localizing touch
through a verbal response is not based on the BS. However, some differences exist
between the studies: in Rossetti et al’'s work, the patient had to name the arm part
she felt the stimulation on. This task stresses the perceptual-conscious aspects that
are typical of the Bl. At the contrary, in our task, the localization of the touch does not
require a conscious elaboration of the body configuration and the reference to a
conscious image of the body part. Indeed, the tactile stimulation can be mapped on
an unconscious BS and then projected to a point in the external space independently
from the creation of a conscious image of the arm. Thus, the verbal output is only the
final step of localization process that takes place using the BS. As said for the

pointing (p. 30 of this thesis, Milner and Goodale, 2007), the fact that the output is



perceptual does not imply that the input information to perform the task is elaborated
through a perceptual route or, in our case, essentially using a perceptual body
representation.
Taken together, the results of our second study also support the importance of a
methodological approach that takes into account both input and output modalities, as
well as their interaction. Body representations are rich constructions that subserve
many functions and rely on different sensory feedbacks. To limit the scientific
approach to one aspect, as the perceptual/motor or conscious/unconscious
dichotomy would be reductive, as suggested also by Kammers and colleagues
(2010).

Finally, an issue that deserves discussion concerns the metric properties of
BS and Bl. We found that subjects, no matter the task they were requested to do,
showed a tendency to underestimate the length of their hand and arm. Distortions in
body representations size are present even in the early stage of somatosensory
representations. Both the motor and perceptual homunculi consist of distorted maps
of body parts based on a functional principle. For the somatosensory homunculus,
the more sensitive parts of the body, as the lips and fingertips have a larger cortical
representation than other, less sensitive parts, as the arms and the back, despite the
actual physical size is smaller (Penfield and Boldrey, 1937; Penfield and Rasmussen,
1950; Nakamura et al, 1998). The distortion of primary maps is in some way
compensated for by higher level representations, as shown by the fact that felt
distances among tactile stimulations in different parts of the body do not reflect the
same amount of error, although rescaling is not fully achieved as the Webber lllusion
clearly demonstrates (Weber 1978).
Longo and Haggard (2010) recently quantified the distortion in the hand
representation using a non-ballistic pointing toward named hand parts (see p. 47 for
more details about the experiment). They found a massive overestimation of the
hand width relative to its length. In particular, they found that the palm of the hand
was estimated as being larger than its veridical size, while the fingers where
represented as shorter than their real length. In our experiments, we also consistently
found an underestimation of the hand length, ranging from 63% in experiment 3

(tactile-to-perceptual) to 79% of experiment 1 (tactile-to-motor). For the arm, the



underestimation reached the significant level only for the two perceptual tasks. One
possible interpretation is that the in the body schema, as tested through the point to
touch task (experiment 1) would be more accurate for the arm in the distal-proximal
direction than for the hand. This could reflect the functional characteristics of the two
body parts in the motor context. For the arm, the relevant information is the length
since its main function is to transport the hand toward a target object. Arm length is
also the mostly relevant information to judge about the reachability of an object in the
external space (Coello et al. 2008; M Longo and Lourenco 2007). For the hand, the
distance between wrist and tip of the middle finger is probably less relevant than, for
example, the relative distance between thumb and index finger, which is fundamental
for a correct grasping. Since we did not test for the lateral direction of the distortion,
we can only speculate about the fact that a more correct measure can be obtained
when testing the hand width representation in the BS.

For the underestimation of the arm in the perceptual tasks, which are more related to
the BI, the underestimation of the arm can reflect a lack of compensation of the
somatosensory representation even at this high level of representation. When
comparing the level of underestimation between the arm and the hand, the pattern of
results is slightly different. Indeed, there is no difference between the hand and the
arm for the two tasks triggered by the tactile stimulation, while in the two verbally
triggered tasks the arm underestimation is significantly smaller than the one of the
hand. This result is in line with spontaneous reports of the large majority of our
subjects who consciously described their arm as much longer than the hand, than it

actually is.



STUDY 3

Grasping with pliers vs. lengthened fingers induces
different dynamic changes in the body

representation

Cardinali et al.,(manuscript in preparation)



Once the plasticity of the body schema proven, the question about the specificity of
the phenomenon arises. The human body undergoes impressive changes in length
and weight during lifetime. The biological scaling, that is the change in characteristics
of a body (human or animal) when its length is changed, is driven by two rules.
Isometric scaling refers to the proportional concurrent change of different body
characteristics, as in the case of height and body depth. In contrast, allometric
scaling happens when body features increase by different percentages. For example,
in human beings a 20% increase in height results in 73% of increase in weight
(Samaras, Bartke, and Rollo 2007). This type of change is the most frequent for the
human species, as well as for other animals, and it implies that disproportions in
weight, size, depth and length increases exist. Consequently, the BS should be able
to separately update the representation of different body parts according to their own
timescales, for movement accuracy to be kept constant. Once again, tool-use seems
to be the suitable paradigm to test this hypothesis. Indeed, we can think at tools that
selectively modify one body segment and then study the effect on multiple body
parts’ representations. In the study n.1 we already showed that the use of a long
grabber had a selective effect on the representation of the arm, as we found no
modification of the grasping component of the movements performed after the
training, while the transport component was systematically affected. We interpreted
this effect as the consequence of the selective update of the arm representation due
to the particular functional feature of the grabber used, i.e. to elongate the arm length.
Here, we wanted to test whether using a tool that selectively modifies fingers
features, and in particular the length of the thumb and the index finger, would led to a
selective update of the hand kinematics, leaving the arm representation unaffected.
Using the same kinematic paradigm as in study 1, we designed a first
experiment were we asked subjects to grasp an object before and after a short period
of use of pliers. The pliers, which were opened and closed by the thumb and the
index fingers, produced a functional elongation of the hand’s grasping capabilities.
We predicted a change in the grip component of the grasping movement performed
after the use of the pliers, and not in the transport component. Moreover, by asking

subjects to grasp objects also between thumb and middle finger (i.e. a finger not



used during the training), we tested for the possible generalization of the effect to the
hand.

In a second experiment, we addressed the question of whether inducing the
same functional elongation of the same fingers (thumb and index) through a different
device would lead to a different type of change in the subsequent kinematics. In
particular, instead of using pliers, subjects were asked to grasp an object between
sticks that were attached to their finger pads. In such a way, we were able to test
whether the BS is sensitive to body-parts’ growth, by mimicking it via an abrupt and
temporary increase of the fingers’ length. In addition, the comparison between the
two experiments also allowed us to determine whether and to what extent the BS can
make the difference between different sources of body modification. Although the two
devices induced the same amount of finger elongation, and both had the same
function, i.e. to grasp, they differed in the way they modified the fingers functioning.
Pliers required to be operated by acting on a single object, which so-to-speak
becomes the new functional grip of the hand. In contrast, sticks did not change the
functioning of the fingers, but merely elongated them. By studying the kinematics of
the movements performed before, after and during the use of the two devices, we
aimed at addressing the question of whether and how different ways of modifying the
functioning of the same effectors would results in a different update of the body

representation for action.
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Introduction

The Body Schema (Head and Holmes, 1911) is a representation of our own body the
brain relies upon to correctly plan and execute actions. Information about body parts’
position and dimension, critical for correct motor control, are both possibly
represented in the BS (see M Longo and Haggard 2010 for a different model). Tool-
use can be an effective model for studying the plasticity of the BS, since it produces
an abrupt change in body size that needs a quick and efficient update of the Body
Schema. It also posits a great challenge to the sensorimotor system: during tool-use,
not only the brain has to control the body to achieve the goal, but also an external
object that it’s temporarily attached to it. When we use tools, we don’t always have
time to explore them, or to deeply understand their mechanics or functional structure,
and hopefully we don’t need to know much about physics to proficiently use tools. For
many, even relatively unfamiliar tools, we can just grab them and readily use them.
How does the brain face the challenges that are left behind such an apparent ease of
tool-use? It is believed that one key aspect may reside in the ability of the Body
Schema to temporarily incorporate the tool in the body representation. This possibility
implies that when we are using a tool the brain is processing it as an extended part of
the body-part that controls it, at least from a motor point of view. This has two major
implications. The first is that an update of the body representation should happen
during tool use, and the second is that the update should concern only the body
feature that is functionally modified by the tool.

We recently addressed the first point and we have shown that the use of a
mechanical grabber, which physically and functionally extends the arm length by
about 40 cm, results in changes affecting the way the brain controls the arm
(Cardinali et al 2009). For example, we found that the kinematic profile that are
visible in alterations of subsequent free-hand movements. For example, we found
that after the use of the grabber, subjects performed free-hand grasping movements
with delayed (in time) and reduced (in amplitudes) peaks of velocity and deceleration.
We also proved that this effect was not due to muscular fatigue, since the kinematics
did not change after performing the same amount of movements as with the tool, but

with a weight attached to the wrist. Instead, it mimicked in direction the difference



naturally present in individuals when there are compared on the basis of their arm
length. In other words, the difference between pre and post tool-use was the same
we found between subjects with a short arm or a long arm. Crucially, we found that
only the arm behavior was modified, as testified by the fact that only the transport
component of the movement (i.e. when the arm brings the hand in the vicinity of the
target object) was different than before tool-use, and not the grip component (i.e. the
preshaping of the fingers during the approaching to the object). In addition,
kinematics of the transport phase was similarly affected when subjects were asked to
point to the top of objects, instead of grasping them. As the tool was never used to
point, we concluded that the dynamic update of the BS can generalize to untrained
movements, provided that they feature the affected movement component (here, the
transport of the hand toward the object). Overall, these finding suggest that using a
tool as a grabber, whose functional addition to the body capabilities mainly consists
of lengthening the reach possibilities, may produce a selective modification of the
component that is more related to this feature.

