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General Introduction 1

1 General Introduction

“Don’t you see”, it resounded
piteously from above. “I've got
no sense of space, that’s it.
Though I recognize rooms and
storeys, a certain kind of
regular arrangement of above
and below, of right and left, I
can’t integrate this curious
arrangement with my senses, I
can’t experience it intuitively...”

Max Brod (1916)

Spoken by a spiritual being after detachment frésnphysical
body, these words symbolize the fundamental linkwben the
experience of the own body and the experience tdreal space.
Indeed, the body itself is phenomenally experienasda spatial
extension of our selves (James, 1890/1950; Metrir2@03), and
the conception of perceived space without the qotme of a
perceiving self being located somewhere within tisgiace is
paradoxical. In his essay on the phenomenology oMman
consciousness, Jean-Paul Sartre pointed out thasctousness does
not ceasd¢o havea body’ (Sartre, 1943/1958, p.338). Postulatirg th
absence of a physical body, the absence of anjabpatension of
the phenomenal self, and thus the absence of teatmlity to affect
(or be affected by) the external world, the emecgenf a conscious
percept of this external world would be absurd (R&& Metzinger,
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2009; Gallese & Sinigaglia, 2010; Merleau-Ponty,43/962;
Sartre, 1943/1958). | cannot perceive space, uhlesist in space.

The close connection between body and space repatioas
enables an appropriate interaction with the envivemt (Eilan,
Marcel, & Bermudez, 1995; Legrand, Brozzoli, Ross& Farne,
2007; Merleau-Ponty, 1945/1962; van der Hoort, Giden, &
Ehrsson, 2011). To manipulate and modify certaipeats of the
external world by means of our body, we need infitiam about the
posture of our body and its physical capabilities well as
information about the spatial relations of our indate
surroundings, commonly referred to as peripersepakce (Makin,
Holmes, & Ehrsson, 2008; Spence, Pavani, Mara¥itdiolmes,
2004). The representations of body and peripersepate are so
fundamentally linked that arguments striving foe ttusion of both
concepts have been raised (Cardinali, Brozzoli, &nE, 2009a;
Legrand et al., 2007).

The present thesis deals with the dynamic qualdfelsody and
space representations. It has been shown, thatseations of
body and space are not static, but exhibit remdekatynamic
capacities. Cortical reorganisation in patientgrafimb amputation
(Elbert et al., 1994; Elbert et al., 1997; Yangakt 1994), altered
spatial processing induced by tool-use (Cardin®rassinetti,
Brozzoli, Urquizar, Roy, & Farné, 2009b; Iriki, Taka, & lwamura,
1996; Longo & Lourenco, 2006; Maravita & Iriki, 200Yamamoto
& Kitazawa, 2001) and perceptual disruptions dubngily illusions
(Botvinick & Cohen, 1998; Ehrsson, Wiech, Weiskopilan, &
Passingham, 2007; Lenggenhager, Tadi, Metzing&latke, 2007;
Slater et al., 2009) are only some examples tocaidi that the
representations of the body and of peripersonatespae subject to
many environmental influences. From an evolutionaeyspective,
the plasticity of body and space representatiosli®ntageous and
necessary, because an appropriate interaction théthenvironment
depends on the adaptation to bodily changes, wiagpen during a
lifetime necessarily and slow (growth, aging) asl @s conditionally

! In this sentencd, refers to the phenomenal self, as space refgrisenomenal rather
than material space, demonstrating that even tbaligis’ denial of the existence of
any spatial extension beyond mental representatioasnot minimize the

interdependency between the phenomenal experiehbedy and space, which is
independent from their factual existence.
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and sudden (limb amputations, loss of sensory andfotor
functions due to nerve damage).

In the first part of this thesis (study 1 and 2)yas questioned to
what extent the representation of peripersonalespamnfluenced by
a postural representation of the body. Systemati@tions of body
posture were investigated with respect to theireaf on the
structure of spatial representations, which, as lvél demonstrated,
can be described in terms of a mental segmentafigeripersonal
space.

The second part of the thesis (study 3 and 4) dscdéed to the
identification of necessary and sufficient prectiods under which
alterations of body representations occur. Althoitge commonly
recognized that body representations are flexibla tertain degree,
the limiting factors for this plasticity are paitja unknown. By
varying the experimental methods to induce changesbody
representations (see section 1.1), necessary pisiteg and limiting
constraints regarding those changes are explored.

In short, the first part of the thesis deals wittodp
representations as cause, while the second panserned with
body representations as effects. In all four swididily illusions
were used to investigate the mechanisms of bodgepton. The
next section (1.1) is therefore dedicated to thsicb@dea of this
approach as well as to the description of theidls used. Section
1.2 is destined to introduce and define importamicepts and terms,
which are essential for a complete understandiegfjon 1.3 gives a
brief overview over the studies contained in thissis and in section
1.4 I will shortly summarize the main objectives.

1.1  What We Can Learn from Bodily Illusions

The research on body representations is constrdigettie fact
that it is impossible to experimentally manipuldte presence or
absence of the body. Every conscious and uncorsgqeucept is
inevitably accompanied by ‘the feeling of the sasfttbody always
there’ (James, 1890/1950, vol.1, p.242), rendeitrighpossible to
compare the perception of the body with the peioaptinder the
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condition of an absent body (Tsakiris, 2010). Néhaess, bodily
illusions provide useful approaches to investigateme of the
essential factors for the development and maintmant body
representations (Ehrsson, 2007; Geldard & Sherridlg72;
Johannsen, 1971; Shore, Spry, & Spence, 2002; ris&Haggard,
2005).

The human brain is well adapted to its environmant] in most
situations the corresponding body is appropriatelgresented, so
that errors or malfunction can hardly be observaden normal
conditions. However, to gain insights into the nafnoperating
mode of body representations it is important tacgpehe conditions
under which this normal functioning is disturbedh@nnsen, 1971).
In the present thesis, tactile body illusions werglemented to
induce specific disruptions of usual body percepio These
deviations from the normal operating mode are alre$ unfamiliar
or even contradictive information (from various ses) about the
body and its posture. The investigation of bodycpption under
such conditions of reduced functionality is an gimiening strategy,
because specific errors and malfunctions occurtimgler these
conditions can reveal important insights aboutuseal functionality
of body representations.

Prominent examples for tactile illusions are Args illusion
(Johannsen, 1971) and the cutaneous rabbit efféeldard &
Sherrick, 1972). Aristotle’s illusion denotes theomeous sensation
of two objects, when in fact only one object ischéketween two
crossed fingers of the same hand (Johannsen, l@7he cutaneous
rabbit illusion, a rapid and regular sequence dfilea stimuli, the
first half delivered near the wrist and the secball near the elbow,
is perceived as being equally distributed betwe®n tivo actual
stimulation sites (Flach & Haggard, 2006; Geldard Skerrick,
1972). Other perceptual impairments can be evokedrtissing the
hands (Shore et al., 2002) or the feet (Schicke &deR, 2006) or
interleaving the fingers of both hands (Haggard aét 2006;
Zampini, Harris, & Spence, 2005). In a similar vefrand posture
was manipulated in study 1 and 2 in order to irigag the
influence of a postural body model on the repregem of
peripersonal space.

Another well-established bodily illusion is the hdr hand
illusion (RHI), first described by Botvinick & Cohe(1998). In the
RHI, the own hand of the participant is concealeshibbd an
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occluding screen, while direct vision at an ari#fichand is
provided. The unseen real and the visible artifitiand are then
stroked with two identical paint brushes in a syndoeus manner,
i.e., the felt touches at the own hand coincidélie seen touches
at the artificial hand. In contrast to a controhdiion involving
asynchronous stroking, this procedure results m phrticipants’
illusion that they feel the touches at the obseraetificial hand
rather than at their veridical location. The illagdeeling that the
artificial hand belongs to one’s own body (usuabsessed with a
questionnaire) is accompanied by a shift of thegiged position of
the own hand towards the location of the artifickdnd. This
perceptual bias is commonly referred to as propptice drift
(Costantini & Haggard, 2007; Kammers, de Vignemerhagen,
& Dijkerman, 2009a; Tsakiris, 2010), and can be soeed by
asking the participants to indicate the perceivesitipn of their own
hand by pointing towards it with their non-stimedt hand
(Botvinick & Cohen, 1998; Kammers et al., 2009a)byr verbal
specification, e.g., with reference to a ruler pthtorizontally above
the hidden own hand (Kammers, Longo, Tsakiris, &ijkan, &
Haggard, 2009b; Tsakiris, Prabhu, & Haggard, 2006).

An alternative version of the same paradigm invelve
synchronous as compared to asynchronous movemérte aeal
and the artificial hand (Tsakiris et al., 2006). dontrast to the
passive induction method, which results in the scilbje feeling of
ownership over the artificial hand, the active iciilon method is
capable of inducing a sense of agency, becausehtsed on the
sensory integration of motor commands and visuediback about
their effects (Tsakiris et al., 2006). In the pras¢hesis, both
versions of the RHI were directly compared in aterapt to
disentangle the effects of body ownership and agemc different
types of body representations (study 3), as wethas implications
concerning a congenital body-model (study 4).

2 The label ‘rubber hand illusion (RHI)’ dates frétm first application by Botvinick &
Cohen (1998), in which the artificial hand was mafieubber.
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1.2  Clarification of Central Concepts

To provide a basis for a thorough comprehensiothefstudies
contained in this thesis, it is appropriate to mefsome of the basic
terms and concepts involved. The following sectiaresdedicated to
this goal.

1.2.1 Body, Peripersonal Space and Response Fields

The distinction between the own body and the exfermrld has
a long history in philosophy and empirical scienoasthe origin of
human consciousness (Blanke & Metzinger, 2009; 3dame
1890/1950; Merleau-Ponty, 1945/1962; Sartre, 1RE8B1 van der
Hoort et al., 2011). The appropriateness of thésimition is implied
by the fact that every conscious perception wowdrzonceivable
without the reference to the first person perspectthe centre of
which lies within the bodily borders (Blanke & Arzy2005;
Lenggenhager, Mouthon, & Blanke, 2009). This fingérson
perspective seems to be an absolutely necessargnuliion for the
development of a minimal phenomenal selfhood (Bdan&
Metzinger, 2009; Metzinger, 2003; Zahavi, 2005)other words, |
cannot perceive an object ‘per se’, | can only pime an object ‘in
front of me’, ‘far away from me’, etc. Every perdiem® inevitably
requires the reference to the first person persgeaind thus to the
body (James, 1890/1950; Sartre, 1943/1958). Thessiderations
imply that, in order to adequately interact witle txternal world, it
is necessary to differentiate between represenwtibthe own body
(as the seat of the phenomenal self) and repragargaof external
space (as the potentiality for actions) (Gallesgigigaglia, 2010).

Based on their functional relevance, the represientaf external
space can be further divided into near and faresifbegrand et al.,

% It might be important to differentiate between gagtion and imagination. The
considerations discussed here only refer to dirgettceived qualities of the external
world. | refrain from taking up a position as to ether they are applicable to
imaginations.
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2007; Longo & Lourenco, 2007). Spatial areas, wtdcé close to
the body (and thus to the phenomenal self), areawetally more

relevant and are represented differently compaocechdre remote
spatial areas (Longo & Lourenco, 2006; Makin, Hdm& Zohary,

2007). The research on different representationsezfr and far
space resulted in the concept of peripersonal speueh is defined
as the space immediately surrounding the body,wighin reaching
distance (Holmes & Spence, 2004; Previc, 1998; R&xdbb, &

Steele, 2006). Apparently, this definition strictigfers to the body
itself. An altered representation of the body wonddessarily imply
a corresponding change in the representation dpgrsonal space
(Gallese & Sinigaglia, 2010), and indeed, the appateness of the
distinction between the concepts of peripersonalcepand body
schema (see section 1.3.3) has been questionedir{@aret al.,

2009a).

There have been many investigations highlightirg dltensive
dynamic qualities with respect to the representatib peripersonal
space (Holmes, Calvert, & Spence, 2007; Longo &reaago, 2007,
Lourenco & Longo, 2009; Maravita, Husain, ClarkeDgiver, 2001;
Maravita, Spence, Kennett, & Driver, 2002). The onigy of these
studies were concerned about the effects of tamlomsthe extension
of peripersonal space (Iriki et al., 1996; LongoL&urenco, 2006;
Maravita & Iriki, 2004) could show that the visuakeptive fields of
bimodal neurons in the brain of macaques were dggrio more
distant spatial areas, after a training to reaelsérareas with a rake.
Behavioral correlates of this recalibration of personal space have
also been reported in human subjects (Longo & Laeoe 2006;
Maravita & Iriki, 2004).

The dynamics of peripersonal space are not confited
extensions and contractions of its range, but affect the relative
resolution of certain subdivisions within periparab space
(Gillmeister & Forster, 2012; Lloyd, 2007; Ladavas,Pellegrino,
Farne, & Zeloni, 1998; Reed, Betz, Garza, & Roh&®d0; Short &
Ward, 2009; Whiteley, Spence, & Haggard, 2008)a&othe spatial
areas immediately surrounding the hands, ofterrnefeto as peri-
hand space, overrepresented compared to othenlspegas within
peripersonal space (Brozzoli, Gentile, & Ehrssddl 2 Ladavas &
Farné, 2004; Makin et al., 2008; Reed et al., 260&d et al., 2010).
Again, this irregular resolution of spatial repnes¢ions can be
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explained in terms of a different behavioral rele@ (Brozzoli et
al., 2012; Reed et al., 2006).

All of these studies demonstrate that the dynamads
peripersonal space representations are closelgdela variations of
body posture (especially regarding the hands) andttentional
processes (Driver & Grossenbacher, 1996). In sfudyd 2 of the
present thesis, this relation will be further inigsted, and a
hypothesis concerning a mental segmentation opeesdnal space
into response fields will be tested. Response digte defined as
spatial subdivisions, representing specific bodytpaA mental
segmentation of peripersonal space into respons&sfi was
hypothesized to facilitate the tactile processing body parts,
because the identification of a touched body pantld only require
the localization of the tactile stimulus within pesific response field
(representing the associated body part), rather thaupplemental
determination of the body part currently occupythg same spatial
area. An example of response fields and their digreaze on body
posture is described in the introduction of studgrtl depicted in
Figure 1. Based on the results of study 1 and shamse fields are
proposed as a conceptual framework for the invattig of tactile
processing of body parts within an external refeeesystem.