The second point, however, has been until known untested and it is presently
unknown whether different tools with different functional properties would differently
affect the BS, an hypothesis one should put forward if the plasticity of the BS has to
be thought of as being functional to skillful motor control in general, and tool-use in
particular.

Here, we therefore tested the hypothesis that selective modifications in
movement control after tool-use are a basic rule governing the dynamic updating of
the body representation for action. In particular, we predicted that using a tool that
mainly modifies the mechanical operativity of the hand will induce a selective
modification in the subsequent control of the hand grip component, leaving the arm
transport component relatively unchanged. In addition, on the basis of our previous
findings, on the generalization to non-tool-trained actions, we tested the hypothesis
that tool-use dependent changes in the hand kinematic would generalize to a type of
finger-grip that was not involved in using the pliers.

To these aims, we analyzed the kinematics of healthy participants who were
asked to perform free-hand grasping involving thumb-index finger-grip and thumb-

middle finger-grip before and after using pliers to grasp a target object. The pliers had



a simple two-fingered structure that overall lengthened the fingers length by about
8cm and could be used by opposing any finger to the thumb. However, during the
tool-use phase, we constrained the subjects to operate the pliers by using only the
thumb-index finger-grip.

In a second experiment, we further investigated whether the BS is sensitive to
a similar change in the size of the fingers (also lengthened by about 8 cm) that was
achieved, however, without the manipulation of a single functional tool. Rather, we
mimicked an abrupt morphological increase of fingers by attaching two flat sticks to
the distal phalanx of the subjects’ thumb and index fingers. Similar to Experiment 1,
both thumb-index and thumb-middle finger-grips movements were tested and
compared before and after the use of the elongated fingers to grasp a target object.
At variance with Experiment 1, the elongated fingers could not be acted upon by
other fingers than those to which they were attached. In sum, pliers requires a
functional use of an external tool that transiently changes the functional structure of
the hand, whereas the elongated fingers were maneuvered more ‘directly’ to act upon
the same target object. We therefore predicted that while both pliers and elongated
fingers would selectively alter the kinematics of the hand grasping parameters, the
use of the latter would not generalize to non-trained finger-grip, as proper tool-use

(i.e., pliers) would do.

Materials and methods

Sixteen subjects (7 males, mean age 24 years; sd 3,7) participated to the
study. None had previous history of neurological or psychiatric disorders and all had
normal or corrected to normal vision. They were enrolled in the study, which was
approved by the INSERM ethics board, after giving their informed consent. Two of
them were left-handed and one ambidextrous as per personal report, and all
performed the tasks with the right hand.

Subjects were comfortably seated facing a table with an A4 sheet of paper
located horizontally in front of them. At its center, line drawings marked the contours

of an object that, at each trail, could be positioned in one of two possible orientations.



The starting point for the grasping tasks (see below) consisted of two separated
switches for the right and left hand attached to a wooden block that was firmly
attached to the proximal edge of the table so that the distance between the right
grasping hand and the target object was 22 cm. To record the kinematics of grasping
movements an IRED (infrared emitting diode) marker was placed on each of four
locations on the subject’s forearm: the right thumbnail, the index and middle
fingernails, as well as the styloid process of the wrist (see Figure 1). A high-resolution
motion tracking system (Optotrak 3020, Northern Digital Inc., Ontario, Canada) was
used to record markers’ position over time (200 Hz).

Experiment 1 and 2 were both composed by a pre-tool-use phase, a tool-use
phase and a post-tool-use phase. They only differed for the type of device subjects
had to use during the intermediate phase. In the pre- and post-tool-use phases,
subjects were asked to perform two different types of prehensile movements: thumb-
index (T-l) finger grasping (12 trials) and thumb-middle finger (T-M) grasping (12
trials). The order of grasping type was counterbalanced across subjects.

Participants were asked to keep both hands in the pinch position, i.e. thumb
and the finger-to-be-used in contact, on the starting switch, wait for the acoustical ‘go’
signal (a beep). All subjects used the right hand to perform all the three phases of
each experiment. One of the experimenters positioned the object on the table inside
the drawn contour and set off the trial. After a random delay, an acoustical go signal
was presented and subjects had to reach to grasp the object between thumb and
index finger, or thumb and middle finger, depending on the block. Then, they had to
lift and replace the object inside the drawn contours and return to the starting
position.

In Experiment 1 (Pliers) the intermediate phase consisted of using custom-
made pliers to perform four blocks of grasping movements (12 trials each) of the
same objects used in the pre- and post-tool-use phases. Pliers were made of a pair
of 13-cm long plastic bands that were joined at one end (see Figure 1a) and subjects
had to manipulate by using only the thumb and index finger. The remaining fingers
were kept close on the palm of the hand throughout the experiment (see Figure 1a).
Two spots were marked along the bands to indicate the place where thumb and

index fingerpads had to be positioned to maneuver the pliers, which thus elongated



the fingertips by about 8 cm. The starting position was the same as for pre and post
tool-use phases, but subjects had to put the two distal extremities of the pliers on the
switch (i.e., in the same pinch-grip posture). Object location was also the same as in
the pre- and post-tool-use phases.

In Experiment 2 (Sticks), all the set-up and procedures were identical to those
of experiment 1, except that subjects were using the flat sticks attached to their
thumb and index fingertips to grasp, lift and replace the target object in the
intermediate phase. The sticks were attached medially at the distal phalanx and
taped to the pad in such a way that the extension produced on the fingertips was

comparable to that obtained with the Pliers (i.e., about 8 cm).

Insert Figure 1 here

Movements were analyzed offline via a Matlab-based custom-developed
software (Main) to extract the following transport and grip phases parameters:
acceleration, velocity and deceleration of the wrist (the transport component of the
movement); velocity of grip aperture (VGA) and maximal grip aperture (MGA) (for the
grip component of the movement). For each of these parameters, two measures
were extracted and analyzed: the latency, that is the time at which the peak of the
parameter was reached, and its amplitude. The total movement time (MT) and

reaction time (RT) were also studied.

Results
For technical problems due to the loss of visibility of an IRED marker, the VGA peak
latency and amplitude could not be extracted for one subject in one condition (12
movements of TIG in the pre-training Experiment 1), which was therefore not
analyzed for this parameter.

A three-way ANOVA with Experiment (Pliers vs. Sticks), Time (Pre vs. Post)
and Finger-grip (T-I vs. T-M) as within-subject variables was run for all the kinematic

parameters considered. Out of six parameters of the transport component, only the



latency of the acceleration peak was significantly modified, as shown by a main effect
of Time (F(1,15)=4,63, p =.04) indicating that the latency of this parameter was
reduced in the post- as compared with the pre-tool-use phase. In contrast, all of the
spatial, as well as the temporal parameters of the grip component were significantly
affected. For the velocity of grip aperture (VGA), both in terms of its latency and peak
amplitude, there was a main effect of Experiment (VGA Latency: (F(1,14), p=11.06,
p=.01); VGA peak: (F(1,14), p=10.67,p=.01)) showing that in Experiment 2 (Sticks)
subjects performed movements with overall longer latencies (309 vs 265 ms) and
reduced peaks (364 vs 449 mm/s). Interestingly, there was also a significant main
effect of Time (F(1,14), p=5.39, p=.03) for the VGA latency, which was reduced in the
post-tool-use phases (post-tool= 278 ms; pre-tool= 297 ms), irrespective of both the
type of device (pliers or sticks) and finger-grip (Tl and TM). Moreover, for the VGA
peak there was also a significant effect of Finger-grip (F(1,14), p=7.04, p=.02), T-M
movements being characterized by higher VGA (424 mm/s) then T-I (389 mm/s). No
significant interactions were observed for the VGA.

On the contrary, the ANOVA on the maximum grip aperture (MGA) resulted in
a main effect of Time (Pre= 95mm, Post= 93mm; (F(1,15)=4.75, p=.04)) and
Movement (T-I= 92mm, T-M= 96mm; F(1,15)=14.48, p<.01), as well as a three-way
interaction between Experiment, Time and Movement (F(1,15)=5.04, p=.04). Planned
comparisons revealed that after the use of the pliers the MGA was significantly
reduced in the post-tool-use phase for both T-1 (96mm vs 93mm; p=.02) and T-M
finger-grips (99mm vs. 95mm; p=.03). As illustrated in Figure 2, however, after the
use of the sticks the MGA was reduced only for the T-I (92mm vs 89mm; p=.02), but
not for the T-M (95mm vs 95mm; p=.99). Finally, there was a main effect of Time for
the Movement Time (F(1,14)=9.02, p=.01), showing that the total movement duration
was reduced in the post-tool-use phases (716 ms vs. 675ms).

In the light of the differential effects attributable to the two devices on the
subsequent free-hand kinematics, we ran an additional ANOVA with Experiment
(Pliers vs. Sticks) and Block (First, Second, Third and Fourth block of tool-use) as
variables to characterize the kinematics of the grasping with each device and also to
ascertain the possible evolution of the motor behavior during training with each

device. This ANOVA revealed a main effect of Experiment for all the latencies of the



kinematic parameters considered, as well as for the MT (see table 1 for p-values). In
particular, during the use of the Pliers all the peaks of both the transport and the grip
component were significantly anticipated as compared to those observed during the
use of the Sticks. Moreover, there was a significant effect of Block for the Velocity
Latency (F(3,45)=3.37, p=,038). Post-hoc test revealed that this was due to a
significant reduction of this latency between the first and the fourth block. A
significant interaction between Experiment and Block was also found for the VGA
Latency (F(3,45)=3.60, p=.02). Post-hoc analysis showed a significant difference
between the first and the fourth block during the use of the Sticks (p<.01). As the
amplitude of the same parameters did not differ, this seems to suggest a different
organization of the movement. However, since the MT was also reduced during the
training with the sticks (756 vs 680 ms, p=.01), we analyzed two additional
parameters. For each movement we calculated the time of appearance of the
Velocity Latency (%Vel Lat) and VGA Latency (%VGA Lat) on the MT. These
parameters take into account the difference in MT and are indicative of the internal
structure of the movement. Two-tailed t-tests revealed no significant difference for the
percentage of Velocity Latency between Pliers and Lengthened fingers. However, the
percentage of VGA was significantly smaller for the Pliers (Fingers: 32%; Pliers: 14%,
p<.01) suggesting the two devices differed in terms of the way in which the grip

component is scaled inside the movement.

Insert figure 2 here

Discussion

Each time we act with a tool that modifies the body morphology, the brain is able to
quickly take into account this modification and adjust movement planning and
execution to the new effector’s features. This extraordinary capacity of our brain to
update the representation of the acting body, i.e. the Body Schema (BS), has
received empirical support only recently in a study where we showed that the

kinematic of grasping and pointing movements performed after the use of a



mechanical grabber is different than that observed when the same movements are
performed just before the use of this tool (Cardinali et al. 2009). Crucially, the way
kinematics was altered supported the long-standing hypothesis that tool-use may
cause a temporary incorporation of the tool (a 40cm long grabber) in the arm
representation. Here, we provide a considerable advance to our understanding of the
plasticity that is induced by tool-use as we start revealing what are the rules
according to which this plasticity is achieved. In this respect, the present study
contributes two major findings: First, tool-use-dependent plasticity is selective for the
part of the effector that is concerned by the use of the tool, as both pliers and sticks
altered the subsequent free-hand kinematics, but only for the grasping phase of
prehension movements. Second, this plasticity reflects the nature of the functional
change exerted on the effector, as using sticks had highly selective effects on the
kinematics of the lengthened fingers, without affecting the adjacent finger, whereas
using pliers brought to a more pervasive effect that generalized to a type of finger-
grip that was not involved by this tool. These findings will be further discussed below.

As first result, we showed that the BS selectively updates the representation of
those body segments that are directly modified by the device used to act. Indeed, we
asked subjects to use devices that modified the fingers length and we found a
selective effect on the grip component parameters of the movements, but the
transport component was largely unaffected. Indeed, only the VGA and the MGA
were affected after the use of the two devices and in particular we found a reduction
of both the latency of the VGA and the amplitude of the MGA in the post tool-use
phases. These parameters are related to the hand representation as they consist of
the pre-shaping of the fingers (Jeannerod, 1981; 1984) thus suggesting that only the
hand representation and not the arm has been updated by using pliers and sticks. It
might be tempting to argue that the reduction of the MGA after the use of this tool
may suggest that the hand is represented as bigger. While this possibility remains
largely speculative, some empirical evidence from related works is worth considering.
Marino and colleagues (Marino et al. 2010), for example, investigated the effect of
planning and executing grasping actions under visual conditions in which the visual
feedback originating from the subjects’ grasping hand was modified on-line. When

healthy participants performed reach to grasp movements while their hand was made



to appear bigger than it really was, the kinematic analyses revealed that they
adjusted their finger pre-shaping in the direction of a reduced MGA. In other words,
grasping objects with a visually larger hand, made the subjects to downsize the most
important spatial parameter of the grasping component, a finding similar to what we
have reported here after the use of both the pliers and the sticks. Similarly, Karok and
Newport (Karok and Newport 2010) recently tested a group of healthy subjects in a
grasping task were visual feedback about either the hand or the object size was
altered. They showed that when a gradual and continuous modification of the visual
feedback about the hand was introduced, in the direction of enlarging its size,
subjects’ kinematics showed a reduced MGA. Altogether, these findings clearly point
to the possibility that whether the hand is visually, or ‘motorically’ enlarged, the
consequences on its motor control could be similar.

The second result is the different effect that the two devices we asked the
subjects to use had on subsequent free-hand movements. We found that after the
use of the sticks, only the movements performed with the elongated fingers were
modified, while the use of the pliers induced a similar, although generalized effect on
both types of finger grips. Critically, attaching sticks to the thumb and index finger did
not provide a functional object to be operated by the hand: rather, it mimicked natural
growth aspects, were the independence of the fingers was maintained

This updating of the hand representation for achieving the control of the tool
reminds of “motor equivalence”, one of the key properties of our motor system by
which the same action goal can be performed by different effectors with basically the
same movement pattern (Wing 2000; Keele, Cohen, and Ivry 1990; Lashley 1930).
Although the action performed (to grasp) is the same with the pliers and the
lengthened fingers, the way the action is implemented differs since the structure of
the effector is not the same. This implies that the BS then has to build a
representation of a new effector, and in particular of an effector composed by only
two opposing “fingers”, the thumb and a second finger, articulated on a single joint at
the back of such fingers. Such a pervasive update of the BS is reflected in the
kinematic of both types of finger-grips (thumb-index as well as the untrained thumb-
middle), since they both involve the opposition of the thumb and a second finger.

Motor-equivalence alone, however, is not sufficient to account for the full pattern of



results. Despite the fact that the two devices produced the same amount of fingers
elongation and were used for the same purpose, their kinematic profile was different.
Indeed, when subjects were maneuvering the pliers, the temporal coupling of the
transport and grip components suggested that priority was given to the latter, as
shown by the early occurrence of the velocity peak of fingers aperture. In their model
of motor schemas, Jeannerod and colleagues (1995) postulated that the time given
to the two components of a prehension movement (transport and grip) can vary and
is decided by a co-ordinating schema, according to the following principle: the
component that will take longer to be completed will be prioritized and receive the
time it needs. Here, the shorter latency of the peak velocity of finger aperture
suggests that the grip component was given priority when using pliers, as compared
to sticks, which may relate to the asymmetry in the generalization effects, present
with pliers, absent with sticks.

To conclude, this study demonstrates that tool-use-dependent plasticity of the
Body Schema is highly selective. Not only the dynamic updating concerns specifically
the effector that operates the tool, but also relatively subtle changes in the way the
effector functionality is altered are remarkably reflected at the behavioral level.
Although this finding is not in itself a direct demonstration that skillful tool use
depends upon the plastic features of the BS, it clearly supports the critical role the BS

plays in the mastery of tools.
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With this study, we made an important step forward into the knowledge of the rules
that govern the plasticity of the BS. Together with the results of the first study, these
data show that only the representation of the functionally modified body part is
updated, and in a highly selective way. In both studies we asked subjects to grasp an
object with their right hand before and after the use of a tool. When the tool used was
a mechanical grabber, whose functional property was to elongate the arm, we found
a modification in the kinematics of the transport component of the movement only;
when the training consisted of using a device that functionally modified the hand grip,
the effect on the kinematics of subsequent grasping movements was restricted to the
grip component. As already shown in the chapter about the kinematics, these two
components are related not only to different properties of the target object, but also to
the representation of two different parts of the body, and in particular the arm for the
transport and the hand for the grip component. The fact the only one component, and
not the other, is modified inside the very same prehensile movement strongly
supports a selective update of one body part only.

Moreover, it suggests that the BS does not follow a criterion of plausibility.
Indeed, in both study 1 and 3 we induced a modification of the body that was, not
only selective for one segment, but also abnormal if considered the standard size of a
human body. Moreover, even when considering the amount of increase in size of a
human body during the entire life, we must remember that such changes happen in a
very long timescale. At the same time, tools are often built and used to overcome
body limitations, thus permitting to do what would not be possible with an unmodified
body. It becomes then important, for the body representation for action to be able to
accept this type of “abnormalities”, given the importance and frequency with which
we use tools in our dalily life.

However, at p. 43-44 we discussed the results of Newport and colleagues
study with the RHI paradigm and their discovery of a stronger coherence of the BS,
compared to the BI, since this representation did not allow the incorporation of two
replicas of the subject’s hand. Incorporating a supernumerary fake hand can be as
abnormal as the fact of having an arm lengthened by 40 cm, or fingers as long as 15
cm. Why then it is acceptable for the BS to have an arm twice as longer than usual,

but not two right hands? In one case the motor control is possible, since the tool can



be maneuvered, while in the other case there is no real experience of exerting motor
control over two right hands®. This observation can appear trivial, however it implies
at least two consequences. On one hand, this adheres to the action-devoted nature
of the BS. In this particular representation, what is represented is the action effector,
no matter if it is a body-part or an external object. The second main consequence is
that tactile and proprioceptive feedbacks play a key role in the update and maintain of
the BS. Since we can have visual experience of our own body/effectors as well as of
those of other people, the sensorimotor system is ideally placed to provide the brain
with the necessary information to disentangle whether the hand/tool | see is my
hand/my tool or not. Both aspects will be further discussed in the conclusion section.
Finally, Gallivan and colleagues (Gallivan, Cavina-Pratesi, and Culham 2009)
used slow event-related fMRI to study whether the cortical area involved in reaching
control during prehension (in particular the Superior Parietal-Occipital Cortex, SPOC)
is differently activated by the presentation of objects close (reachable) or far (not-
reachable) from the hand that is used to act. Of interest here is that in one of the
experiments, they introduced a tool-use condition where subjects were asked to
reach-to-grasp the target object by using pliers. By comparing the free hand and the
tool condition, they found no differences in the SPOC activation. This result seems in
line with our behavioral finding that the use of pliers has a selective effect on the
hand representation and the grip component of the movement, and not on the arm

representation (transport phase of the movement).