1.2.2  Ownership and Agency

The distinction between a sense of body owneraipaasense of
agency as two different aspects of the bodily BaH received much
interest during the last decade (Gallagher, 20G€kifis, Schutz-
Bosbach, & Gallagher, 2007b). The function of thenan body as
the mediating interface between the phenomenabseltthe external
world is twofold (Merleau-Ponty, 1945/1962).

First, the body is perceived as the source of semsa An
externally imposed event at the body directly resinl a phenomenal
sensation of that event, the body being the onldium by which
the external world can exert its influence uponghenomenal self.
Contact between a knife and an object on my deskidvbave no
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consequences for my phenomenal “selfut if the same knife
approaches my hand, the anticipation of the phename
consequences would immediately make me feel unatatie. This
aspect of a bodily self-consciousness is commoafgrred to as
body ownership, reflecting the sense that whaténegapens to this
body, happens tme (within the meaning of the phenomenal self).

Second, the body is perceived as a medium to mktégand
modify the external world. Intended changes witlie@ environment
can only be imposed by means of motor control aékerbody. For
all intents and purposes, the influence of the phemal self upon
the external world is indirect, mediated by the yooth order to
move the knife on my desk, | first have to reachiffavith my hand,
whereas the body movement itself can be executestttf. This
second aspect of bodily self-consciousness is @ragency and
describes the sense tHatan affect my environment only via this
body.

Body ownership and agency both result in a stropgisceived
association between the body and the phenomerfalasel, in this
vein, contribute to the development of a bodilyf §8kllagher, 2005;
Merleau-Ponty, 1945/1962).

The distinction between body ownership and ageneg h
stimulated numerous empirical investigations (Kaltk& Ehrsson,
2012; Kammers et al., 2009b; Longo & Haggard, 2008kiris et
al., 2006; Tsakiris, Longo, & Haggard, 2010) aslwasl theoretical
considerations (Gallagher, 2000; Tsakiris et a007b), but the
interrelation between both concepts remains ansoived question.
Some studies suggest them to be disjunctive aspédtse bodily
self, absolutely independent from each other (S3ikp¥/osgerau, &
Newen, 2008; Tsakiris et al., 2010), while othergour an additive
model, proposing a common basis sufficient for awhp and

“ For the sake of simplicity and due to the objextof this thesis, the example is
restricted to somatosensation. Of course, othesese(e.g., vision) are not reliant on
bodily contact, and can transfer remote externanty to alterations in the
phenomenal self. However, even those events ameiped from the first-person
perspective of the body. Regarding vision, | do petceive a knife approaching an
object, but a knife approaching an objeetaway from me

® The fact that motor intentions and body movememésalso mediated by efferent
nerve pulses does not derogate the argument obpteral immediacy, because those
mediating processes are not consciously perceBdnomenal immediacy is even
regarded as an essential precondition to enablguatke motor control (Prinz, 1992;
Sartre, 1943/1958).
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necessary for agency and a supplementary conditmessary for
the development of agency (Gallese & Sinigaglid,®0According
to this latter view, body ownership can be mairgdirwithout a
sense of agency, whereas agency would necessaply a sense of
ownership. Indeed, there are some clinical syndsofaearchic hand
syndrome, delusions of control in schizophrenidguas) reflecting
the case of a disturbed sense of agency coincitientath a
preserved sense of ownership (Frith, 2005; MarcBebella Sala,
1998), while there are no reports of the reversaske ((disrupted
ownership with preserved agentyiNevertheless, arguments for the
independence hypothesis are provided by the oltsemvaf distinct
neural networks activated during the induction efnership and
agency (Tsakiris et al., 2010).

Irrespective of the relation between ownership agency, it has
been shown that they affect the perception of tleelybin a
qualitatively different manner. By comparing therqeptual effects
of passive tactile stimulation and active fingerveiments within the
RHI, Tsakiris et al. (2006) found that the percdivepatial
displacement was restricted to the stimulated fingethe passive
induction method, while it was spread over the whiodnd in the
active induction method. Voluntary control over tim@vements of
an artificial hand, giving rise to the emergenceagéncy, seem to
have a more widespread effect on body representativhereas
tactile stimulation seems to exclusively affect theched body part
(Tsakiris et al., 2006).

Based on these results, it is plausible to assumgreater
importance of the anatomical congruence betweemmummmands
and their bodily effects (resulting in a senseg#gracy) than between
tactile stimuli at the body and their sensory comsmces (resulting
in a sense of ownership), a hypothesis which wateden study 4 of
the present thesis.

¢ Somatoparaphrenia might be a candidate, but ibcoors with motor and
somatosensory deficits, impeding the assessmegenfcy (Vallar & Ronchi, 2009).
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1.2.3 Body Image and Body Schema

Since the original conceptualization by Head & He#r(1911)
the distinction between two different kinds of bodypresentations
has been confirmed in various studies and is géyexpproved in
the scientific literature (de Vignemont, 2010; @gter, 2005;
Kammers et al, 2009a; Paillard, 1999). Based oimicel
observations of discrete functional deficits in mdogical patients,
Head & Holmes (1911) proposed the existence oéasdtltwo body
representations, which are commonly referred tbay image and
body schema(Gallagher, 2005).

The body image contains the sum of conscious p#gorepand
attitudes towards one’s own body, and is accompahie a high
level of consciousness. The content of the bodygemearies with
the attention towards specific aspects or partshefbody, i.e., it
does not consist in a holistic representation,ratiter in ‘an abstract
and partial perception of the body’ (Gallagher, 200.57).

The body schema refers to a pre-conscious repeggamiof the
body serving as an implicit frame of referencetfo execution and
guidance of goal-directed movements, which usuddiynot require
conscious monitoring (e.g., walking, grasping otgeetc.). It is
described as a ‘combined standard, against whiclsuddsequent
changes of posture are measured before they eomtsciousness’
(Head & Holmes, 1911, p.187). Accordingly, the bosighema
operates within an external frame of reference, behaviorally
relevant visual information and bodily sensatiores grocessed with
respect to their coordinates in peripersonal spate extent to
which specific body parts (e.g., hands and fingars) included in
this spatial body representation was investigatextudy 1.

The conceptual distinction between body image adytschema
is confirmed by a double dissociation revealed Hkipical case
studies (Gallagher, 2005; Head & Holmes, 1911).fl2eantation, a
neurological condition indicating the loss of soas@nsation and
proprioception from the neck downwards due to nedesnage,
forms one side of this dissociation, i.e., the aafsa disturbed body
schema, while the body image is preserved (Coleadldrd, 1995;

" The original term introduced by Head & Holmes (1p1s ‘postural schema’.
According to conventions in the more recent literef the established term ‘body
schema’ will be used here.
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Gallagher & Cole, 1995; Paillard, 1999). Unilateraglect and
tactile blindsight are examples for the reversedtepa the
coincidence of a defective body image and an intacty schema
(Gallagher, 2005; Paillard, 1999; Rossetti, Rod&dsson, 1995).

Based on the distinction between a sense of owiperstid a
sense of agency (see section 1.3.1), Kammers ef(2809b)
suggested that these two aspects of the bodilyskelild differently
affect the body image and the body schema. The lmdge (in
contrast to the body schema) should be modifiaplenanipulating
the sense of body ownership, because the feelingwofership is
elicited by passively experienced tactile sensati@nd is not
associated with movements. This is exactly what ¥easd in
another study by the same group (Kammers et ad9&0 although
the proposed influence of a sense of agency orbtitly schema
could not be confirmed (Kammers et al., 2009b). Bhsence of
body-schematic alterations after the experimentahipulation of
agency, however, might be due to the experimergsigth, because
in the study of Kammers et al. (2009b), as in mathers (Longo &
Haggard, 2009; Newport, Pearce, & Preston, 201@kifis et al.,
2006), agency was induced over a spatially displat#geo-image of
the participants’ real hand, which presumably isy\different from
inducing agency over an unequivocally body-extrase@bject
(Kalckert & Ehrsson, 2012). Study 3 of the predbesis focuses on
this issue by implementing a version of the RHIdsh®n active
motor control over an unambiguously artificial hand

1.2.4  Congenital Body-Model

A critical issue with respect to body representaiconsists in
the question whether the way we perceive our badgldps in early
childhood depending on postnatal learning mechanisnwhether it
is based on a congenital default model of the huimagly, also
referred to as pre-existing body-model (De Preeg&tel sakiris,
2009). The discussion about the existence and kstigty of a
congenital body-model has a long history in theeaesh on body
perception, yet it still remains undetermined. Tieason for its
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intricacy apparently stems from the fact that thereconvincing
evidence for both the rigidness and the plasticity body
representations, which will be exemplified in tldldwing.

The phenomenon of aplasic phantoms, i.e., the ptote of
phantom sensations from congenitally deficient Bmbhighly
suggests the existence of a congenital body-mdgielgger et al.,
2000; Gallagher, Butterworth, Lew, & Cole, 1998;nRechandran,
1993). These phantom sensations can occur duriagvtiole life-
span of the patients, in spite of the absolute radesef any sensory
afferences from the respective limb (Melzack, Israacroix, &
Schultz, 1997). These clinical cases show that shéjective
experience of a body part does not necessarilyrikpa sensory-
motor contingencies regarding the specific body t.parhe
anatomical configuration of the body seems noteddarned, but to
be congenitally available and resistant to incdaesis sensory
information. Although these clinical observationsinforce the
conception of a congenital body-model, alternagxelanations for
the phenomenon of aplasic phantoms have been mdp@¥ice,
2006).

Further evidence for a congenital body-model isvipled by
experimental studies, revealing several anatomicahstraints
regarding the alteration of body representation®sténtini &
Haggard, 2007; Ehrsson, Spence, & Passingham, 2Bfagiano,
Cooke, & Taylor, 2000; Haans, ljsselsteijn, & de rKo2008;
Holmes, Snijders, & Spence, 2006; Pavani, Spendariger, 2000;
Tsakiris & Haggard, 2005). Several examples indictiat the
temporal synchrony between tactile and visual datmn is, though
a necessary, not a sufficient factor for the oammge of the RHI
(Tsakiris, 2010). The effects of the illusion haveen shown to
vanish, when the artificial hands were arrange@nnanatomically
impossible posture (Ehrsson et al., 2004; Pavaali.e2000; Tsakiris
& Haggard, 2005), and to be substantially dimingsheshen the
artificial hands were replaced by neutral, bodyelated objects
(Haans et al., 2008; Holmes et al., 2006; TsaKirldaggard, 2005;
but see Armel & Ramachandran, 2003). These finddegaonstrate
that specific anatomical attributes of the artéldhand are required
for the RHI, and that the perceived incorporatibbady-extraneous
objects depends oa priori conceptions regarding the anatomical
structure of the human body.
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Other studies, however, illustrate a considerabdaitility of
body representations, even beyond the limits of tcanizal
discrepancies (Armel & Ramachandran, 2003; Braual.et2001;
Guterstam, Petkova, & Ehrsson, 2011; Moseley & Barg 2009;
Schaefer, Flor, Heinze, & Rotte, 2007; Schaefelints & Rotte,
2008; Schaefer, Heinze, & Rotte, 2009). In a sesfawrain imaging
studies, Schaefer et al. (2007; 2008; 2009) cohtuvsthat bodily
illusions, induced by visual exposure to an altecedfiguration of
the body, modulated the topography of the primamatosensory
cortex. Most importantly, these short-lived alteyas in the primary
somatosensory cortex occurred after visual exposuamatomically
implausible (e.g., a lengthened arm, Schaefer.e2@07) and even
anatomically impossible bodily changes (e.g., adtlairm, Schaefer
et al., 2009; see also Guterstam et al., 2011).

Further evidence for the plasticity of body reprgagons is
provided by experiments on tool-use. After a certpieriod of
handling a tool, altered representations of theybwalve repeatedly
been reported (Cardinali et al.,, 2009b; Cardindliaé, 2011;
Yamamoto & Kitazawa, 2001). The original concepuatlon of the
body schema already highlights the capability @jgeting the sense
of posture and movement ‘beyond the limits of owndodies to the
end of some instrument held in the hand’ (Head &nkés, 1911,
p.188). The perceptual and behavioral effects of-tise vividly
demonstrate the impressive dynamic qualities of ybod
representations (De Preester & Tsakiris, 2009; H&a#iolmes,
1911; Johnson-Frey, 2003; Longo & Lourenco, 200&yrawita &
Iriki, 2004).

In summary, body representations definitely exhbitcertain
degree of flexibility, but they are not unlimitedhs mentioned
initially, the constraints on the plasticity of hocepresentations has
generated the assumption of a congenital body-m@dePreester &
Tsakiris, 2009; Tsakiris & Haggard, 2005). The féleat body-
schematic alterations after tool-use depend on Haive
manipulation of the tool suggests a high involvetnefi motor
processes. The importance of the motor systemefaresentational
changes of the body has also been shown in othdiest(Braun et
al., 2001; Moseley & Brugger, 2009; Schaefer, Fidginze, &
Rotte, 2005). Therefore it is possible that thelurice of a
congenital body-model depends on whether alteratioh body
representations are induced by active voluntary emmnts or by
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passive tactile sensations. In study 4 of thisishehis issue was
investigated by comparing the effects of anatorhicaicongruent
feedback within a passive and an active versiorthef RHI (see
section 1.1).

1.3 Overview of the Studies

The present thesis deals with the questions (ivhat extent
postural body representations modulate the reptasem of
peripersonal space and (ii) to what extent bodyesgntations can
be modulated by spatially displaced visual feedbaegarding
passive touches at the body and active movemerntediody. This
section is designed as a brief common overviewheffour studies
and might be helpful for a first overall impressi¢iowever, it does
not intend to provide a comprehensive descriptibrihe studies’
details, for which the reader should consult tlepeetive chapters.

Study 1 It was examined whether the tactile processinbanfy
parts was modulated by postural representationsthef body.
Participants received tactile stimuli at the firtges of their index
and middle fingers while holding their hands eithea vertical or a
woven posture (Figure 1) and were asked to disodtei as fast as
possible either between stimuli at their rightle& hand, or between
stimuli at their index vs. middle fingers. Besidbs contribution to
the controversially discussed question as to wheshwle fingers
are included in a postural representation of thidybetudy 1 set the
basis for the hypothesis of response fields.