¥ The supernumerary limbs phenomenon, where subjects vividly experience the presence of a
third arm or hand, has been explained as a disorder related to the BS (Heed and Roder, 2011).
Interestingly, this phenomenon is often associated with a paralysis of the corresponding real
limb.
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General Discussion

We usually do not realize how important is to be able to correctly move, except when
for some reasons, we are not allowed to do so anymore. The precision and ease with
which we act in our environment is such a common experience that we are actually
surprised when it is no longer the case. Let’s imagine a simple situation in which we
are about preparing a meal. We move around the kitchen, we grasp different types of
objects, we act on them and with them on other objects and we don't feel like we are
doing anything special. However, behind this ease of motor control of our body and
tools there is an important and sustained effort of our brain that has to deal with
many, continuously changing variables. First of all, the objects we want to act on. Are
they heavy or light? Are they fragile or not? But also, are they close enough to be
grasped or do we have to move? Then, there is the question about what we want to
do: do we want to grasp, for example, an egg or do we want to open it? Of course,
none of these questions are consciously asked, but instead we usually experience
fluidity and ease when we act. At the cerebral level, even a simple action like reach
out to grasp an object requires the involvement of an extensive circuit. We can
identify three large nodes that are needed to accurately move. One is the processing
of object related information, the second is the space representation, the third the
action planning and execution. These processing are coded by highly integrated
circuits in order to achieve the desired goal. They all have been deeply studied by
researchers in the past years and their functioning is the more and more clear in our
knowledge.

We know that different object characteristics are analyzed in specific pathways
in order to extract information useful to guide actions. As described in the introduction
to this thesis, a two-route model has been proposed in the past years to explain how
the brain differently processes objects when they are targets of an action. The neural
correlates of this model are quite well established. In particular, it has been proposed
that the “how (to-act-on)” stream originates in the occipital cortex and moves along
the parietal cortex where information, like the size or the position of the target, are
processed and made available to the grasping circuits. Space representation is also
shaped by the action intentions of the subject. It has been shown in monkeys, as well

as in humans, that a particular region of space called Peripersonal Space serves and



is shaped by action execution. Objects in this region, inside which tactile and
visual/auditory information about an object are highly integrated, become particularly
relevant to the subject’s sensorimotor systems. Although the Peripersonal Space has
a limited extension in depth, its boundaries have been proven to be flexible, so that
when a subject plans an action toward a distant object, the multisensory processing
of information coming from the to-be-grasped object and the grasping-hand is
enhanced, possibly to guide the action execution.

Finally, the grasping circuit in human has also been extensively investigated
and previous studies have shown that, besides the motor cortex, it involves the
inferior parietal lobule, as well as more frontal regions like the ventral premotor
cortex. However, something is typically missing in these motor-control based
findings: the body. Indeed, the movements we plan at the end of all these processes
will be implemented in an effector, which can be either our own body or an external
object. From an embodied perspective, it is not possible to think about a grasping
movement or imagine one without a corporal effector. At the same time, the selection
of the movement to perform is also strictly dependent on the type of effector
available. Once the goal to be achieved selected, the choice of the movement to
execute will depend on the effectors available and the choice of the effectors will
depend on what type of movement is more suitable to achieve the goal. Let’s go back
to the previous example and imagine you want to get the last drop of jam at the
bottom of the pot. We can either do it with our own finger or decide to use a spoon.
Besides the influence from other contextual constraints (i.e., whether you’re alone in
the kitchen or at a formal dinner at your boss’ house), the decision will depend on the
size and shape of both the pot and our own hand and the implemented movement
will be different and it will be coded on the basis of the effector to be used. The
inverse is possible too, that is to choose the effector on the basis of the desired
action. For example, if you now want to throw the pot in the garbage bin, you will find
that your own hand is a pretty good effector to do this, thus you probably won’t need
to use any tool. In most of cases, action planning and execution cannot disregard the
body (as well as its substitutes) representation.

At the same time, once the motor schemes are recruited, the movement is

implemented in one specific effector through commands that are directed to specific



muscles. This implies that, at some point, the effector is chosen and its
characteristics computed, or retrieved. The aim of my thesis has been to test the
representation of the body that is used for action, which is known as Body Schema.
In particular, the main goal was to test a very old hypothesis according to which the
BS is a highly plastic representation that is capable of incorporating tools when these
are used. To this aim, | used a very simple tool-use paradigm coupled with a
behavioral approach to the study of movements that has a long history, namely

kinematics.

The first main result obtained has been to provide empirical evidence in
support of the popularly known and widely accepted notion that when we use an
external object as a tool to perform actions, this object becomes a part of our own
body (representation).

For a very long time, researchers have assumed as demonstrated the
incorporation of tools in the Body Schema. | already argued in the introduction and in
my theoretical contribution, how many studies (erroneously) interpreted modifications
in space representation or perception as plasticity of the BS. It is still common to read
papers in which terms like Body Schema and Peripersonal Space are used as
synonymous, or where changes in multisensory integration in space are explained as
an update of the BS. Although | do not exclude the possibility that a change in the BS
(for example via tool-use) can lead to a concurrent update of the Peripersonal Space,
the contrary has not yet been reported, to the best of my knowledge. As such, it is
important to refer to each representation in the most appropriate way. | believe the
results of my thesis offer in this confused framework an additional, methodological
value. Indeed, we not only provided the first evidence of the plasticity of the BS, but
we also developed a methodological approach adapted to the study of this
representation. We indeed proved the output-dependent approach to be not sensitive

enough to capture the plasticity of the BS, as well as its relationships with the BI.

As a second result, | provided strong support to the notion that the BS is an
action-devoted representation, since it provides a representation of the body for

action and, at the same time, it is shaped, modified by the action. | showed that the



plastic changes that happen in the BS during, and are still visible after tool-use,
strictly depend on the functional features of the used tool. In Study 3, we clearly
demonstrated that what is relevant for the BS is the functional structure of the effector
and its update will take into account those particular, even subtle features of the tool.
| suggest that an operational definition of the BS should describe it as a repertoire of
effectors. This updated definition strengthens the action-devoted nature of the BS
and also takes into account the need to extend this representation beyond the body
limits.

Also, we proved that touch provides a preferential access to the BS and its
plasticity. But this raises questions as to whether, and to what extent, the pointing to
touched body parts paradigm genuinely reflects the content of the BS and its
plasticity, or at least whether it reflects it without the possible contribution of another
metric, coming from possible interactions with the Body Image. This question,

however, is to be addressed in another thesis!

Future perspectives

We recently addressed the question of the role of proprioception in the
plasticity of the BS by studying tool-use in a deafferented patient, C.D., with a
peripheral deafferentation of the right arm. In three separated sessions, we asked
C.D. to grasp an object with both her right (deafferented) or left hand and a
mechanical grab. We then analysed her kinematics. In the first session, we found
that, differently from healthy subjects, double peaks of acceleration and velocity
characterized the kinematics of the deafferented hand, suggesting that vision can
only partially compensate for the lack of proprioception. Remarkably, the same
double peaks kinematic profile was present when the same hand was controlling the
tool. Moreover, the patient showed a relatively fast process of learning in using the
tool, since the kinematics evolved during the too-use phase and crucially in the last
block of trials with the tool, C. D. did not show double peaks anymore, but a
normalised kinematic pattern with single velocity peaks, similar to healthy subjects.

In the post-tool-use, the newly acquired behaviour of the deafferented hand

was fully transferred to the free-hand grasping that did not show double peaks



anymore. The improvement in the motor performance is stable, since it was still
visible in the second and third sessions that have been recorded 6 months and 2
years after the first testing session. Moreover, once the new normal profile acquired,
the patient also showed the effect of the tool incorporation into the BS, i.e. the
kinematic change for grasping movement consisting of longer latencies and reduced
peaks amplitudes for the parameters of the transport component. Taken together
these results suggest that vision can play a substitutive role when proprioception is
no more available for updating the BS. However, this implies a process of learning in
the use of the tool that was not observed in normal subjects, meaning the
compensation is not immediately complete.

Incidentally, it is very interesting to observe that tool-use appeared to be an
effective way to improve motor control in this patient, with long-lasting effects. This
phenomenon, totally serendipitous, may well have implications in the rehabilitation

domain of great relevance, and deserves further investigations.

A second point that deserves further investigations is the neural substrates of
human skilful tool-use. Although modern neuroimaging has begun to address the
brain circuits underlying tool use by studying neural activation for pictures of tools
and pantomimed tool actions, almost no research has studied real tool use and its
effect on the neural representation of the body. One of the possible reasons is that
neuroimaging techniques, particularly fMRI, have only a very constrained space in
which the research participant can act and are vulnerable to artifacts resulting from
head or even body movement. As already mentioned before, a 2006 meta-analysis
called, “Cortical Networks Related to Human Use of Tools” (Lewis, 2006), reviewed
64 paradigms from 35 studies that investigated tool naming, tool pantomiming,
imagining tool use, viewing tools and hearing tools; notably, it included only one
study that actually involved real use of a single tool, a pair of chopsticks (Inoue et al.,
2001) and that study used positron emission tomography (PET) rather than fMRI.
While PET is resilient to motion artifacts, it has many limitations, including relatively
low spatial and temporal resolution compared to fMRI. It would been interesting then
to study the plasticity of the BS with fMRI by asking subjects to actually use different

tools in the scanner so to reveal the neural correlates of the BS and in particular of



the selectivity for the body part | showed with my behavioral experiments (study 1
and 3).

116




BIBLIOGRAPHY

117




Adrian, ED, and Y Zotterman. 1926a. “The impulses produced by sensory nerve endings: Part

3. Impulses set up by Touch and Pressure.” The Journal of physiology 61 (4): 465-83.

. 1926b. “The impulses produced by sensory nerve-endings: Part II. The response of a

Single End-Organ.” The Journal of physiology 61 (2) (April 23): 151-71.

Anema, H, V Wolswijk, C Ruis, and H Dijkerman. 2008. “Grasping Weber’s illusion: The
effect of receptor density differences on grasping and matching.” Cognitive
Neuropsychology 25 (7-8) (December 1): 951-967. doi:10.1080/02643290802041323.

Anema, HA, Mjv Zandvoort, Ehd Haan, LJ Kappelle, Pld Kort, BP Jansen, and HC
Dijkerman. 2008. “A double dissociation between somatosensory processing for
perception and action.” Neuropsychologia (December 10): 1-6.
doi:10.1016/j.neuropsychologia.2008.11.001.

Angel, R W, and R C Malenka. 1982. “Velocity-dependent suppression of cutaneous
sensitivity during movement.” Experimental Neurology 77 (2) (August): 266-274.

Arbib, MA, JB Bonaiuto, S Jacobs, and S Frey. 2009. “Tool use and the distalization of the
end-effector.” Psychological research 73 (4) (July 1): 441-62. doi:10.1007/s00426-
009-0242-2.

B. Beck, B. 1980. “Animal tool behavior: the use and manufacture of tools by animals”
(January 1): 307.

Belin, Pascal, and Robert J. Zatorre. 2000. “/*What/’, /"where/” and /"how/’ in auditory
cortex.” Nat Neurosci 3 (10) (October): 965-966. doi:10.1038/79890.

Berti, A, and F Frassinetti. 2000. “When far becomes near: remapping of space by tool use.”
Journal of cognitive neuroscience 12 (3) (May 1): 415-20.

Bootsma, RJ, RG Marteniuk, CL MacKenzie, and FT Zaal. 1994. “The speed-accuracy trade-
off in manual prehension: effects of movement amplitude, object size and object width
on kinematic characteristics.” Experimental brain research Experimentelle
Hirnforschung Expérimentation cérébrale 98 (3) (January 1): 535-41.

Botvinick, MM, and J Cohen. 1998. “Rubber hands ‘feel’ touch that eyes see.” Nature 391
(6669) (February 19): 756. doi:10.1038/35784.

Brochier, T, M Habib, and M Brouchon. 1994. “Covert processing of information in
hemianesthesia: a case report.” Cortex; a journal devoted to the study of the nervous
system and behavior 30 (1) (March 1): 135-44.

Brozzoli, C, L Cardinali, F Pavani, and A Farné. 2009. “Action-specific remapping of
peripersonal space.” Neuropsychologia (October 27).
doi:10.1016/j.neuropsychologia.2009.10.009.
http://www.sciencedirect.com/science? ob=ArticleURL& udi=B6T0D-4XG3SKH-

3& user=1613343& rdoc=1& fmt=& orig=search& sort=d& docanchor=&view=c
& acct=C000053963& version=1& urlVersion=0& userid=1613343&md5=e849ddf
£€99296d3d2a20bd7c763a654.

Brozzoli, C, G Gentile, V Petkova, and H Ehrsson. 2011. “tMRI Adaptation Reveals a
Cortical Mechanism for the Coding of Space Near the Hand.” Journal of
Neuroscience 31 (24) (June 15): 9023-9031. doi:10.1523/JINEUROSCI.1172-11.2011.

Brozzoli, C, F Pavani, C Urquizar, L Cardinali, and A Farne. 2009. “Grasping actions remap
peripersonal space.” NeuroReport 20 (10) (July 1): 913-7.
doi:10.1097/WNR.0b013e32832c0b9b.

Burton, Harold, and Mara Fabri. 1995. “Ipsilateral intracortical connections of physiologically
defined cutaneous representations in areas 3b and 1 of macaque monkeys: Projections
in the vicinity of the central sulcus.” The Journal of Comparative Neurology 355 (4)
(May 15): 508-538. doi:10.1002/cne.903550404.

Cardinali, L, F Frassinetti, C Brozzoli, C Urquizar, A Roy, and A Farné. 2009. “Tool-use




induces morphological updating of the body schema.” Current biology : CB 19 (12)
(June 23): R478-9. d0i:10.1016/j.cub.2009.05.009.

Cardinali, L., C. Brozzoli, C. Urquizar, R. Salemme, A.C. Roy, and A. Farné. “When action is
not enough: Tool-use reveals tactile-dependent access to Body Schema.”
Neuropsychologia (0). doi:10.1016/j.neuropsychologia.2011.09.033.
http://www.sciencedirect.com/science/article/pii/S0028393211004404.

Cattaneo, Luigi, Fausto Caruana, Ahmad Jezzini, and Giacomo Rizzolatti. 2009.
“Representation of Goal and Movements without Overt Motor Behavior in the Human
Motor Cortex: A Transcranial Magnetic Stimulation Study.” The Journal of
Neuroscience 29 (36): 11134 -11138. doi:10.1523/INEUROSCI.2605-09.2009.

Cavina-Pratesi, C, S Monaco, P Fattori, C Galletti, T Mcadam, D Quinlan, M Goodale, and J
Culham. 2010. “Functional Magnetic Resonance Imaging Reveals the Neural
Substrates of Arm Transport and Grip Formation in Reach-to-Grasp Actions in
Humans.” The Journal of neuroscience : the official journal of the Society for
Neuroscience 30 (31): 10306-10323. doi:10.1523/INEUROSCI.2023-10.2010.

Chao, L L, J V Haxby, and A Martin. 1999. “Attribute-based neural substrates in temporal
cortex for perceiving and knowing about objects.” Nature Neuroscience 2 (10)
(October): 913-919. doi:10.1038/13217.

Chapman, CE, MC Bushnell, D Miron, GH Duncan, and JP Lund. 1987. “Sensory perception
during movement in man.” Experimental brain research Experimentelle
Hirnforschung Expérimentation cérébrale 68 (3) (January 1): 516-24.

Chieffi, S, and M Gentilucci. 1993. “Coordination between the transport and the grasp
components during prehension movements.” Experimental Brain Research.
Experimentelle Hirnforschung. Expérimentation Cérébrale 94 (3): 471-477.

Coello, Y, A Bartolo, B Amiri, H Devanne, E Houdayer, P Derambure, and E Robertson.
2008. “Perceiving What Is Reachable Depends on Motor Representations: Evidence
from a Transcranial Magnetic Stimulation Study.” PLoS ONE 3 (8): €2862.
doi:10.1371/journal.pone.0002862.g009.

Cooper, LA, and RN Shepard. 1975. “Mental transformations in the identification of left and
right hands.” Journal of Experimental Psychology: Human Perception and
Performance 104 (1) (February 1): 48-56.

Corradi-Dell’acqua, C, B Tomasino, and GR Fink. 2009. “What Is the Position of an Arm
Relative to the Body? Neural Correlates of Body Schema and Body Structural
Description.” Journal of Neuroscience 29 (13) (April 1): 4162-4171.
doi:10.1523/INEUROSCI.4861-08.2009.

Costantini, M, and P Haggard. 2007. “The rubber hand illusion: sensitivity and reference
frame for body ownership.” Consciousness and Cognition 16 (2) (June 1): 229-40.
doi:10.1016/j.concog.2007.01.001.

Culham, J, S Danckert, J Souza, J Gati, R Menon, and M Goodale. 2003. “Visually guided
grasping produces fMRI activation in dorsal but not ventral stream brain areas.”
Experimental Brain Research 153 (2) (November 1): 180-189. doi:10.1007/s00221-
003-1591-5.

Desmurget, M, D Pélisson, Y Rossetti, and C Prablanc. 1998. “From eye to hand: planning
goal-directed movements.” Neuroscience and biobehavioral reviews 22 (6) (October
1): 761-88.

Dijkerman, H, and E De Haan. 2007. “Somatosensory processes subserving perception and
action.” Behavioral and Brain Sciences 30 (02) (April 20): 189.
doi:10.1017/S0140525X07001392.

Edin, BB. 1992. “Quantitative analysis of static strain sensitivity in human mechanoreceptors
from hairy skin.” Journal of Neurophysiology 67 (5) (May 1): 1105-13.



Ehrsson, H. 2004. “That’s My Hand! Activity in Premotor Cortex Reflects Feeling of
Ownership of a Limb.” Science (New York, NY) 305 (5685): 875-877.
doi:10.1126/science.1097011.