Study 2 We tested three characteristics of response fialidgh
were proposed on the basis of the results fromystud\gain, tactile
stimuli were applied to the fingertips of the peigants’ index and
middle fingers, while participants had to identife laterality of the
stimulated hand. In experiment 1, hands were he&thiadjacent or a
separated posture (Figure 6a), modulating the alpatistance
between response fields for the right and thehiaftd. In experiment
2 and 3, participants held their hands in a rigidiesed or a left-
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enclosed posture (Figure 7a), varying the size thednumber of
response fields. Although the results of study @ficmed the basic
idea of response fields, an important modulatiogarding the
characteristics of size and number was broughtdaatw

Study 3 By presenting spatially displaced visual feedback
regarding passive tactile stimuli at (or active mments of) the
participants’ right index finger within the paradigof the RHI, we
investigated the relative contribution of a sentewnership and a
sense of agency with respect to changes in bodieseptations.
Effects on body representations were assessed dryoptenal self-
reports, a perceptual and a behavioral measureragripceptive
drift. Study 3 was designed to disentangle altenatiof the body
image and the body schema (see section 1.2.3).

Study 4 It was investigated whether the influence of agemital
body-model (see section 1.2.4) differs dependinghmninduction
method for the RHI. Passive tactile stimuli at &otive movements
of) the participants’ right index and middle fingeere accompanied
by visual feedback at an artificial hand. The visiedback was
varied according to its anatomical congruence (ldreanatomically
corresponding fingers at the real and the artifidiand were
stimulated or moved) and coupling consistency (twaetthe
coupling between real and artificial fingers vajied
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1.4  Aims and Scope

In this section, the main research questions ofptiesent thesis
as well as methodological aims are summarized.

1.4.1  Dynamics of Spatial Representations

The first part of the thesis (study 1 and 2) isasned with the
influence of body posture on the representatiopesipersonal space
(see section 1.2.1). A mental segmentation of pesgnal space into
task-relevant subdivisions was hypothesized to @ucdor the
spatial processing of tactile stimuli within an extal reference
system. This mental segmentation of space was tegé¢e depend
on the postural representation of the body as aglbn the amount
of attentional resources focused on specific bodytsp The
hypothesis was tested in study 1, resulting incthreceptualization of
response fields. The primary goal of study 2 cdadisin the
validation and further elaboration of responsedielwhich will be
discussed as a conceptual framework for the progess tactile
stimuli within an external frame of reference.

1.4.2  Dynamics of Body Representations

A central concern of the second part of the thesigdy 3 and 4)
was to determine necessary preconditions as weiliniting factors
for alterations of body representations. Severelofa were tested
regarding their capability to induce the RHI, thebjgctive
embodiment of an artificial hand.

Specifically, we examined the influence of top-dopmocesses
on the occurrence and the strength of the RHI. &mynstudies on
the RHI (especially those implementing active mogats) video
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images or mirror reflections of the own hand werespnted as
‘artificial’ hands, which raises issues as to wieetthe perceptual
incorporation of these images can be accounteddtaly by top-
down processes. In fact, the participaate looking at their own
hand, though the image is spatially displaced. &st ffor this
possibility, an unambiguously body-extraneous abjec movable
wooden hand) was used in study 3 and 4.

The assumption of a congenital body-model (seeicsedt.3.4)
predicts the importance of an anatomically congrueoupling
between fingers at the real and the artificial hasda necessary
precondition for the RHI. Similar anatomical coastts have been
reported in other studies (Ehrsson et al., 2004ndeaet al., 2008;
Holmes et al., 2006; Pavani et al., 2000; Tsakiridaggard, 2005).
In study 4 the impact of anatomical congruence teated against
the impact of the consistency of this coupling.

1.4.3 Body Ownership and Agency

The distinction between a sense of body ownerstipaasense of
agency (see section 1.2.2) implicates different@ssing strategies
for passive tactile sensations at and active valyntnovements of
the own body. The investigation of this issue wagtler aim of this
thesis.

Study 3 examined differential effects of passivectoand active
movements within the RHI on the body image andbiba@y schema
(see section 1.2.3). In order to disentangle altars specific for
these functionally different body representations, compared the
performance in a perceptual task (presumably basethe body
image) with that in a motor task (presumably basadthe body
schema). This question was addressed previousKalbymers et al.
(2009b), but due to the implementation of an adednmethod for
the induction of the RHI in study 3 (see next paaph on
methodological aims) further informative resultsrevexpected, and
firmer conclusions could be drawn.

In study 4 we assessed the differential impact aoagenital
body-model with respect to the development of asseof body
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ownership as compared to a sense of agency. Theriamge of
anatomical congruence of the coupling between fegd the real
and the artificial hand was compared for passivelies and active
movements within the RHI.

1.4.4  Methodological Aims

The present thesis involved two methodological ctijes, the
first of which consisted in the implementation afew procedure for
the RHI paradigm based on active motor control owar
unambiguously artificial hand. To enable voluntangpvements of
artificial hands, many authors used video-basagl,(€sakiris et al.,
2006) or mirror-based (e.g., Holmes et al., 2006é)sions of the
RHI, which seem questionable when the object oéstigation is the
perceived incorporation of arartificial hand, definitely not
belonging to the own body. The general principléhaf new method
was validated in study 3 and it was applied anth&rrelaborated in
study 4.

Second, a new procedure for the assessment ofipceptive
drift within the RHI was implemented and validated study 3,
allowing for the calculation of a parameter for adimination
performance. This procedure is the first to en#idespecification of
the degree of certainty for judgements about baastyre, an aspect
of the RHI which has not been considered in previstudies. This
procedure was successfully applied in study 3 and 4
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2 Study 1. A Mental Segmentation of
Peripersonal Space Depends on Body
Posture

It is an unresolved question whether single fingene
represented within a spatial frame of reference fi¥o experiments
in study 1 investigated the impact of postural espntations of the
body on the processing of tactile stimuli at thrgéirs and hands.

Healthy subjects received two simultaneous tastil@uli at the
fingertips while the fingers of both hands weréeitinterleaved or
not. In speeded response tasks, they were askatistominate
(experiment 1) or to identify (experiment 2) theidhed body parts,
either regarding hand laterality or finger type. eThesults
demonstrate that both finger discrimination anddinidentification
are influenced by body posture. We conclude thatagsumption of
a solely somatotopic representation of fingersoistanable and that
an external reference system must be availabléhéoprocessing of
tactile stimuli at the fingers. The results arecdssed in terms of a
mental segmentation of peripersonal space, based @ostural
representation of the body and task requirements.

2.1 Introduction

Tactile stimuli can be localized within somatotopied external
frames of reference (Azafion & Soto-Faraco, 20G8dH& Holmes,
1911; Kim & Cruse, 2001). These two reference systdiffer in
their dependence on body posture. While the sowgaitot
coordinates of specific body parts do not changth wdifferent
postures of the body, their external spatial cowttis do (Driver &
Grossenbacher, 1996; Kitazawa, 2002; Lloyd, Sh&peence, &
Calvert, 2003; Pellijeff, Bonilha, Morgan, McKenzi& Jackson,
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2006; Roder, Spence, & Rdsler, 2002; Shore et2802; Soto-
Faraco, Ronald, & Spence, 2004).

Many studies have addressed the question whethaishand
fingers can be processed within an external referemsystem
(Azafidn & Soto-Faraco, 2007; J. C. Craig, 2003; d4ad et al.,
2006; Schicke & Roder, 2006; Schicke, Bauer, & RHdH09;
Shore et al.,, 2002; Shore, Gray, Spry, & Spenc@5R0There is
agreement about the representation of the handsupoin external
coordinates, but the findings concerning such aesgmtation of
single fingers are inconsistent. Many authors ddltintegration of
single fingers within an external frame of refergnceferring to
illusory perceptions like Aristotle’s illusion, wdth is the deceptive
feeling of two objects when actually only one objischeld between
two crossed fingers (Johannsen, 1971). This illusias repeatedly
been interpreted as reflecting the brain’s inabilib update the
fingers’ posture relative to each other (Benedd#i35; Benedetti,
1988). Indeed, in some studies no postural infleeoo finger
processing was found (Benedetti, 1985; Benedd&881Haggard et
al., 2006). Other investigations, however, providaddence that
finger processing is affected by body posture (JCfaig & Busey,
2003; J. C. Craig, 2003; Shore et al., 2005).

In an attempt to resolve the inconsistencies onm itbéue we
identified three aspects, which have to be accaurite when
investigating hand and finger representations irippesonal space:
task comparability, information value and the sgatdistance
between related body parts. These three aspedtbavdpecified in
the following.

The first aspect relates to the comparability & &xperimental
tasks. In order to compare between hand and fipgeoessing, it is
important to ensure the analogousness of the ewpatal tasks.
Ideally, they should differ only with respect t@kanstructions (i.e.,
whether attention is directed to the distinctionhainds or to the
distinction of single fingers). Therefore, an ekeel method is
provided by the analysis of the processing strategf tactile stimuli
applied to the fingertips. This approach allowsedircomparison of
hand and finger representations, because one anshthe stimulus
can be processed both with respect to hand lateeald finger type
(i.e., index, middle) (Haggard et al., 2006).

The second aspect consists in the reduction of rtaioty
regarding the stimulus’ location in peripersonaaa@ In terms of
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information value (Gigerenzer & Murray, 1987; MdF& Treat,

1999), distinguishing between the hands provideshhmore spatial
information than distinguishing between finger typeHaving

identified the laterality of a touched hand, we cgpecify the
stimulus’ location within the space near that haegen if the
touched finger remains unknown. In contrast, idmatiion of the

touched finger type, without taking into accourd thterality of the
associated hand, confronts us with more uncertaiegyarding the
stimulus’ external coordinates. Given a possiblygda distance
between two fingers of the same type (i.e., betweenhands), the
stimulus cannot be constrained to a circumscribeda ain

peripersonal space. Its location might differ hjgtiépending on the
associated hand. Thus, when touched at a spetifierf humans
might automatically process the laterality of th&saciated hand,
even if they are explicitly asked to ignore it. 8aneffects of task-
irrelevant information have frequently been repdri@ various

studies (Simon & Acosta, 1982).

The third aspect is the spatial distance betwedatedt and
unrelated body parts (determined by task demand&)hin an
external frame of reference, tactile stimuli arealized with respect
to external spatial coordinates (Azafidn & Soto-Eara2007;
Azafion & Soto-Faraco, 2008; Kitazawa, 2002). Byedweining the
part of the body which is currently occupying tlsgiace, one can
infer the stimulated body part. In order to idgntifie laterality of a
touched hand, it would be beneficial to mentallybdivide
peripersonal space into two discrete areas, defiyettie position of
the hands. Each area would then represent oneeafnth response
alternatives (i.e., the right or the left hand).cBua mental
segmentation of peripersonal space would facilifg¢éeformance,
because hand identification would only requiredrstinction of two
discrete spatial areas and the localization ofstimulus within one
of these areas. The spatial proximity of fingerdh&f same hand, as
well as the spatial distance between fingers dédiht hands might
serve as a basis for a better identification ofdlsamithin an external
reference frame (Driver & Grossenbacher, 1996; KimCruse,
2001; Shore et al., 2005; Soto-Faraco et al., 2004anging the task
requirements from hand to finger processing, thmesagrinciples
would suggest a perceptual advantage for otheupsstfingers of
the same type should be spatially close to eacér otthile fingers
of different types should be spatially distant.
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Figure 1 a) Postural conditions and) task-relevant subdivisions of
peripersonal space for hand and finger tasks ieraxgents 1 and 2 of study 1
Dotted circles indicate areas representing theoresp ‘right hand’ or ‘index
finger’, respectively.
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The effects of the spatial distance between relatetiunrelated
fingers can be investigated by the experimentalifivation of hand
postures (Driver & Grossenbacher, 1996; Kim & Crus#01; Shore
et al., 2002; Shore et al., 2005; Soto-Faraco .e28D4). A sound
method is to compare a posture, in which the fisgdrboth hands
are interleaved, and a posture, in which the fisgare ordered
according to the associated hand. Variations ofeheostural
conditions have been implemented in several stytlaggard et al.,
2006; Roder et al., 2002; Zampini et al., 2005)other example,
restricted to index and middle fingers of both r&nd depicted in
Figure la.

The postulated segmentation of peripersonal spate task-
relevant areas is differently affected by the waitiand the woven
posture, depending on task requirements (Figure Riegarding
hand processing, related fingers are adjacentervéhtical, but not
in the woven posture. The former allows the meotaistruction of
two discrete areas, while in the latter hands carulearly be
assigned to one spatial area each, because theseverapping.
Each hand is no longer represented by one broadected area, but
by two smaller ones, which are separated by areasped by
fingers of the other hand. This relation is revdrder finger
processing, because here it is the woven posturghioh related
fingers are adjacent (Figure 1). According to thesesiderations,
we assume that processing of hand laterality wdnddfacilitated
during the vertical posture, while processing @igér type would
profit from the woven posture.

However, in a recent study by Haggard et al. (208§)ostural
effect was found only for the processing of hanBarticipants
received single tactile stimuli at their fingertipad were asked to
indicate the laterality of the stimulated hand be ttype of the
stimulated finger, respectively. While hand idenéfion was indeed
enhanced during the vertical as compared to theemwgosture, no
perceptual advantage was found for finger idertifan, neither
during the vertical nor the woven posture (Haggerdal., 2006).
This finding was interpreted as contradicting tepresentation of
single fingers within an external reference system.

Our considerations about information value andnyyaothesized
converse effects of the postural conditions regaydliand and finger
processing suggest an alternative explanationHerabsence of a
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postural effect on finger identification in Haggaetal. (2006). Due
to implicit hand processing during the finger tatthe facilitating
effect of the woven posture on finger identificaticould have
interfered with the impeding effect of the sametprad condition on
hand identification. Similarly, a decrease in fingdentification
performance during the vertical posture may hawvenhmbscured by
improved hand identification during that posturelvAntageous and
disadvantageous effects could have compensateddoh other,
thereby concealing any postural influences on thagef
identification task.

In the present study we investigate the effectthefvertical and
the woven posture on tactile processing of handks fangers. We
claim that single fingers can be processed witliresternal frame
of reference, and that the woven posture facibtditeger processing.
Both experiments of the present study were conduasean attempt
to suppress implicit hand processing during thgedintask and to
seek evidence for postural influences on the psingsof single
fingers.