. 2005. “Touching a Rubber Hand: Feeling of Body Ownership Is Associated with

Activity in Multisensory Brain Areas.” Journal of Neuroscience 25 (45) (November

9): 10564-10573. doi:10.1523/JNEUROSCI.0800-05.2005.

Faillenot, I, I Toni, J Decety, M C Grégoire, and M Jeannerod. 1997. “Visual pathways for
object-oriented action and object recognition: functional anatomy with PET.”
Cerebral Cortex (New York, N.Y.: 1991) 7 (1) (February): 77-85.

Farng, A, and E Ladavas. 2000. “Dynamic size-change of hand peripersonal space following
tool use.” NeuroReport 11 (8) (June 5): 1645-9.

Farne, A, A Iriki, and E Ladavas. 2005. “Shaping multisensory action-space with tools:
evidence from patients with cross-modal extinction.” Neuropsychologia 43 (2)
(January 1): 238-48. doi:10.1016/j.neuropsychologia.2004.11.010.

Gallagher, S, and J Cole. 1998. “Body image and body schema in a deafferented subject.”
Body and flesh: A philosophical reader: 131-147.

Gallese, V, and C Sinigaglia. 2010. “The bodily self as power for action.” Neuropsychologia
48 (3) (February 1): 746-55. doi:10.1016/j.neuropsychologia.2009.09.038.

Gallivan, J, C Cavina-Pratesi, and JC Culham. 2009. “Is that within reach? fMRI reveals that
the human superior parieto-occipital cortex encodes objects reachable by the hand.”
The Journal of neuroscience : the official journal of the Society for Neuroscience 29
(14) (April 8): 4381-91. doi:10.1523/INEUROSCI.0377-09.2009.

Garraghty, P.E., S.L. Florence, and J.H. Kaas. 1990. “Ablations of areas 3a and 3b of monkey
somatosensory cortex abolish cutaneous responsivity in area 1.” Brain Research 528
(1) (September 24): 165-169. doi:doi: 10.1016/0006-8993(90)90213-U.

Gazzola, V, and C Keysers. 2009. “The Observation and Execution of Actions Share Motor
and Somatosensory Voxels in all Tested Subjects: Single-Subject Analyses of
Unsmoothed fMRI Data.” Cerebral Cortex 19 (6) (June 1): 1239-1255.
doi:10.1093/cercor/bhn181.

Gentilucci, M, and G Campione. 2011. “Do Postures of Distal Effectors Affect the Control of
Actions of Other Distal Effectors? Evidence for a System of Interactions between
Hand and Mouth.” PLoS ONE 6 (5) (May 23): €19793.
doi:10.1371/journal.pone.0019793.g004.

Gentilucci, M, U Castiello, M L Corradini, M Scarpa, C Umilta, and G Rizzolatti. 1991.
“Influence of different types of grasping on the transport component of prehension
movements.” Neuropsychologia 29 (5): 361-378.

Gentilucci, M, S Chieffi, M Scarpa, and U Castiello. 1992. “Temporal coupling between
transport and grasp components during prehension movements: effects of visual
perturbation.” Behavioural Brain Research 47 (1) (March 15): 71-82.

Gentilucci, M, I Toni, E Daprati, and M Gangitano. 1997. “Tactile input of the hand and the
control of reaching to grasp movements.” Experimental brain research Experimentelle
Hirnforschung Expérimentation cérébrale 114 (1) (March 1): 130-7.

Geyer, S, A Schleicher, and K Zilles. 1999. “Areas 3a, 3b, and 1 of human primary
somatosensory cortex.” Neurolmage 10 (1) (July 1): 63-83.
doi:10.1006/nimg.1999.0440.

Goldenberg, G, and J Spatt. 2009. “The neural basis of tool use.” Brain : a journal of
neurology 132 (6) (June 1): 1645-1655. doi:10.1093/brain/awp080.

Goodale, MA, and AD Milner. 1992a. “Separate visual pathways for perception and action.”

Trends in neurosciences 15 (1) (January 1): 20-5.

. 1992b. “Separate visual pathways for perception and action.” Trends in




neurosciences 15 (1) (January 1): 20-5.

Gréa, Héléne, Laure Pisella, Yves Rossetti, Michel Desmurget, Caroline Tilikete, Scott
Grafton, Claude Prablanc, and Alain Vighetto. 2002. “A lesion of the posterior parietal
cortex disrupts on-line adjustments during aiming movements.” Neuropsychologia 40
(13): 2471-2480.

Gross, C. G., C. E. Rocha-Miranda, and D. B. Bender. 1972. “Visual properties of neurons in
inferotemporal cortex of the Macaque.” Journal of Neurophysiology 35 (1) (January
1): 96 -111.

Guterstam, A, V Petkova, and H Ehrsson. 2011. “The Illusion of Owning a Third Arm.” PLoS
ONE 6 (2) (February 23): €17208. doi:10.1371/journal.pone.0017208.g008.

Halligan, Peter W., Malar Hunt, John C. Marshall, and Derick T. Wade. 1995. “Sensory
detection without localization.” Neurocase 1 (3): 259-266. doi:doi:
10.1080/13554799508402370.

Halligan, PW, M Hunt, JC Marshall, and DT Wade. 2011. “Sensory Detection Without
Localization.” Neurocase 1 (February 4): 259-266.

Head, H, and G Holmes. 1911. “Sensory disturbances from cerebral lesions.” Brain : a
Jjournal of neurology 34 (2-3): 102.

Heilman, K M, L J Rothi, and E Valenstein. 1982. “Two forms of ideomotor apraxia.”
Neurology 32 (4) (April): 342-346.

Holmes, NP, GA Calvert, and C Spence. 2004. “Extending or projecting peripersonal space
with tools? Multisensory interactions highlight only the distal and proximal ends of
tools.” Neuroscience letters 372 (1-2) (November 30): 62-7.
doi:10.1016/j.neulet.2004.09.024.

Imamizu, H, S Miyauchi, T Tamada, Y Sasaki, R Takino, B Piitz, T Yoshioka, and M
Kawato. 2000. “Human cerebellar activity reflecting an acquired internal model of a
new tool.” Nature 403 (6766) (January 13): 192-5. doi:10.1038/35003194.

Imazu, S, T Sugio, S Tanaka, and T Inui. 2007. “Differences between actual and imagined
usage of chopsticks: an fMRI study.” Cortex 43 (3) (April 1): 301-7.

Inoue, K, R Kawashima, M Sugiura, A Ogawa, T Schormann, K Zilles, and H Fukuda. 2001.
“Activation in the ipsilateral posterior parietal cortex during tool use: a PET study.”
Neurolmage 14 (6) (December 1): 1469-75. doi:10.1006/nimg.2001.0942.

Inui, Koji, Xiaohong Wang, Yohei Tamura, Yoshiki Kaneoke, and Ryusuke Kakigi. 2004.
“Serial Processing in the Human Somatosensory System.” Cerebral Cortex 14 (8):
851 -857. doi:10.1093/cercor/bhh(043.

Iriki, A, M Tanaka, and Y Iwamura. 1996. “Coding of modified body schema during tool use
by macaque postcentral neurones.” NeuroReport 7 (14) (October 2): 2325-30.
Jakobson, L S, and M A Goodale. 1991. “Factors affecting higher-order movement planning:

a kinematic analysis of human prehension.” Experimental Brain Research.
Experimentelle Hirnforschung. Expérimentation Cérébrale 86 (1): 199-208.

Jeannerod, M. 1984. “The timing of natural prehension movements.” Journal of Motor
Behavior 16 (3) (September): 235-254.

Jeannerod, M, and B Biguer. 1989. “[Egocentric reference and represented space].” Revue
Neurologique 145 (8-9): 635-639.

Jeannerod, M, MA Arbib, G Rizzolatti, and H Sakata. 1995. “Grasping objects: the cortical
mechanisms of visuomotor transformation.” Trends in neurosciences 18 (7) (July 1):
314-20.

Jeannerod, M. 1981. “Intersegmental coordination during reaching at natural visual objects.
Attention and performance I1X 9: 153—168.

Johnson-Frey, SH. 2004. “The neural bases of complex tool use in humans.” Trends in
cognitive sciences 8 (2) (February 1): 71-8. doi:10.1016/j.tics.2003.12.002.

2



Kaas, J H. 1993. “The functional organization of somatosensory cortex in primates.” Annals
of Anatomy = Anatomischer Anzeiger: Official Organ of the Anatomische Gesellschaft
175 (6) (December): 509-518.

Kaas, JH, RJ Nelson, M Sur, CS Lin, and MM Merzenich. 1979. “Multiple representations of
the body within the primary somatosensory cortex of primates.” Science 204 (4392)
(May 4): 521 -523. doi:10.1126/science.107591.

Kammers, M, J Kootker, H Hogendoorn, and H Dijkerman. 2010. “How many motoric body
representations can we grasp?” Experimental Brain Research 202 (1) (April 29): 203-
212. doi:10.1007/s00221-009-2124-7.

Kammers, M, M Longo, M Tsakiris, H Dijkerman, and P Haggard. 2009. “Specificity and
coherence of body representations.” Perception 38 (12) (January 1): 1804-1820.
doi:10.1068/p6389.