2.2  Experiment 1

In experiment 1, two tactile stimuli were applieghshronously
to the tips of the index fingers and the middlegérs of both hands,
while participants were adopting one of two podteanditions. In
the vertical posture, index and middle finger of tight hand were
placed vertically above the ones of the left haimd.the woven
posture, index and middle fingers of both handsewiaterleaved,
with the right index finger on top (Figure 1a). fapants were
asked for equality judgements, i.e., they had terdgne whether
the stimuli were applied to the same or to difféteands, in the hand
discrimination task and to the same or to different finger types, in
the finger discrimination task, respectively.

8 The difference between equality judgements andigixpaming of body parts (or
categories of body parts) consists in the needefact identification. Equality
judgements do not require identification, but iastecan be based solely on the
discrimination of body parts. To account for thessviant requirements we will
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The experimental tasks are based on those implecheby
Haggard et al. (2006), but vary in three detailseSe three details
are related to the three important aspects conwgrinivestigations
of hand and finger processing in peripersonal spaaeeely task
comparability, information value and the spatiastdince between
related fingers.

First, each trial consisted of two simultaneousjivatred stimuli
rather than one, and participants were asked faalég judgements
concerning these stimuli rather than for identifima of a touched
body part. This method was applied by Haggard.gf806, exp. 2)
only for the hand task. The essential consequentethis
modification relates to the information value ofnHaand finger
processing. Supplemental hand processing duringfitiger task
provides no incremental information concerningdkternal location
of the stimuli, since targets (i.e., stimulationhadth fingers of the
same type) involve the stimulation of both handsyvaay.
Furthermore, due to the adjustment of response sode
(‘same/different’ in both tasks rather than ‘rigbf’ in the hand task
and ‘index/middle’ in the finger task) the task qmarmbility is
enhanced.

Second, stimulation was restricted to the indegdis and the
middle fingers of both hands, as in experiment 4Hafgard et al.
(2006). This constraint yields considerable advwgeda for the
comparability of the areas that are occupied ated fingers during
both tasks (Figure 1b). Moreover, task comparghbigitwarranted by
equal numbers of possible stimulus combinationsvben the tasks
(Figure 3).

Third, only index and middle fingers were arrangedording to
the postural conditions (Figure 1a). Hence, invtbtical posture the
right middle and the left index finger were adjacemather than
being separated by ring and little finger of thghtihand, as it has
been the case in Haggard et al. (2006). As a coeseg, the spatial
distance between the four relevant fingers is eépraboth postural
conditions, though the configuration of task-retatibdivisions of
peripersonal space is inversely affected by theilgu¢e 1b).

According to our considerations about a mental ssgation of
peripersonal space, we hypothesized a facilitaéfigct on finger

distinguish between identification and discrimipatitasks. According to this label
distinction, identification tasks were used in Haghet al. (2006, except exp. 2) while
we will implement discrimination tasks in experirhén
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discrimination during the woven posture, when hargous fingers
are adjacent to each other. Enhanced performancefirfiger

discrimination during the woven posture would stignsuggest a
processing of fingers within an external referermgstem. In
contrast, if fingers are only processed within matotopic frame of
reference, no postural effect should be observable¢he finger
discrimination task.

More precisely, for the hand discrimination task,e w
hypothesized shorter reaction times and fewer erchrring the
vertical as compared to the woven posture. For fimger
discrimination task, shorter reaction times and eiewrrors were
expected during the woven as compared to the eépisture.

2.2.1 Methods

Participants Twelve healthy participants, recruited from the
University of Mannheim and from the local communiiyok part in
the study. They were either paid for their partitipn or received
credit points for participating in an experimenbr(fpsychology
students). Data from one participant had to beusbed from the
analyses because of problems in the technical setdgan age of
the remaining eleven participants (4 males) wad 2éars. All but
one were right-handed as assessed by the Edinbtdagledness
Inventory (Oldfield, 1971). All participants gaveritten informed
consent to the experiment.

In addition to the assessment of handedness, ipariis were
asked about past injuries at the hands or fingegs, (bone fractures)
as well as about frequent activities involving [sec finger
coordination (e.g., playing musical instruments)ll Aeported
injuries (18%) were completely healed, and sixipgdnts had been
playing musical instruments for at least five years

Experimental set-up Participants were seated in front of an
occluding screen, which deprived them of the vidwheir hands.
The hands rested comfortably on pillows, in a marhat allowed
only the index and the middle fingers to reachtibdy midline. The



28 Study 1

other fingers and the thumbs were placed at thitaipsl side and
were prevented from getting in touch with their ctauparts on the
contralateral hand (Figure 1a).

Tactile stimuli were delivered via miniature sol@® (RS
Components, model 330-5213) attached to the fifgemvith thin
strips of adhesive tape. To enable the solenoid f@irswing back to
their original position after stimulation, plasticits with a width of
4mm were fixed between the solenoids and the dkiheofingertips,
thus keeping a constant distance. Stimulus durati&as set to 20ms,
which was sufficient to induce a well-noticeabletile sensation.
Active noise-cancelling headphones (Audio Techrddd-ANC7,
QuietPoint®) were used to reduce acoustic disturbaaused by the
solenoids.

Motor responses were given via two foot pedals, oh¢hem
indicating a ‘same’ and the other one indicating'diferent’
judgement. The lateral meaning of the foot pedas vandomized
across subjects. Within subjects, the denotatiotheffoot pedals
was kept constant during the experiment, in ordevbid confusion.
Visual reminders with verbal descriptions of theieaning were
attached to the occluding screen.

The tasks were presented in randomized order. Tdher @f the
two postural conditions was randomized only wittie respective
task, so that each task was accomplished succhssiveboth
postures. This constraint should reduce confusientd the changes
in task requirements. Each block consisted of 6@leitrials, so each
of the six possible stimulus combinations (Figuyevas applied ten
times in randomized order. The intertrial intervadtween the
subjects’ response and the onset of the followingnuus
combination was approximately normally distributeithin a range
of three to five seconds. Stimulus sequences wentralled using
Presentation v12.2 (Neurobehavioral Systems, G#,,USA).

Previous to each block, the experimenter helped#récipants
to arrange their hands in the correct manner. daatits were
instructed about the type of the following taskngr vs. hand
discrimination) and were asked to respond as atdyrand as
quickly as possible. Participants were told to kéegr eyes open
and to focus on a black cross, which was fixedh® occluding
screen in front of them.

We tested for mechanical transmission of the &datiimuli, i.e.,
the possibility that the impulses caused by thersmtls are carried
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over from the stimulated to adjacent fingers. legréints interleaved
their hand with that of a second person and stimatie applied only
to the second person’s fingers. A slight tremoreadmng from
stimulated to adjacent fingers occurred, which waxy low but, in
the absence of direct stimulation, could be rejiatdtected (100%).
Yet, during the whole length of the experiment, pdrticipants
consistently reported the perception of exactly taaches per trial,
indicating that mechanical transmission did notiifgre with the
perception of the stimuli. Moreover, it has beeroveh that the
marginal effect of mechanical transmission redultg trend towards
faster responses in the vertical as compared tawvtheen posture,
irrespective of task type (Haggard et al., 2006)thwegard to the
present study, this means that reaction times wdnddslightly
underestimated in the vertical condition and ouéresed in the
woven condition, assuming the occurrence of anluémice at all.
Thus, since the direction of a potential effect miechanical
transmission would have been contrary to the hygmted postural
effect on finger processing, it does not requirghier consideration.

Statistical analysis Trials with reaction times longer than
3000ms$ were excluded from statistical analysis. This tiwiadow
was sufficient to respond to the tactile stimulathe foot pedals,
and only 2% of all trials across subjects had tebeuded due to
longer reaction times. Furthermore, statisticallysis of reaction
times was restricted to correct trials only (88%valid trials).

To cope with outliers, statistical and descriptaealysis was
based on averaged median values, which were ctddufar each
subject and for every combination of task type hadd posture. As
far as possible, error rates were analyzed acaprdin signal
detection theory (SDT) and are reported by meanbebtatistic d'.
Due to occasional extreme hit rates of 1, a loglirteansformation
(Hautus, 1995) was applied to the data before it false-alarm
rates were calculated.

9 This cut-off value is higher than that used inexipent 4 of Haggard et al. (2006),
which was set to 2000ms. It accounts for the fhat tiscriminating between two
stimuli requires more time than identifying a segtimulus (Haggard et al., 2006).
The cut-off value of 3000ms lies within 2.7 stambdeviations above the mean of
reaction times. Nevertheless, applying differerttaféivalues (2000ms and 5000ms)
to the data produced the same results.
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Statistical analysis was performed with SPSS lfsihg a linear
mixed-effects model. Linear mixed models accoumnt fandom
effects, such as inter-individual differences (WeWelch, &
Galecki, 2007). A 2x2 factorial design was appliedhe data, with
both task type and postural condition constitutisiggle fixed
factors.

2.2.2 Results

Results of experiment 1 are presented in Figure® Table 1.
Main effects on reaction times of task typeg {£28.8, p<.001) and
posture (f3=6.2, p=.018) were significant, but the interacteffect
of task type and posture (k=2.9, p=.096) was not. Nevertheless, it
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Figure 2 Median reaction times and error rates (d’) duriagdh(H) and finger
(F) discrimination in experiment 1 of study 1. Ndkat higher values of d’
indicate fewer errors. Error bars show standarf excross subjects.
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can be inferred from Table 1 and Figure 2 thatgbstural effect
was almost entirely restricted to the hand disaration task.

Regarding error rates, only the main effect of taske
(F1,325.9, p<.001) reached statistical significanceilavthe main
effect of posture (F3=1.8, p=.191) and the interaction of task and
posture (F3=1.5, p=.236) did not. However, error rates show a
trend towards the same pattern as was observegkdgtion times
(Figure 2, note that higher values of d’ indicasttér performance).
The absolute difference in mean d’ for hand disoration was .54
and only .03 for finger discrimination (Table 1).

At the highest level of aggregation the data did rewveal the
hypothesized postural effect on finger discrimioati Neither
reaction times nor error rates during the fingescdimination task
were affected by the postural conditions (Figure &) postural
influence was found only on hand discrimination.e@ll reaction
times and error rates were significantly highetha finger than in
the hand discrimination task.

Frequent playing of musical instruments involvimggse finger
coordination was additionally included as a dichaitofactor in a
mixed model analysis. Neither the main, nor anyhef interaction
effects reached statistical significance. Training finger
coordination had no significant effect on the resul

Table 1Mean and standard error (SE) across subjects afameeaction times and d’
for experiment 1 of study 1.

reaction times (ms) d’

task posture mean SE mean SE
hanc vertica 851 69 3.4¢€ .23
hanc wover  104: 103 2.92 .24
finger  vertica  117¢ 65 2.1z .30

finger  wover  120¢ 110 2.1( .32
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Exploratory analysis Every trial involved the simultaneous
stimulation of two fingers. In consideration of foypossible
stimulation sites, this results in six possible bamtions (Figure 3).
During each task, two of these combinations sea®dargets and
required a ‘same’ response, while the other fourewdistractors
demanding a ‘different’ response. For example, rdurihand
discrimination, the first two combinations in FiguB were targets

vertical woven

righthand‘ left hand right hand ‘ left hand
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(same hand), while all other combinations wereracsors (different
hands). The last two combinations in Figure 3 weiggractors in

both tasks. According to these properties, each glaassociated

combinations can be subsumed to a particular stitioul category

(Figure 3).
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To account for the fact that these stimulation gates differ
from each other in a crucial way (see discussioexgferiment 1),
the data was analyzed separately for each category.

Figure 4 shows the influence of posture on reactiores and
error rates in the hand and the finger discrimoratiask, separated
for the three stimulation categories. At this lewdl aggregation,
error rates could not be calculated according tol SBs each
stimulation category exclusively consists of eithtargets or
distractors with respect to each task and so comesponses are
predefined. During finger discrimination, the stiation category
‘same hand’ cannot produce true positives, becdlsestimulus
combinations in this category are predefined asati®ors. Figure 4
therefore depicts the mean percentages of errors.

In the end, descriptive analysis at this level ggragation shows
that the finger discrimination task was indeed &ffd by the
postural conditions. The direction of this effdebwever, varied for
the different stimulation categories. Better perfance during the
woven as compared to the vertical posture was fofordthe
categories ‘same finger’ and ‘different hand/firigevhile for the
category ‘same hand’ this pattern was reversedoiitrast, the effect
on hand discrimination did not differ between thimalation
categories, constantly resulting in a better penforce during the
vertical posture. The effect of stimulation catagon the direction
of the postural effect was entirely restricted the tfinger
discrimination task.

To ascertain statistical significance for thesedifigs, we
analyzed the data separately for the three stiiunlatategories,
focusing on the main effect of posture and itsratdon with task
type. With respect to reaction times, the main affef posture
reached significance only in the category ‘samedh#h; ;=24.3,
p<.001) and was not significant in the others (séinger: R 3=1.5,
p=.233; different hand/finger: ;B=0.2, p>.5), whereas the
interaction effect showed the reversed pattern éshamd: F35=0.6,
p=.45; same finger: |R=12.0, p=.002; different hand/finger:
F1357.7, p=.009). This characteristic significancetgrat further
confirms the conclusion that there is an influemdeposture on
finger discrimination, the direction of which is chdated by the
stimulation categories.
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Effects on error rates were statistically not digant, but the
trends reflect the pattern obtained for reactiomes (Figure 4), thus
ruling out the possibility of speed-accuracy tradis:

2.2.3  Discussion of Experiment 1

At the highest level of data aggregation, no padteffect on
finger discrimination was found. Rearranging thends from the
vertical to the woven posture seems to have naénfte on the
processing of fingers, neither a facilitating nariahibiting one. But
this interpretation of our data is too superfi@ad does not account
for the fact that the stimulus combinations usethadiscrimination
tasks have very distinct characteristics, which afeessential
importance concerning their perception. The stitmtacategories
differ in the degree to which they require fingasadimination to
gain a correct answer during the finger discrimorattask. The
crucial importance of this difference becomes obsiawvhen the
following considerations concerning the nature ahdh and finger
processing are taken into account.

Overall shorter reaction times in the hand disanatipn task
suggest that the participants are faster in disnetimg the hands
than they are in discriminating the fingers. Contsya shorter
reaction times for hand than for finger identifioat have also been
reported by Haggard et al. (2006). This generabhathge for hand
processing might reflect the larger familiarity leind distinction in
everyday life. A recent study revealed differertqassing strategies
for tactile stimuli at the fingers of the same wsfferent hands
(Overvliet, Smeets, & Brenner, 2010). Two stimulitee same hand
are processed in a serial manner, while stimuliiegpgo different
hands are processed in parallel. Therefore, ovehaltter reaction
times in the hand discrimination task may be exg@di by the
assumption that the process of hand discriminatiocurs prior to
the processing of fingers, and might even be coteglebefore
finger discrimination starts.

On this basis it seems quite reasonable that a waskh can be
solved via hand discrimination alone, will be sal\his way, even if
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the task description appears to require finger roiigonation. Of

course, this is true for the hand discriminatiosktawhich, by
definition, requires discrimination of the handsowgver, also the
finger discrimination task, which is supposed topmzformed via
finger discrimination, can sometimes be solvedlgala the basis of
hand discrimination: when both tactile stimuli grerceived at the
same hand, they must have appeared at differeggrn Only when
the stimulus combination involves both hands, disicration of

fingers is inevitable.

This applies to the stimulation categories ‘samegdi’ and
‘different hand/finger’ and, as shown in Figuretdese are exactly
the cases in which the finger discrimination taskhileits the
postulated advantage in the woven posture. Onlystiraulation
category ‘same hand’, which can be solved via hdiedrimination
alone and therefore does not require any fingecridignation,
reveals the reversed direction of the postural ceffe
Characteristically, this is exactly the profile weuld expect for the
hand discrimination task.

Obviously, the absence of a postural effect on €iing
discrimination at a higher level of aggregationcesused by the
interference of these complementary effects. Intresh regarding
the hand discrimination task, the effect of podtaceanditions has the
same direction in every stimulation category, alsvgyroducing
shorter reaction times and error rates in the earfposture. Due to
the consistency in effect direction, the posturdluence on hand
discrimination can also be found when all stimwlatcategories are
pooled.

In summary, when finger discrimination was absdjuessential
to solve the task and the discrimination of handsvided no
information whatsoever about the correct answerhaeced
performance was found in the woven posture. Thiscgpdual
advantage for the finger discrimination task whengdrs are
interwoven is in line with our initial predictionand demonstrates an
influence of body posture on tactile discriminatafrfingers.
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2.3  Experiment 2

Experiment 2 was conducted in order to support our
interpretation of the results from experiment 1medy that tactile
processing of fingers is influenced by a postuegkesentation of the
body.

We implemented identification tasks rather tharcriisination
tasks. Participants were asked to identify therdditg of the touched
hand, in the hand identification task, and the tgbehe touched
finger, in the finger identification task, respeely. As in
experiment 1, stimulation sites were restrictedthe index and
middle fingers of both hands. Two tactile stimulene presented
simultaneously to the fingertips of the particimantn the hand
identification task, stimulation always involvedtbdingers of the
same hand (i.e., the two stimulus combinations ftbm category
‘same hand’), and in the finger identification taskimuli always
were applied to both fingers of the same type ,(igimulus
combinations from the category ‘same finger’) (Fgy@3). Both tasks
were performed in the vertical and the woven pes(bigure 1a).

The essential difference between the identificatitasks
implemented here and in Haggard et al. (2006, #xponsists in the
fact, that single stimuli were used in the lattghjle in the present
study both related fingers (as determined by taskahds) were
touched simultaneously. This implicates an impdrizonsequence
for the information value of supplemental hand td&ation during
the finger identification task: since in each tialth fingers of the
same type were stimulated, supplemental hand faeiibn was not
only irrelevant for the correct response, but algbnot provide any
additional task-irrelevant information concernige tocation of the
stimuli in peripersonal space.

As in experiment 1 and contrary to the experimehtdaggard et
al. (2006), only the index and middle fingers wemeranged
according to the postural conditions (Figure laJeDto this
modification, the spatial distance between the felevant fingers is
equal for both postural conditions (see descriptibexperiment 1).

Our hypotheses were exactly the same as in expetitheFor
hand identification, reaction times and error raglksuld be smaller
during the vertical as compared to the woven pestigor the finger
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identification task, we expected shorter reactiones and fewer
errors during the woven as compared to the verpioature.

2.3.1 Methods

Participants 16 healthy subjects, five of whom had already taken
part in experiment 1, participated in experiment They were
recruited from the University of Mannheim and tbedl community,
and were either paid or compensated with coursditsreData from
two participants was excluded from further analykie to extremely
slow responses. Mean age of the remaining founpeeticipants (7
males) was 24.1, with a range from 20 to 30. Acicgrdo the
Edinburgh Handedness Inventory (Oldfield, 1971y veere right-
handed, three were left-handed and one was ambidesxtAll gave
written informed consent previous to the experiment

As in experiment 1 we assessed past injuries atshand fingers
as well as activities providing frequent exercisgiarding finger
coordination (e.g., playing musical instrumentshe3e factors had
no influence on the results presented here.

Experimental set-upIn the finger identification task, denotation
of the foot pedals was randomized across subjecrder to avoid
confusion concerning the labels ‘left’ and ‘rightfiis randomization
was abandoned in the hand identification task. isaminders on
the occluding screen were changed by the experénectording to
the current task. ‘Left/right’ labels were used féne hand
identification task and ‘index/middle’ labels forhet finger
identification task, respectively. Each block ceteil of 30 single
trials, so each of the two corresponding stimulosilginations was
applied 15 times in randomized order.

All other aspects of the experimental procedureewequal to
those of experiment 1.

Statistical analysisThe cut-off time for reaction times was set to
2000ms, which seems adequate for identificatiokstasnce only
0.17% of all trials were lost due to longer reatttones, and a cut-
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off time of two seconds was also used for motompoeses by
Haggard et al. (2006, exp. 4). Calculation of riesctimes was
based on correct trials only (98% of valid trials).

A deviation from the statistical analysis of expagnt 1 consists
in the calculation of error rates. Again, SDT wasl&d to the data,
but since there is no basis for the classificatbithe two response
alternatives into targets and distractors, the dats analyzed
according to a two-alternative forced-choice (2AFI&kign, which
involves the downward adjustment of d’ by a factdrl/(sqrt 2)
(Macmillan & Creelman, 1991).

2.3.2 Results

Again, task type and postural conditions both darsd single
factors of a 2x2 factorial design. Means and steh@arors (SE) of
median reaction times and error rates (d’) for eachdition are
shown in Table 2. Regarding the reaction times, echibxmodel
analysis revealed a strong main effect of task t{fpe;—=73.5,
p<.001), but neither the main effect of postures;§F0.9, p=.351)
nor the interaction effect of task and posture;§f2.6, p=.115)
reached a significant level. Since the discrepancseaction times
between the postural conditions was higher durihg hand
identification task, and even the trend of a pagdteffect on finger
identification was of the opposite direction (TaBland Figure 5), a
possible influence on hand identification alone Ildohave been
masked by the unaffected finger identification tabk account for
this possibility, both tasks were analyzed sepgraSupplemental t-
tests for paired samples showed a significant eéféposture during
the hand identification task,{t-2.8, p=.008, one-tailed), while no
differences in reaction times could be observed tlog finger
identification task (£=0.4, p=.333, one-tailed).
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Table 2Mean and standard error (SE) across subjects ofameeaction times and d’
for experiment 2 of study 1.

reaction times (ms) d’

task posture mean SE mean SE
hanc vertica 36z 14 2.67 .03
hanc wover 397 19 2.5E .05
finger  vertica  48€ 26 2.2( .08
finger  wover  47¢ 25 2.4( 09

The analysis of error rates revealed a differettepa of results
(Figure 5). Again, there was a significant maireeffof task type
(F135=23.0, p<.001), whereas the main effect of posteraained
non-significant (f3g=0.9, p=.359). The interaction effect of task
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Figure 5 Median reaction times and error rates (d’) duriagdh(H) and finger
(F) identification in experiment 2 of study 1. Ndteat higher values of d’
indicate fewer errors. Error bars show standamr @cross subjects.
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type and posture (R=5.3, p=.026) reached significance as well,
indicating a different effect of posture on boteks® When analyzed
separately for each task using paired t-tests,ifsignt differences
between the postural conditions could only be cordgd for the
finger identification task (§=-2.1, p=.029, one-tailed), but not for
the hand identification task;§t1.4, p=.092, one-tailed). However, it
should be pointed out here that in the hand ideatibn task, errors
were extremely rare (less than 1% of all trialshiock could have
concealed an effect of posture.

2.3.3  Discussion of Experiment 2

Experiment 2 was conducted to confirm the hypothdahbat
finger identification depends on a postural repmesg@on of the
fingers, as it has already been shown for the haBgsstimulating
both fingers of the same type rather than just ame,tried to
suppress implicit hand processing during the fingkmtification
task. Since every ftrial involves the stimulation lofth hands,
supplemental processing of the associated hand ide®vno
incremental information about the location of thémsli in
peripersonal space.

We focused on two different performance measuresnety
reaction times and error rates. In the finger idfieation task,
postural conditions had no effect on reaction timeghile
significantly fewer errors were observed during theven as
compared to the vertical posture. Thus, the hymihef faster
responses during the woven posture was disprovetthébylata, but
the assumption of fewer errors during the same itiondwas
confirmed. In the hand identification task, theewsed pattern was
observed: while the participants did respond to thtémuli
significantly faster during the vertical conditiorfror rates were
equal for both postures.

Both reaction times and error rates are equally oitamt
regarding performance, because they are directbte to each
other. In speed tasks, fewer errors within the same are
comparable to faster responses accompanied byathe sumber of
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errors. Experiment 2, therefore, confirms our @&itissumption of a
postural influence on both hand and finger idecifion.

A direct comparison with the results of Haggardakt(2006)
revealed another interesting detail: while the alleeaction times,
aggregated over the postural conditions, duringdhdentification
are approximately equal in both studies (377 ms laed about 370
ms in Haggard et al., 2006, exp. 4), there is &ickenable difference
in the overall reaction times during finger ideictfion (482 ms here
vs. about 700 ms). Thus, the differences betweenidéntification
tasks implemented in the two studies seem to $eddgtaffect
overall reaction times in the finger identificatitask. Apparently,
this task can be solved faster when both fingera mdspective type
are stimulated simultaneously. This supports oitfainassumption
that the finger identification task, as it was ismplented by Haggard
et al. (2006), implicitly involved supplemental ltaprocessing. In
our version of the task, supplemental hand ideatifon was
ineffectual to localize the stimuli in peripersomsplace. Therefore, it
was omitted, which in turn led to faster responses.

The possibility that shorter reaction times duritige finger
identification task in the present experiment weotely caused by
the acceptance of more errors is disproved byabethat the present
implementation of the identification tasks even dueed fewer
errors.

2.4 Discussion

The aim of the present study was to provide evideiue the
tactile processing of body parts within a spatiahfe of reference.
Based on considerations about the mental segmemtatif
peripersonal space, we expected hand and fingerepsing to be
conversely affected by two postural conditions. the vertical
posture, index finger and middle finger of the tighnd were placed
above those of the left hand, and in the wovenusesindex and
middle fingers of both hands were interleaved (Fégtia). Hand
processing should be facilitated during the vettiaad finger
processing during the woven posture.
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These hypotheses conflict with the results of Hadgat al.
(2006), who applied single tactile stimuli to tHagertips of their
participants and asked them to identify the touchadd or the
touched finger type, respectively, during a vettisad a woven
posture. A perceptual advantage for hand identificaduring the
vertical posture was found, but finger identificatiwas unaffected
by the postural conditions. The authors’ intergieta was that
fingers cannot be processed within an externaldrafrreference.

However, this interpretation does not account lier differential
information value of hand and finger processinge (sgroduction).
Mere finger identification is insufficient in ordéo localize a single
tactile stimulus within an external frame of refare, because its
location might differ highly, depending on the lalgy of the
stimulated hand. When touched at a specific finpamans might
automatically process the laterality of the asdediahand, even
when it is irrelevant for the correct response. Seheonsiderations
suggest an alternative explanation of the resulte finger
identification task, as it was implemented by Hadget al. (2006),
might have elicited an implicit processing of ttegelality of the
associated hand. This would confound two processasgly finger
and hand identification, which we assume to be ewsely affected
by the postural conditions. Thus, a postural effectthe finger
identification task might have been concealed lydberlap of two
opposed effects.

To investigate the processing of fingers withineatternal frame
of reference, it is of fundamental importance t@lement a finger
task which is unlikely to cause an implicit proéagsof the hands.
However, the task’s theoretical independence ofiHaterality is not
sufficient for this purpose. It must rather be ably ruled out that
supplemental hand processing could be of any irdtiua value
concerning the location of the stimulated finger.

In experiment 1, this was achieved by implementing
discrimination tasks rather than identificationkiasSupplemental
hand processing during the finger discriminatiosktarovided no
incremental spatial information, since targets Iagd the
stimulation of both hands anyway. In experimenyv@,implemented
identification tasks and eliminated supplementahdhgrocessing
during the finger task by simultaneously stimulgtlmoth fingers of
the same type. As every trial involved the stimolaof both hands,
identification of the associated hands became apntimeaningless
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and provided no spatial information at all. Subs#y higher
reaction times were found for the discriminatioekeaas compared
to the identification tasks (see Table 1 and 2ygssting different
underlying mechanisms (Haggard et al., 2006). Hanethese are
irrelevant for the conclusions drawn here, sineepghrpose of study
1 was not to investigate the underlying mechanisis
discrimination and identification tasks, but poatugffects on hand
and finger processing within these tasks.

Separate analysis of the stimulation categoriesxiperiment 1
revealed a strong postural influence on finger rdiioation, with
faster responses during the woven posture. Only nwhand
discrimination alone provided enough informationr feeliable
judgements, the influence of the postural cond#iovas reversed,
favoring the vertical posture. The same posturfilémce was found
for the finger identification task in experiment\ghere participants
made fewer errors when their fingers were intedgayCompared to
the results by Haggard et al. (2006), overall ieactimes were
reduced selectively during finger identification,onéirming
assumption that an additional process occurred whgnone finger
was stimulated. Regarding hand processing, a pem@leadvantage
of the vertical posture was found in both experitagimdicating the
basic coherence to the study of Haggard et al.gR00

Taken together, our results are incompatible withdssumption
of a mere somatotopic representation of the fingertuences of
body posture on finger discrimination and fingeeritfication have
consistently been found in the experiments desdriime. As it has
been shown for the hands (Haggard et al., 2006icisei& Rdder,
2006; Shenton, Schwoebel, & Coslett, 2004; Shoralet2002),
processing of the fingers is modulated by their tyas in
peripersonal space.