Kammers, M, J Mulder, F Vignemont, and HC Dijkerman. 2010. “The weight of representing
the body: addressing the potentially indefinite number of body representations in
healthy individuals.” Experimental Brain Research 204 (3) (July 22): 333-342.
doi:10.1007/s00221-009-2009-9.

Kammers, MP, 1J van der Ham, and HC Dijkerman. 2006. “Dissociating body representations
in healthy individuals: differential effects of a kinaesthetic illusion on perception and
action.” Neuropsychologia 44 (12) (January 1): 2430-6.
doi:10.1016/j.neuropsychologia.2006.04.009.

Kammers, MP, JA Kootker, H Hogendoorn, and HC Dijkerman. 2010. “How many motoric
body representations can we grasp?” Experimental brain research Experimentelle
Hirnforschung Expérimentation cérébrale 202 (1) (April 1): 203-12.
doi:10.1007/s00221-009-2124-7.

Kammers, MP, J Mulder, F de Vignemont, and HC Dijkerman. 2010. “The weight of
representing the body: addressing the potentially indefinite number of body
representations in healthy individuals.” Experimental brain research Experimentelle
Hirnforschung Expérimentation cérébrale 204 (3) (July 1): 333-42.
doi:10.1007/s00221-009-2009-9.

Kammers, MP, F de Vignemont, L Verhagen, and HC Dijkerman. 2009. “The rubber hand
illusion in action.” Neuropsychologia 47 (1) (January 1): 204-11.
doi:10.1016/j.neuropsychologia.2008.07.028.

Kandel, E.R., J.H. Schwartz, and T.M. Jessell. 2000. Principles of neural science. McGraw-
Hill, Health Professions Division.
http://books.google.com/books?id=yzEFK7Xc87YC.

Karok, S, and R Newport. 2010. “The continuous updating of grasp in response to dynamic
changes in object size, hand size and distractor proximity.” Neuropsychologia 48 (13)
(November 1): 3891-3900. doi:10.1016/j.neuropsychologia.2010.10.006.

Keele, S.W., A. Cohen, and R. Ivry. 1990. “Motor programs: Concepts and issues.”

Kellenbach, ML, M Brett, and K Patterson. 2003. “Actions speak louder than functions: the
importance of manipulability and action in tool representation.” Journal of cognitive
neuroscience 15 (1) (January 1): 30-46. doi:10.1162/089892903321107800.

Kluzik, J, J Diedrichsen, R Shadmehr, and A Bastian. 2008. “Reach Adaptation: What
Determines Whether We Learn an Internal Model of the Tool or Adapt the Model of
Our Arm?” Journal of neurophysiology 100 (3) (June 25): 1455-1464.
doi:10.1152/jn.90334.2008.

Lackner, JR. 1988. “Some proprioceptive influences on the perceptual representation of body
shape and orientation.” Brain : a journal of neurology 111 ( Pt 2) (April 1): 281-97.

Lashley, K.S. 1930. “Basic neural mechanisms in behavior.” Psychological Review 37 (1): 1.

Lewis, J. W. 2006. “Cortical Networks Related to Human Use of Tools.” The Neuroscientist



12 (3) (June): 211-231. doi:10.1177/1073858406288327.

Lewis, JW, RE Phinney, JA Brefczynski-Lewis, and EA DeYoe. 2006. “Lefties get it ‘right’
when hearing tool sounds.” Journal of cognitive neuroscience 18 (8): 1314-30.
doi:10.1162/jocn.2006.18.8.1314.

Longo, M, and P Haggard. 2010. “An implicit body representation underlying human position
sense.” Proceedings of the National Academy of Sciences 107 (26) (June 29): 11727-
11732. doi:10.1073/pnas.1003483107.

Longo, M, and S Lourenco. 2007. “Space perception and body morphology: extent of near
space scales with arm length.” Experimental Brain Research 177 (2) (February 7):
285-290. doi:10.1007/s00221-007-0855-x.

Longo, MR, E Azafion, and P Haggard. 2010. “More than skin deep: body representation
beyond primary somatosensory cortex.” Neuropsychologia 48 (3) (February 1): 655-
68. doi:10.1016/j.neuropsychologia.2009.08.022.

Maravita, A, K Clarke, M Husain, and J Driver. 2002. “Active tool use with the contralesional
hand can reduce cross-modal extinction of touch on that hand.” Neurocase 8 (6)
(January 1): 411-6.

Maravita, A, C Spence, S Kennett, and J Driver. 2002. “Tool-use changes multimodal spatial
interactions between vision and touch in normal humans.” Cognition 83 (2) (March 1):
B25-34.

Marino, B, N Stucchi, E Nava, P Haggard, and A Maravita. 2010. “Distorting the visual size
of the hand affects hand pre-shaping during grasping.” Experimental Brain Research
202 (2) (April 1): 499-505. doi:10.1007/s00221-009-2143-4.

Martin, A, C L Wiggs, L G Ungerleider, and J V Haxby. 1996. “Neural correlates of
category-specific knowledge.” Nature 379 (6566) (February 15): 649-652.
doi:10.1038/379649a0.

Matyas, F, V Sreenivasan, F Marbach, C Wacongne, B Barsy, C Mateo, R Aronoff, and CC
Petersen. 2010. “Motor control by sensory cortex.” Science 330 (6008) (November
26): 1240-3. doi:10.1126/science.1195797.

Medina, J, and HB Coslett. 2010. “From maps to form to space: touch and the body schema.”
Neuropsychologia 48 (3) (February 1): 645-54.
doi:10.1016/j.neuropsychologia.2009.08.017.

Miall, R.C., and D.M. Wolpert. 1996. “Forward Models for Physiological Motor Control.”
Neural Networks 9 (8) (November): 1265-1279. doi:10.1016/S0893-6080(96)00035-4.

Milner, AD, and MA Goodale. 2008a. “Two visual systems re-viewed.” Neuropsychologia 46

(3) (February 12): 774-85. doi:10.1016/j.neuropsychologia.2007.10.005.

. 2008b. “Two visual systems re-viewed.” Neuropsychologia 46 (3) (February 12):

774-85. doi:10.1016/j.neuropsychologia.2007.10.005.

Mishkin, M. 1979. “Analogous neural models for tactual and visual learning.”
Neuropsychologia 17 (2): 139-151. doi:doi: 10.1016/0028-3932(79)90005-8.

Mishkin, M, and Leslie G. Ungerleider. 1982. “Contribution of striate inputs to the
visuospatial functions of parieto-preoccipital cortex in monkeys.” Behavioural Brain
Research 6 (1) (September): 57-77. doi:doi: 10.1016/0166-4328(82)90081-X.

Mountcastle, V. B., J. C. Lynch, A. Georgopoulos, H. Sakata, and C. Acuna. 1975. “Posterior
parietal association cortex of the monkey: command functions for operations within
extrapersonal space.” Journal of Neurophysiology 38 (4) (July 1): 871 -908.

Mukamel, Roy, Arne D. Ekstrom, Jonas Kaplan, Marco Iacoboni, and Itzhak Fried. 2010.
“Single neuron responses in humans during execution and observation of actions.”
Current biology : CB 20 (8) (April 27): 750-756. doi:10.1016/j.cub.2010.02.045.

Newport, R, R Pearce, and C Preston. 2010. “Fake hands in action: embodiment and control
of supernumerary limbs.” Experimental brain research Experimentelle Hirnforschung




Expérimentation cérébrale 204 (3) (July 1): 385-95. doi:10.1007/s00221-009-2104-y.

Paillard, J, F Michel, and G Stelmach. 1983. “Localization without content. A tactile analogue
of ‘blind sight’.” Archives of neurology 40 (9): 548-51.

Parsons, LM. 1987. “Imagined spatial transformation of one’s body.” Journal of experimental
psychology General 116 (2) (June 1): 172-91.

Paulignan, Y, M Jeannerod, C MacKenzie, and R Marteniuk. 1991. “Selective perturbation of
visual input during prehension movements. 2. The effects of changing object size.”
Experimental Brain Research. Experimentelle Hirnforschung. Expérimentation
Cérébrale 87 (2): 407-420.

Paulignan, Y, C MacKenzie, R Marteniuk, and M Jeannerod. 1991. “Selective perturbation of
visual input during prehension movements. 1. The effects of changing object
position.” Experimental Brain Research. Experimentelle Hirnforschung.
Expérimentation Cérébrale 83 (3): 502-512.

Peecters, R, L Simone, K Nelissen, M Fabbri Destro, W Vanduffel, G Rizzolatti, and GA
Orban. 2009. “The Representation of Tool Use in Humans and Monkeys: Common
and Uniquely Human Features.” The Journal of Neuroscience 29 (37): 11523-11539.

Peeters, R, L Simone, K Nelissen, M Fabbri-Destro, W Vanduffel, G Rizzolatti, and GA
Orban. 2009. “The representation of tool use in humans and monkeys: common and
uniquely human features.” The Journal of neuroscience : the official journal of the
Society for Neuroscience 29 (37): 11523-39. doi:10.1523/INEUROSCI.2040-09.2009.

di Pellegrino, G, L Fadiga, L Fogassi, V Gallese, and G Rizzolatti. 1992. “Understanding
motor events: a neurophysiological study.” Experimental brain research
Experimentelle Hirnforschung Expérimentation cérébrale 91 (1) (January 1): 176-80.

Penfield, W, and E Boldrey. 1937. “Somatic Motor and Sensory representation in the cerebral
cortex of man as studied by electrical stimulation.” Brain 60 (4) (December 1): 389 -
443. doi:10.1093/brain/60.4.389.