In both experiments of study 1, a perceptual aggmfor finger
processing was found during the woven posture, ewhiibnd
processing was facilitated during the vertical post These
directions of the postural effects are consisteiith vour initial
predictions based on considerations about the insatanentation
of peripersonal space. Generally speaking, perfocealways was
enhanced when the fingers were grouped accordinpetoelevant
dimension, i.e., laterality of the associated hianithe hand tasks and
finger type in the finger tasks. In accordance vatir results, we
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propose that the spatial distance between relatet wnrelated
fingers (as determined by task requirements) ciuss the basis for
a mental segmentation of peripersonal space ins&-relevant

subdivisions. This segmentation of peripersonatsgacilitates the
association between tactile stimuli, localized withexternal

coordinates, and specific body parts, currentlyupging the same
spatial area. Assigning a tactile stimulus to theched body part
(within an external reference system) only requihesdistinction of
discrete spatial areas and the localization ofstimaulus within one
of these areas. In a given task, each of thesdabkfdalds is

associated with a specific response. Therefore iNaefer to them

as response fields, which we define as task-retesalndivisions of
peripersonal space, representing a specific respalternative.

If semantically linked response fields, i.e., resgmeting the same
response alternative, are spatially close to eattteroand not
separated by response fields representing a ditferesponse
alternative, they can be considered as being grhupecording to
general grouping principles like proximity and sdhrfeatures.
Gestalt principles within the somatosensory dom@iallace &
Spence, 2011; Serino, Giovagnoli, de Vignemont, &gbard, 2008).

The configuration of response fields depends onyboakture
and task requirements. These factors were systeatigti
manipulated in the present study. With respectht tand tasks,
related fingers were grouped during the verticastp@, thereby
constituting two relatively large response fields. the woven
posture, each response alternative (i.e., each)haasl represented
by two smaller response fields rather than a siogke For the finger
tasks, this relation was reversed, because heveast the woven
posture in which each response alternative wassepted by one
single response field, whereas the vertical postenealed two
response fields for each response alternative Eigh).

We assume that cognitive load increases with theben of
response fields that have to be attended to simedtasly and with
the degree to which different response fields &tndjuishable from
each other. Well discriminable response fields khdwe large,
spatially distant and of limited number.

Throughout study 1, the directions of the posteftdcts on both
the hand and the finger tasks were in accordanceé wWie
conceptualization of response fields. In both eixpents, we found
a perceptual advantage for hand processing dutieg vertical
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posture and for finger processing during the wopesture. The
mental segmentation of peripersonal space intorespfields seems
to be a basic principle for the assignment of kacitimuli to body
parts within an external frame of reference. Thafiguration of
response fields and its dependency on experimesmtahtions of
body posture and task requirements should be cemesidin future
investigations on tactile processing of body paiithin an external
reference system.
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3 Study 2: Testing Response Fields in
Peripersonal Space

The results of study 1 suggested that tactile ifieation of body
parts within an external frame of reference depemdan association
between the external coordinates of tactile stinarid spatially
related body parts. Dynamic qualities of spatigbresentations
suggest that this association might be strengthdned mental
segmentation of peripersonal space into resporesdsfidepending
on a postural representation of the body.

In three experiments we investigated the influemdesize,
number and relative distance between responses faidactile hand
identification. Healthy subjects received singletita stimuli at their
fingertips and were asked for speeded responsesrdiag the
laterality of the stimulated hand. The task wasfgrered under
different hand postures, modulating the number, dize and the
distance between response fields. The results shew reaction
times are affected by the spatial distance betwesponse fields
(experiment 1), but not by their number and sizg@péement 2 and
3). Based on these results, a modification of thecept of response
fields is proposed.

3.1 Introduction

Tactile stimuli are localized within an externarne of reference
(Azafion & Soto-Faraco, 2008; Head & Holmes, 191kedi
Backhaus, & Rdder, 2012). The localization of towdthin external
spatial coordinates allows for rapid movements towahe origin of
a tactile stimulus, e.g., a mosquito bite (Rosenhauoukopoulos,
Meulenbroek, Vaughan, & Engelbrecht, 1995). It bagn shown
that this automatically driven process affects ithentification of
stimulated body parts (study 1 of this thesis arabdérd et al.,
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2006). Although the determination of a touched bpdyt can be
solved on the basis of a somatotopic referenceesy¢Penfield &

Rasmussen, 1950), body posture has a significaqtadtn on

performance. In several studies, in which tactitengli were

delivered to the fingertips, identification of hardterality was

impaired when the fingers of both hands were iatartd, compared
to when both hands were separated in space (studttis thesis,
Haggard et al., 2006.; Zampini et al., 2005).

A prerequisite for an external reference systemsisté in a
representation of external space, which emerges fictegrated
multisensory information (Graziano & Gross, 1998pliHes &
Spence, 2004; Ladavas et al., 1998; Ladavas & Fa2084).
Especially peripersonal space, i.e., the space inwitieaching
distance, is pertinent for an adequate interactisithin the
environment. Stimuli within reaching distance areogessed
differently than stimuli outside this spatial regidriki et al., 1996;
Longo & Lourenco, 2006).

The representation of peripersonal space is ntit skait exhibits
dynamic qualities (Holmes & Spence, 2004; Legrahadle 2007;
Ladavas & Farne, 2004). In several studies it leenbshown that
manipulations of the reaching distance by usingstaoe capable of
extending peripersonal space. Remote areas, psyioepresented
as extrapersonal space (i.e., out of reach), becameediately
relevant for potential actions, and thus were iratgyl in the
representation of peripersonal space (Longo & Locwe 2006;
Longo & Lourenco, 2007; Ladavas & Farné, 2004). Ehaverse
effect, a contraction of peripersonal space, has hken reported
(Lourenco & Longo, 2009). Evidence for the plasgicof spatial
representions stems from electrophysiological ssdiith macaque
monkeys (Iriki et al., 1996; Maravita & Iriki, 20Pdand from
behavioral studies with human subjects (Maravitaakt 2002;
Yamamoto & Kitazawa, 2001).

Not only are the boundaries of peripersonal spacemiic, but
also the relative resolution of its parts. Some asrewithin
peripersonal space are overrepresented with regpethers (Driver
& Grossenbacher, 1996; Lloyd, 2007; Ladavas etl&898; Reed et
al., 2006; Reed et al., 2010; Short & Ward, 200%itéley et al.,
2008). For example, Reed et al. (2006) reportedtshaeaction
times to visual stimuli presented close to the kathdn to the same
stimuli presented further away from the hands (btilt within
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reaching distance). This finding was interpretedeinms of spatial
attention. Areas directly surrounding the handsnaoee relevant for
immediate actions than distant areas. In a recamys even a
difference between the space near the palm ofdhd frelevant for
immediate grabbing) and the back of the hand {veltirrelevant)

could be verified (Reed et al., 2010). Importanthese dynamics in
spatial representations occurred also when onlypripoeptive

information of the hand position was available,, ivghen the hand
was hidden from view (Makin et al., 2007; Reed|gt2006).

Within an external frame of reference, tactile s¢ioss are
processed according to their external spatial doates, and the
body parts currently occupying that space are ifiedtwithin the
same reference system (Azafion & Soto-Faraco, 2P08nes &
Spence, 2004; Kitazawa, 2002; Shore et al., 2006& dynamic
qualities of the representation of peripersonakep@rm the basis
for a potential mechanism to strengthen this aasioti between the
external coordinates of tactile stimuli and thetislgt related body
parts. For example, the tactile identification ahts is facilitated by
a mental segmentation of peripersonal space intodigtinct areas,
each of which is occupied by one hand. In thisagitin, hand
identification only requires the localization oktlstimuli within one
of these discrete spatial areas, rather than desupptal assignment
of the spatial area to the related hand. Basethesetconsiderations,
the concept of response fields was proposed inystudResponse
fields were defined as ‘task-relevant subdivisiaisperipersonal
space, representing a specific response alterhdtge Discussion
of study 1).

The segmentation of peripersonal space into respdiesds
depends both on task demands and body posture. \tfieetask
requires a distinction between the hands, the gardtion and the
number of response fields should differ dependindghand posture.
An example for the ‘vertical’ and the ‘woven’ posgyuwhich were
used in study 1 and in Haggard et al. (2006) isstthted in Figure 1.
In the vertical posture, fingers are grouped adogrdto the
associated hand, and therefore all parts of eacid hman be
represented by a single response field. In the wopesture,
however, the fingers of both hands are interleaased peripersonal
space cannot be segmented into two discrete spatiahs
distinctively representing all parts of one hand:cérding to the
previous conceptualization specified in study lthe woven posture
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each response field is split into two smaller onegich are
separated by a response field representing the lodmel (Figure 1).

In study 1, participants received light tactilensuili at the
fingertips, while they were holding their handseither the vertical
or the woven posture, and they were asked to iijetfte laterality
of the touched hand. Consistent with the concejzatadn of
response fields, a better performance for handtifitation was
found during the vertical as compared to the woymsture.
Furthermore, when the participants were askedédnotify the type of
the touched finger (i.e., index or middle) and hdatrality was
completely irrelevant, a perceptual advantage lierwoven posture
appeared (Figure 5). This finding is also in lineithwthe
conceptualization of response fields, becausetitedsvoven posture,
in which the fingers are grouped according to fintygpe, thereby
allowing for the formation of two (rather than fouesponse fields
(Figure 1b).

A mental segmentation of peripersonal space irgpamse fields
would enhance the association between spatial ardsspecific
body parts, and an increase in the number of respdields that
have to be attended to simultaneously thereforelldhocrease the
cognitive load and result in lower performance. tkRemmore, the
differentiation of response fields might be infleed by their size
and their relative distance from each other. Actwydto the
previous conceptualization of response fields, \&triminable
response fields should be large, spatially distamd of limited
number (see Discussion of study 1).

The aim of study 2 was to investigate the impactheke three
factors on the discriminability of response fielded to provide
further evidence for the practicability of the ceptin the scope of
tactile perception within an external referenceeys

Three experiments on tactile hand identificatiomemeonducted,
in which the relative distance, the number anddilze of response
fields were systematically varied. In all three esiments, tactile
stimuli were applied to the fingertips and partarips were asked to
indicate the laterality of the stimulated hand.experiment 1, the
spatial distance between the hands was manipulBtgueriments 2
and 3 focused on the influence of the number aedsthe of the
response fields for each hand.



Study 2 51

3.2  Experiment 1

Experiment 1 was conducted to test the influencesdtial
distance between response fields on the tactilatifamation of hand
laterality. Single tactile stimuli were appliedttee tips of index and
middle fingers of both hands, while the particigaatranged their
hands according to one of two postural conditidnsthe adjacent
posture, the index and middle fingers of one haretewplaced
directly above the same fingers of the other handhe separated
posture, the fingers of the upper hand were liftedically by 10 cm
(Figure 6a). Participants were asked for speedgubreses regarding
the laterality of the touched hand. According te tboncept of
response fields and its postulated dependency atrabgistance, we
expected shorter reaction times during the sephgecompared to
the adjacent posture.

The middle finger of the upper hand and the indegdr of the
lower hand (in the following referred to as interiingers) were
closer to the respective other hand than it isctee for the middle
finger of the lower hand and the index finger oé thpper hand
(referred to as exterior fingers) (Figure 6a). Bpatial proximity to
a conflictive response field should impair the edition of the
stimuli within the correct response field. We tHere hypothesized
higher reaction times after stimulation of the fide fingers than
after stimulation of the exterior fingers. Furthemne, the effect of
relative finger position (stimulation of interioisvexterior fingers)
was expected to be more pronounced in the adjasecdmpared to
the separated posture.

3.2.1 Methods

Participants 19 healthy participants were recruited from the
University of Mannheim and the local community. Yheere either
paid or received course credit. The data of twdigpants were
excluded from analysis because of extremely slowpaases
(reaction times were three standard deviations ettbe mean) and
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dysfunctions of the technical set-up. Mean agehefremaining 17
participants (7 males) was 26.6 years, and alltlat were right-
handed (Oldfield, 1971). All participants gave et informed
consent previous to the experiment.

Experimental and statistical procedures Participants were
seated comfortably at a desk, deprived from thev\détheir hands.
Index and middle fingers of both hands were arrdragcording to
the two postural conditions (see Figure 6a). Thewlingers and the
thumbs were held at the ipsilateral side. Contativeen the hands
was prevented. To ensure the comparability of hgoslure between
different subjects, a wooden framework with twoihontal sticks,
separated by 10cm, was fixed on the desk. In tl@ceadt posture,
participants held the fingers of one hand below thedfingers of the
other hand above the lower stick. In the separgtesture, the
fingers of one hand were placed below the lowetksand the
fingers of the other hand on top of the upper stitke postural
conditions are depicted in Figure 6a. Thus, theti@palistance
between the stimulated fingers of both hands wastgx4mm in the
adjacent and 10cm in the separated posture. Dgkict contact
between fingers of different hands was preventedoider to
eliminate mechanical transmission of the stimuliheT vertical
positions of the hands were randomized acrosscijtits.

Tactile stimuli were delivered via miniature sol@® (RS
Components, model 330-5213) that were attachethadfihgertips
with adhesive tape. A well-noticeable tactile s¢insawas induced
by a pulse length of 20ms. During the experimeattigipants wore
active noise-cancelling headphones (Audio Techrigal-ANC?7,
QuietPoint®), in order to reduce acoustic distudeanaused by the
solenoids. Responses were given with foot pedala tongruent
manner, i.e., touches at the right hand were itelithy pressing the
right pedal and touches at the left hand by pregdsia left pedal.

The sequence of the postural conditions was rarzkmmacross
subjects. In both conditions, each of the fourvae fingers was
stimulated ten times in randomized order. The iritdrinterval
varied randomly between three and five secondsmuitis sequences
were controlled using Presentation v14.2 (Neurobiehal Systems,
Inc., CA, USA). Participants were urged to respasl fast as
possible.
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Figure 6 a) Postural conditions and corresponding responselsfigbr
experiment 1 of study 2. Dotted circles indicatepanse fields for the right
hand.b) Results from experiment 1. Error bars show stahdaror across

subjects.
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Due to extremely few errors (0.4%), error rates ewerot
statistically analyzed. Nevertheless, it was asbutleat speed-
accuracy tradeoffs can impossibly account for #&ults, because
more errors concurred with higher reaction timesoleous trials
and responses given later than two seconds aftaulation were
discarded. Statistical analysis was based on medamation times.

Data were analyzed in R (Version 2.13.1).

3.2.2 Results

Results are presented in Figure 6b and Table 3.dEit® were
analyzed according to a linear mixed-effects mddeluding the
factors posture (adjacent vs. separated) and weléitiger position
(interior vs. exterior fingers). Participants wesgecified as random
factor. The main effect of posture, (/58.36, p<.01) was significant,
indicating that reaction times were shorter durihg separated as
compared to the adjacent posture (Figure 6b). Nettie main effect
of relative finger position (0.3, p>.5) nor the interaction
between both factors {k=2.22, p=.14) reached a significant level.

The effect of relative finger position was expectedbe more
pronounced during the adjacent posture, a hypahesiich is
further confirmed by the interactive trend in thexed model
analysis. Therefore, the effect of relative fingposition was
analyzed separately for both postural conditionse-@iled t-tests
for paired samples showed a significant effect elftive finger
position during the adjacent posturgs£2.54, p=.01) and no such
effect during the separated posturg &-1.11, p=.86). Thus, when
the stimuli appeared spatially close to the cotiflec response field
(i.e., representing the other response alternatikegction times
increased significantly.
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Table 3Mean and standard error (SE) across subjects afameeaction times for
experiment 1 of study 2.

reaction times (ms)

posture finger position mean SE
adjacent interior 406 15
adjacent exterior 397 16
separated interior 386 14
separated exterior 390 13

3.2.3  Discussion of Experiment 1

Experiment 1 clearly shows that reaction times sinaple hand
identification task are dependent on the spatistiadice between the
stimulated fingers. In the separated posture, viingiers of different
hands were separated by 10cm, reaction times wgréfisantly
shorter than in the adjacent posture, when fingédifferent hands
were adjacent (Figure 6a). The spatial distancevdsat the fingers
of the right and those of the left hand facilitatde distinction
between the two corresponding response fields.

This result extends previous findings of attentlangerferences
between task-relevant and task-irrelevant tactilei (Driver &
Grossenbacher, 1996; Pavani et al., 2000; Sotecz6ahal., 2004).
For example, Driver & Grossenbacher (1996) askeeir th
participants to discriminate between two qualitaliv different
tactile stimuli applied to their right hand, whilgnoring similar
stimuli presented simultaneously to their left hamdsk-irrelevant
and task-relevant stimuli were either congrueninoongruent. The
effect of congruency (i.e., decreased performameeirfcongruent
trials) was enhanced, when the irrelevant stimppeared spatially
close to the attended stimuli (Driver & Grossenlgsich996). Many
studies confirmed that the congruency effect dep@mdthe distance
of the stimuli in external space and not on the aotopic distance
of the stimulated body parts (Gallace, Soto-Fara&mlton,
Kreukniet, & Spence, 2008; Pavani et al., 2000pSraco et al.,
2004).
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Furthermore, we found higher reaction times whesn gtimuli
appeared adjacent to the response field repregetiten conflictive
response. This effect was only found for the adjaggosture,
because in the separated posture, no finger wasceadj to the
conflictive response field and the spatial distanees at least 10cm
(Figure 6a). This result particularly confirms thea of response
fields in peripersonal space, for the decreasedopwance after
stimulation of the interior fingers can only be sad by the spatial
pattern of the tactile stimuli. Neither the type ioferior fingers
(which was randomized) nor mechanical transmissiotine stimuli
from the touched finger to the other hand (whicls whminated) can
account for the increase in reaction times.

Overall, the results of experiment 1 show thattki¢ spatial
distance between the hands facilitates tactile hdeutification and
that (ii) the assignment of a tactile stimulus he touched hand is
impaired by the spatial proximity to the other hahtese results are
consistent with the concept of response fields, ctvhiwere
characterized as alleviating tactile processinghiwitan external
reference system, when they are spatially distam £ach other.

3.3  Experiment 2

In experiment 2 we investigated whether reactiores in a hand
identification task are affected by the number aim of response
fields, which are associated with a specific resgoalternative. As
in experiment 1, single tactile stimuli were dete@ to the tips of
the index and middle fingers of both hands, andigpants were
asked to indicate the laterality of the toucheddhas quickly as
possible. The task was conducted under two postaraditions. In
the right-enclosed posture, the right fingers wadacent, only
separated by a wooden stick (4mm) and surroundebebfingers of
the left hand. In the left-enclosed posture, thesfiguration was
reversed: the left fingers were adjacent and suded by the right
fingers. The postural conditions are depicted guFe 7a.

The previous conceptualization of response fieldsed on the
results of study 1 involves the assumption that msponse field,
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representing a specific response alternative, easphit up into two

smaller ones, when these are separated by anathporrse field,
representing a different response alternative (asamele is

illustrated in Figure 1b). According to this assuiop, the number
and size of response fields for the right and #if¢ hand should
differ depending on the postural conditions. Thghtihand is

represented by one large response field in the-egblosed posture
and by two small response fields in the left-enetbposture. This
configuration is reversed for the left hand. We dthesized that
reaction times following the stimulation of the htchand are shorter
in the right-enclosed as compared to the left-esedoposture. In
contrast, reaction times to stimuli at the left dhamere expected to
be shorter in the left-enclosed as compared toritd®-enclosed

posture.

3.3.1 Methods

Participants Experiment 2 was conducted subsequently to
experiment 1, and performed by the same group xicgents. All
gave written informed consent.

Experimental and statistical procedures In both postural
conditions, the interior fingers were separatedhsylower stick of
the wooden framework described in experiment 1.this vein,
mechanical transmission between fingers of the shamd was
eliminated. Apart from the postural conditions, terimental set-
up was the same as in experiment 1. All technicgthits and
procedures are described in the method sectiorpaframent 1.

Error rates were extremely low (0.8%) and not statilly
analyzed.
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Table 4Mean and standard error (SE) across subjects ofameeaction times for

experiment 2 of study 2.

touched hand posture reaction times (ms)
mean SE

right right-enclosed 431 17

right left-enclosed 443 18

left right-enclosed 442 12

left left-enclosed 447 16

3.3.2 Results

Results are shown in Figure 7b and Table 4. Tha eare
analyzed with a linear mixed effects model (2x2tdaeal design).
The two factors were constituted by the lateratifythe stimulated
hand and the two postural conditions. Subjects weckided as
random factor. According to our hypothesis, therattion between
the stimulated hand and the postural conditions whsmajor
interest. However, no interaction between thes¢ofacwas found
(F1,4¢=0.13, p>.5). Neither the main effect of posture 44F0.85,
p=.36) nor the main effect of stimulated hang,§F0.6, p=.44) were

statistically significant.

When analyzed separately using paired t-tests, igoifisant
effects were found for the right handgf1.04, p=.16) and for the
left hand (1e=-0.35, p>.5). Regarding the detection of the tefhd,
marginal effects were even directed contrary to bypotheses

(Figure 7b).
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3.3.3  Discussion of Experiment 2

In experiment 2, we expected shorter reaction timken both
fingers of the stimulated hand were adjacent ratthean separated by
fingers belonging to the other hand, as it wasdde in the right-
enclosed posture for the right and in the left-eset posture for the
left hand (Figure 7a). This hypothesis was drawomfrthe
assumption that the number and size of responkks fier each hand
is modulated by these postural conditions. Howether,results did
not reveal any effects of posture, and a modulatifigence of the
number or the size of response fields on reactioeg could not be
confirmed. During both postures and with respectbésh hands,
reaction times were approximately equal and did wiffer
substantially. Contrary to our hypotheses, reacttones after
stimulation of the left hand were even higher ia téft-enclosed as
compared to the right-enclosed posture. In experim2, no
influence of number and size of response fieldshenperformance
in the hand identification task could be verified.

However, retrospective considerations indicated tiva absence
of postural effects might as well be accountedbfprthe design of
the implemented task. Participants were instruttedeact to the
stimulation of both the right and the left hand.isTkwas possible
only when the participants’ attention was dividedtvieen the
response fields of the right and those of the teftd, because the
stimuli could occur within both (the order of stitation was
randomized). As a consequence, there were alwage ttesponse
fields, which had to be attended simultaneouslgardless of the
postural condition. Although the meaning of thepmsse fields
changed with posture, their total number and sreained constant.
This possible explanation for the absence of pabteffects in
experiment 2 was specifically tested in experingnt
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3.4  Experiment 3

To ensure that attending the response fields of oné hand was
sufficient to solve the identification tasks, peigiants in experiment
3 reacted only to stimuli at one specific hand.g&irtactile stimuli
were applied to the index and middle fingers othblb&nds, which
were held either in the right-enclosed or in the-daclosed posture
(Figure 7a). An additional factor was constituteyl the attended
hand. In the right hand task, participants wer&ucsed to react only
to stimuli at their right hand and to ignore thegetheir left hand,
and vice versa in the left hand task. Due to thedification of
experiment 2, attended response fields differediden the postural
conditions, depending on the laterality of the raded hand. For the
right hand task, the right-enclosed posture shoeddilt in one large
response field and the left-enclosed posture in $mall ones. For
the left hand task, this configuration should beersed. It was
hypothesized that reaction times in the right htask were shorter
in the right-enclosed as compared to the left-esadoposture. For
the left hand task, shorter reaction times weresetqu in the left-
enclosed as compared to the right-enclosed posture.

3.4.1 Methods

Participants 19 healthy students (8 males, mean age was 25.3
years) from the University of Mannheim, seven ofichhalso took
part in experiment 1 and 2, participated in expenm3. All but
three were right-handed and one was ambidextroldfi¢@, 1971).

All gave written informed consent to the experiment

Experimental and statistical proceduresThe order of tasks
(i.e., whether the right or the left hand should ditended) was
randomized across subjects. To reduce confusiorernimg the
instructions, the order of the postural conditiomas randomized
only within the tasks. Speeded responses were giiinthe foot
ipsilateral to the attended hand.
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The experimental set-up was the same as in expetitnand 2.
The postural conditions are described in experineand in Figure
7a and all technical details and procedures imtkthod section of
experiment 1.

3.4.2 Results

Results are shown in Figure 7c and Table 5. Date aralyzed
with a linear mixed effects model (2x2 factoriakim), containing
the factors attended hand and postural conditiorithir the
interaction effect (Fs4~0.24, p>.5), which was of major interest, nor
one of the main effects (attended hang:;;1.63, p=.21; posture:
F1571.85, p=.18) reached a significant level. Separatests
revealed no significant effect for the right hathg=0.78, p=.22) and
neither for the left hand,g=-1.14, p>.5).

During both postural conditions, stimulation of thght hand
resulted in slightly shorter reaction times thamstation of the left
hand (Figure 7c), a trend that has also been fanrekperiment 2
(Figure 7b). This marginal difference can be exmdi by faster
reactions to stimuli at the dominant hand (and with dominant
foot), since most participants in experiment 2 ahdvere right-
handed.

Table 5Mean and standard error (SE) across subjects ofameeaction times for
experiment 3 of study 2.

attended hand posture reaction times (ms)
mean SE

right right-enclosed 472 18

right left-enclosed 480 15

left right-enclosed 480 18

left left-enclosed 498 19
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3.4.3 Discussion of Experiment 3

Experiment 3 was designed to eliminate the needdfeided
attention between both hands, a factor that mighttconcealed an
influence of the postural conditions in experim@ntin the right-
enclosed posture, there was supposed to be ore fesgonse field
for the right hand and two small ones for the ledind, and vice
versa in the left-enclosed posture. Consequentihernw the
participants’ attention is divided between bothd&rthree response
fields would have to be attended, regardless of postural
conditions. In experiment 3, participants were ringed to react
only to stimuli at one specific hand and to igntrese occurring at
the other hand. Due to this modification, only theponse fields for
one hand would have to be attended, rather thasuimeof response
fields for both hands.

Despite this modulation, experiment 3 revealedsthme results
as were obtained in experiment 2. No influence & postural
conditions on reaction times was found, neither ardig
identification of the right hand nor identificatiarfi the left hand. An
effect of the number and the size of responsedfieldreaction times
in hand identification could not be verified, evemhen the
participants’ attention was directed to one spedifind. In spite of
null findings, these results absolutely disqualithe initial
assumption that reaction times are affected by dilze and the
number of response fields, because not even a igaoifisant
interaction effect in the expected direction wasnid. This result has
important implications on the conceptualizationre$ponse fields
and will be discussed in the next section.

3.5 Discussion

The present study was devoted to the dynamic ipmldf the
representation of peripersonal space and theiuénfie on tactile
identification of body parts. Specifically, we irstigated the
characteristics of response fields, which were midefi as task-
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relevant subdivisions of peripersonal space, eagresenting a
specific response alternative within a given testkidy 1). Using an
external reference system, a mental segmentatiopedpersonal
space into discrete spatial areas should facilithie tactile

identification of touched body parts, because ilyamquires the
localization of tactile stimuli within one of thesareas and an
association of that area with a specific responBais mental

segmentation of peripersonal space is enabled By dynamic

qualities of spatial representations (Holmes & Spen2004;

Legrand et al., 2007; Longo & Lourenco, 2006; Reedl., 2006;

Reed et al., 2010). According to a previous concdj#ation based
on the results of study 1, response fields shoeldabge, spatially
distant and of limited number, to be maximally iigtiishable from
each other (see Discussion of study 1).

In order to test the impact of these three factorsthe tactile
identification of body parts, three experiments eveonducted. Each
experiment consisted in a simple hand identificatesk, which was
performed under different postural conditions. &ngctile stimuli
were delivered to the index and middle fingersaththands, and the
participants were asked for speeded responses Himlaterality of
the touched hand. Experiment 1 was designed tosiigate the
influence of spatial distance between responsddi@Figure 6). In
experiment 2 and 3, the postural conditions welectsd in order to
manipulate the number and size of response fi¢ldgie 7).