Poizner, H, A S Merians, M A Clark, B Macauley, L J Rothi, and K M Heilman. 1998. “Left
hemispheric specialization for learned, skilled, and purposeful action.”
Neuropsychology 12 (2) (April): 163-182.

Pons, T. P., and J. H. Kaas. 1986. “Corticocortical connections of area 2 of somatosensory
cortex in macaque monkeys: A correlative anatomical and electrophysiological study.
The Journal of Comparative Neurology 248 (3): 313-335.
doi:10.1002/cne.902480303.

Povinelli, DJ, and J Vonk. 2003. “Chimpanzee minds: suspiciously human?” Trends in
cognitive sciences 7 (4) (April 1): 157-160.

Povinelli, DJ, JE Reaux, and SH Frey. 2009. “Chimpanzees’ context dependent tool use
provides evidence for separable representations of hand and tool even during active
use within peripersonal space.” Neuropsychologia.
doi:10.1016/j.neuropsychologia.2009.09.010.
file://localhost/Users/lucillacardinali/Documents/Lab/Biblio/Papers/Povinelli%202009
.pdf.

Rapp, B, SK Hendel, and J Medina. 2002. “Remodeling of somotasensory hand
representations following cerebral lesions in humans.” Neuroreport 13 (2) (February
11): 207-11.

Rasmussen, T, and W Penfield. 1947. “Further studies of the sensory and motor cerebral
cortex of man.” Federation Proceedings 6 (2) (June): 452-460.

Rizzolatti, G, and C Sinigaglia. 2010. “The functional role of the parieto-frontal mirror
circuit: interpretations and misinterpretations.” Nature Reviews Neuroscience 11 (4)
(April 10): 264-274. doi:10.1038/nrn2805.

Rizzolatti, G, C Scandolara, M Matelli, and M Gentilucci. 1981a. “Afferent properties of

2



periarcuate neurons in macaque monkeys. I. Somatosensory responses.” Behavioural

brain research 2 (2) (March 1): 125-46.

. 1981b. “Afferent properties of periarcuate neurons in macaque monkeys. II. Visual

responses.” Behavioural brain research 2 (2) (March 1): 147-63.

Rizzolatti, Giacomo, Leonardo Fogassi, and Vittorio Gallese. 1997. “Parietal cortex: from
sight to action.” Current Opinion in Neurobiology 7 (4) (August): 562-567.
doi:10.1016/S0959-4388(97)80037-2.

Rossetti, Y, G Rode, and D Boisson. 1995. “Implicit processing of somaesthetic information:

a dissociation between where and how?” NeuroReport 6 (3) (February 15): 506-10.

.2001. “Numbsense: a case study and implications.” Out of Mind (April 14): 265-292.

Rushton, DN, JC Rothwell, and MD Craggs. 1981. “Gating of somatosensory evoked
potentials during different kinds of movement in man.” Brain : a journal of neurology
104 (3): 465-91.

Samaras, T.T., A. Bartke, and C.D. Rollo. 2007. Human body size and the laws of scaling:
physiological, performance, growth, longevity and ecological ramifications. Nova
Biomedical.

Schwoebel, J, and HB Coslett. 2005. “Evidence for multiple, distinct representations of the
human body.” Journal of cognitive neuroscience 17 (4) (April 1): 543-53.
doi:10.1162/0898929053467587.

Seki, K, S Perlmutter, and E Fetz. 2003. “Sensory input to primate spinal cord is
presynaptically inhibited during voluntary movement.” Nature Neuroscience 6 (12)
(December 16): 1309-1316. doi:10.1038/nn1154.

Shimazu, H, R Kaji, N Murase, N Kohara, A Ikeda, H Shibasaki, J Kimura, and JC Rothwell.
1999. “Pre-movement gating of short-latency somatosensory evoked potentials.”
Neuroreport 10 (12): 2457-60.

Sirigu, A, J Grafman, K Bressler, and T Sunderland. 1991. “Multiple representations
contribute to body knowledge processing. Evidence from a case of autotopagnosia.”
Brain : a journal of neurology 114 ( Pt 1B) (February 1): 629-42.

Stenneken, P, W Prinz, J Cole, J Paillard, and G Aschersleben. 2006. “The effect of sensory
feedback on the timing of movements: evidence from deafferented patients.” Brain
Research 1084 (1) (April 21): 123-31. doi:10.1016/j.brainres.2006.02.057.

Taylor-Clarke, M, P Jacobsen, and P Haggard. 2004. “Keeping the world a constant size:
Object constancy in human touch.” Nature Neuroscience (January 1).
http://www.nature.com/neuro/journal/v7/n3/abs/nn1199.html.

Tsakiris, M, and P Haggard. 2005. “The Rubber Hand Illusion Revisited: Visuotactile
Integration and Self-Attribution.” Journal of Experimental Psychology: Human
Perception and Performance 31 (1) (January 1): 80-91. doi:10.1037/0096-
1523.31.1.80.

Tsakiris, M, L Carpenter, D James, and A Fotopoulou. 2010. “Hands only illusion:
multisensory integration elicits sense of ownership for body parts but not for non-
corporeal objects.” Experimental Brain Research 204 (3) (July 10): 343-352.
doi:10.1007/s00221-009-2039-3.

Tsuda, H, T Aoki, N Oku, Y Kimura, J Hatazawa, and H Kinoshita. 2009. “Functional brain
areas associated with manipulation of a prehensile tool: A PET study.” Human Brain
Mapping (January 1): NA. doi:10.1002/hbm.20715.

Umilta, MA, L Escola, I Intskirveli, F Grammont, M Rochat, F Caruana, A Jezzini, V
Gallese, and G Rizzolatti. 2008. “When pliers become fingers in the monkey motor
system.” Proceedings of the National Academy of Sciences 105 (6) (February 12):
2209-13. doi:10.1073/pnas.0705985105.

Ungerleider, Leslie G., and Betty A. Brody. 1977. “Extrapersonal spatial orientation: The role




of posterior parietal, anterior frontal, and inferotemporal cortex.” Experimental
Neurology 56 (2) (August): 265-280. doi:doi: 10.1016/0014-4886(77)90346-6.

Valyear, K, C Chapman, J Gallivan, R Mark, and J Culham. 2011. “To use or to move: goal-
set modulates priming when grasping real tools.” Experimental Brain Research (May
17): 1-18. doi:10.1007/s00221-011-2705-0.

de Vignemont, F. 2010. “Body schema and body image--pros and cons.” Neuropsychologia
48 (3) (February 1): 669-80. doi:10.1016/j.neuropsychologia.2009.09.022.

de Vignemont, F, HH Ehrsson, and P Haggard. 2005. “Bodily illusions modulate tactile
perception.” Current biology : CB 15 (14) (July 26): 1286-90.
doi:10.1016/j.cub.2005.06.067.

de Vignemont, Frederique. 2007. “Habeas Corpus: The Sense of Ownership of One’s Own
Body.” Mind & Language 22 (4) (September 1): 427-449. doi:10.1111/j.1468-
0017.2007.00315.x.

Visalberghi, E, E Addessi, V Truppa, N Spagnoletti, E Ottoni, P Izar, and D Fragaszy. 2009.
“Selection of Effective Stone Tools by Wild Bearded Capuchin Monkeys.” Current
Biology 19 (3) (October 2): 213-217. d0i:10.1016/j.cub.2008.11.064.

Visalberghi, E, DM Fragaszy, P Izar, and EB Ottoni. 2005. “Terrestriality and tool use.”
Science 308 (5724) (May 13): 951-2. doi:10.1126/science.308.5724.951c.

Voisin, J, E Rodrigues, S Hétu, P Jackson, C Vargas, F Malouin, C Chapman, and C Mercier.
2011. “Modulation of the response to a somatosensory stimulation of the hand during
the observation of manual actions.” Experimental Brain Research 208 (1) (January 3):
11-19. doi:10.1007/s00221-010-2448-3.

Wann, JP, and SF Ibrahim. 1992. “Does limb proprioception drift?”” Experimental brain
research Experimentelle Hirnforschung Expérimentation cérébrale 91 (1) (January 1):
162-6.

Weber, EH. 1978. The Sense of Touch (HE Ross & DJ Murray, Trans.). London: Academic
Press.

WELKER, WI, RM BENJAMIN, RC MILES, and CN WOOLSEY. 1957. “Motor effects of
stimulation of cerebral cortex of squirrel monkey (Saimiri sciureus).” Journal of
Neurophysiology 20 (4) (July 1): 347-64.

Westwood, D, and MA Goodale. 2003. “A haptic size-contrast illusion affects size perception
but not grasping.” Experimental Brain Research 153 (2) (November 1): 253-259.
doi:10.1007/s00221-003-1599-x.

Wing, A M. 2000. “Motor control: Mechanisms of motor equivalence in handwriting.”
Current Biology: CB 10 (6) (March 23): R245-248.

Witt, J, D Proffitt, and W Epstein. 2005. “Tool Use Affects Perceived Distance, But Only
When You Intend to Use It.” Journal of Experimental Psychology: Human Perception
and Performance 31 (5) (January 1): 880-888. doi:10.1037/0096-1523.31.5.880.

Yamamoto, S, and S Kitazawa. 2001. “Sensation at the tips of invisible tools.” Nature
Neuroscience 4 (10) (October 1): 979-80. doi:10.1038/nn721.