The results of experiment 1 show that reaction sifmea simple
hand identification task depend on the spatialadist between the
external coordinates of the stimuli and the untedchand. When
the distance between hands is large, stimuli cafaster assigned to
the associated hand. In contrast, when the untoudiend is
spatially close to the location of the tactile stlos, increased
reaction times have been found. Importantly, tiifece is not only
mediated by the mere distance between the hantsatmer by the
distance between the tactile stimuli and the hafich had not been
touched. For the adjacent posture, higher rea¢times were found
after stimulation of the interior as compared te #xterior fingers.
This clearly indicates that, besides the effecpafe hand distance,
reaction times were additionally affected by thetsb distance
between tactile stimuli and conflictive responsads.

In experiment 2, the number and the size of respdietds had
no significant influence on reaction times. The gioiity that the
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absence of an effect was caused by the requirenfenividing
attention between both hands was ruled out by éxeet 3, in
which the participants were instructed to attenty ¢m one specific
hand. Results in experiments 2 and 3 consist gniinethe absence
of effects, raising doubts about their appropriaiterpretation.
However, since detection of the left hand was efaster during the
right-enclosed as compared to the left-enclosedupogwhich was
contrary to our predictions) and also the intemactetween postural
conditions and attended hand in experiment 3 waecidid contrary
to our hypotheses, the results clearly show tha gostural
conditions did not affect reaction times in the esed way. This
finding contradicts the previous conceptualizatibmesponse fields.

Taken together, the spatial distance between regpfields and
the spatial occurrence of tactile stimuli withiresle response fields
had a significant impact on reaction times for itacthand
identification. Neither their number nor their sgeems to have any
effects on performance. The mental segmentatiopesipersonal
space into task-relevant subdivisions depends ennthmber of
entities (here body parts), which have to be digtished. A hand
identification task implies two response alternagivand therefore
demands a spatial segmentation into at least twdigsions. The
number of response alternatives constitutes thémim of required
response fields. Assigning more than one spatdd fio the same
response alternative would naturally enhance thgnitiwe load,
which should become manifest in increased reactioes. The
results of experiment 2 and 3 therefore raise ssakout the
appropriateness of the first conceptualization e$ponse fields
described in study 1. In fact, experiments 2 amd Sudy 2 seem to
indicate that the separation of two fingers of #@mme hand by
fingers of the other hand does not result in atsgli of the
associated response field.

Based on the results of study 2, we propose a imatdn of the
previous conceptualization of response fields byhadvawing the
assumption that one response field can be sptitsetreral smaller
ones (see Discussion of study 1). The consequeindeshis
modification with respect to the configuration afsponse fields
representing the hands are illustrated in Figurel'®.identify a
touched body part within an external frame of refice, each
response alternative is represented by exactlyresgonse field in
peripersonal space. Depending on body posture amgk t
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requirements, these response fields can overlagh eztber.
According to this modified conceptualization, thght-enclosed and
the left-enclosed posture both result in two oymslag response
fields (Figure 8a). The overlap of response figtdabsolutely equal
for both postural conditions and for both handssuksing that the
overlap of conflictive response fields constitutegelevant factor
modulating their discriminability, an assumptionighis affirmed
by experiment 1, it is coherent that the postumalditions had no
effect on performance in experiment 2 and 3.

The results of experiments 2 and 3 suggest a neadlifin, but do
not call for a rejection of the concept of respofielels, for its basic
appropriateness is strongly supported by experimentwhere
reaction times were affected by the spatial disahetween the
stimulated fingers of different hands. Specificathe finding of

right-enclosed left-enclosed vertical ‘woven

a) previous conceptualization
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Cindogy T (e Cman) ~ (Onee>
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modified conceptualization
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Figure 8 Comparison of) the previous andl) the modified conceptualization
of response fields on the basis of the posturatlitioms used in experiment 2
and 3 of study 2 (right-enclosed and left-enclosed) the postural conditiong
used in study 1 and in Haggard et al. (2006) (ear&nd woven). According to
the previous versiofa), response fields for each hand differ in their hem
and size for the right-enclosed as compared toefteenclosed and for the
vertical as compared to the woven posture, predjafieviant performance for
the first and the second pair of postures. Accardinthe modified versio(b),
the overlap between response fields is equal ®ritht-enclosed and the left
enclosed, but differs for the vertical and the wopesture, predicting equa
performance for the first and deviant performanoe the second pair of
postures.
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higher reaction times for the interior fingers (elhiwere adjacent to
a finger belonging to the other hand) than for éxgerior fingers

(which were more remote from the fingers of theeothand) in the
adjacent posture demonstrates the existence ofomeepfields.

Tactile events are processed with respect to theiternal

coordinates, and the reaction time needed to iiyeatistimulated

body part depends on the spatial distance of ttéeatimulus from

a non-stimulated body part (i.e., a spatial arepresenting a
different response). The smaller the distancedordlictive response
field, the longer it takes to associate the stirmulith the correct
response. It is of considerable importance here ttiea position of
the hands itself does not change. The differenceséttion times
cannot be accounted for by a variation of the distabetween the
hands themselves, but solely by the distance betvke tactile

stimulus and the untouched hand. This finding condi the

assumption of response fields and demonstratesnthact of the

spatial distance between them.

In a recent study investigating the spatial repreg®n of
fingers, Overvliet et al. (2011) asked their paptnts to localize
light tactile stimuli at the fingertips. Particiganwere instructed
either to spread their fingers or to hold them eltmgether, thereby
varying the spatial distance between the stimufatisites.
Interestingly, the spatial distance between findead no influence
on the amount of localization errors towards nedghiy fingers.
The spatial proximity of untouched fingers to thetile stimuli did
not result in more mislocalizations towards thosegdrs, which
seems contradictive to what was found in experiniesftthe present
study. However, in the study by Overvliet et al012) participants
had as much time as necessary to respond, whewegauicipants
were asked for speeded responses. As indicateéusya studies,
speeded response tasks are based on action-rekgiadal
representations such as the body schema (Galla2b@5, Rossetti,
1998). Increased temporal delay between stimulu$ rsponse
results in a cognitive evaluation of the resporesed therefore
reflects influences of the body image (Gallagh€0%). Against this
background, our results can be understood as tiefliethe relevance
of spatial distance for localization based on thdybschema, while
Overvliiet et al. (2011) demonstrate that this refethip is
diminished with respect to the body image. Diffeen between
slow and speeded responses have been frequentgtaepn both
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patient groups and healthy subjects (Goodale £tl894; Rossetti,
Gaunet, & Thinus-Blanc, 1996; Rossetti, 1998).

Apart from the results of study 1 and 2, the medifiversion of
the concept of response fields is capable to expdaivariety of
results reported in previous studies (Driver & Gatbacher, 1996;
Gallace & Spence, 2005; Haggard et al., 2006; LI®&@D7; Soto-
Faraco et al., 2004). For example, it has beenddamistudy 1 and in
a study by Haggard et al. (2006) that performanca tactile hand
identification task decreases when the fingersiféérént hands are
interleaved (woven posture) rather than groupedti¢ad posture).
Within the previous conceptualization of resporis$ this finding
was explained by a split-up of response fields riyrihe woven
posture (Figure 8a). It is also compatible with theodified
conceptualization, which states that the impairmdating the
woven posture is caused by an overlap of respaefis ffor both
hands (Figure 8b). A reversed effect of the velrtazad the woven
posture would be expected for the tactile iderdifun of finger
type, because regarding finger type it is the wopesture, in which
the response fields are not overlapping. This dission between
the postural conditions and task requirements cbaldonfirmed in
both experiments of study 1.

In spite of identical task demands, task complexipd
participants between experiment 1 and 2 (differeremnsisted only
in the postural conditions), overall reaction tinvesre substantially
shorter in experiment 1 (395ms) as compared to rerpats 2
(441ms). This finding supports the assumption that degree of
overlap between response fields is the criticalalde modulating
their discriminability, because response fields evewerlapping in
experiment 2, but not in experiment 1 (Figure 8b).

The modified conceptualization of response fielddges that the
association between tactile stimuli and specificdybgparts is
facilitated by a mental segmentation of peripersgpace into task-
relevant subdivisions. These spatial areas cotestiesponse fields,
which are representing specific body parts and raiagly, in tactile
identification tasks, specific response alternativEach response
alternative is represented by exactly one respdiedé, and the
degree of overlap between them directly modulales ability to
associate a tactile stimulus with the touched kuaty.
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4 Study 3: Ownership and Agency in the
Rubber Hand Illusion

It has been investigated to which extent exterrigeds like
artificial hands can be incorporated into body espntations.
However, most studies dedicated to the effectsatifianal motor
control over external objects dealt with projectednirrored images
of own body parts.

Using the paradigm of the rubber hand illusion (RHive
assessed the impact of passive tactile sensatimhadive volitional
movements with respect to an artificial hand, whictambiguously
was recognized as a body-extraneous object. In tiaddito
phenomenal self-reports and motor responses, wedinted a new
procedure for perceptual judgements enabling trsesasnent of
proprioceptive drift and discrimination performanaggarding
perceived hand location.

RHI effects were comparable for passive touch antive
movements, but characteristic discrepancies wewadidor motor
responses. Motor responses were differently affiecty the
induction methods and performance was uncorrelagddeen both
methods. These observations shed new light on gist@mt results
concerning RHI effects on motor responses.

4.1 Introduction

The human body can be considered as the interfeiveebn the
phenomenal self and the external world (Merleautpdr945/1962).
The sensation of tactile events at the body ancdommtntrol over
body parts are the constituents for the developroatbodily self,
i.e., the feeling of ‘being’ or ‘having’ a body (dlsris et al., 2006).
The sensation of tactile events is a predominapélysive process
and results in a feeling of ownership over the haglgereas motor
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control implies an act of volition, involving a strg intentional
component, and additionally causes a sense of gg@uallagher,
2005; Haggard, 2008; Tsakiris et al., 2007b).

The aspect of tactile sensation has been thoroughbstigated
using the rubber hand illusion (RHI). In the origlirversion of this
paradigm (Botvinick & Cohen, 1998), an artificiahrid is placed
visibly and in an anatomically plausible positiom front of the
participant, whose own hand is hidden from viewe Etxperimenter
then strokes both the artificial and the real ham@& synchronous
manner with two identical paint brushes, which Hhssuin
multisensory conflict between visual and propridoapinformation
about hand posture. The touch is felt at a locatdferent from
where it is seen, and in order to solve this conflihe perceived
location of the own hand is shifted towards theatmn of the
artificial hand. This phenomenon is generally nefdr to as
proprioceptive drift and has often been used aseasnre for the
degree of incorporation of body-extraneous objeetsd the
subjective feeling of ownership over an artificiahb (Kammers et
al., 2009a; Tsakiris & Haggard, 2005).

The described procedure is based on passive tatitifeilation
and refers to just one aspect of the bodily seHfmely body
ownership (Tsakiris et al., 2006; Tsakiris, Hed3ey, Haggard, &
Fink, 2007a). Only few studies implemented activetan control
over finger movements of prosthetic hands to exantire sense of
agency over body-extraneous objects (Azafion & Faiaco, 2007;
Dummer, Picot-Annand, Neal, & Moore, 2009; Kalck&rEhrsson,
2012; Walsh, Moseley, Taylor, & Gandevia, 2011thalgh several
studies investigated the effect of displaced viseatiback regarding
active finger movements, in nearly all of them waisteedback was
presented either via video images of the real apsibl hand
(Kammers et al., 2009b; Longo & Haggard, 2009; Newt al.,
2010; Tsakiris et al., 2006; Tsakiris et al., 2010) via mirror
reflections of the real contralateral hand (Holmé&pzier, &
Spence, 2004; Holmes & Spence, 2005; Holmes e€2@06). These
methods raise fundamental issues concerning thergocation of
body-extraneous objects into own body represemstid®oecause,
strictly speaking, participants actuallye looking at their real hand,
even if the visual information is spatially dispdakc (Kalckert &
Ehrsson, 2012). The critical question arises, wdreththe
incorporation of a visually displaced own handeglon the same
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mechanisms as the incorporation of an unambiguoulsigy-
extraneous object (Bertamini, Berselli, Bode, Lawsé& Wong,
2011; ljsselsteijn et al., 2006). The high famitiaregarding video
displays and mirrors suggests the involvement op-down
processes, which have been shown to enhance thepsibdity to
the RHI (Ehrsson et al., 2004; Holmes et al., 20P&yani et al.,
2000; Tsakiris & Haggard, 2005).The implementation of active
motor control over prosthetic hands, which unambigly will be
considered as body-extraneous, is highly relevardatermine the
relevance of a sense of agency for the incorparatib external
objects and the development of a bodily self (Keftl& Ehrsson,
2012).

Body representations depend on their functionakvaaice
(Gallagher, 2005; Head & Holmes, 1911). The sensufigrmation
forming the basis for perceptual judgements (eapout body
posture) is represented differently from the infation being used
for motor purposes (Dijkerman & de Haan, 2007; Karsnvan der
Ham, & Dijkerman, 2006; Kammers et al., 2009a). dxdingly, the
distinction between two types of body representatitias been
proposed, generally referred to as body schemabamy image
(Gallagher, 2005; Paillard, 1999). According to I&giher's (2005)
thorough description, which is based on the origina
conceptualization by Head & Holmes (1911), the bsedfiema is
defined as an implicit reference frame for the guitk of
movements, whereas the body image consists in owssc
perceptions and attitudes towards ones own bodg. di$sociation
between body schema and body image is supportetirbgal case
studies (Buxbaum & Coslett, 2001; Head & Holmesl 1 Paillard,
1999) as well as studies involving healthy partcis (Cardinali et
al., 2011; Kammers et al., 2006; Kammers et aD92).

An approved and commonly used method to investighte
differential effects on body image and body scherpasists in

1% |n another series of studies, movable artificehdis were presented within a virtual
reality environment (Raz, Weiss, & Reiner, 2008n&eez-Vives, Spanlang, Frisoli,
Bergamasco, & Slater, 2010; Slater, Perez-Marcbssdbn, & Sanchez-Vives, 2009).
Although this method should diminish the influenoé top-down effects, the

familiarity regarding computer games still raisesilots about whether a virtual hand
is perceived as an external object (in the sameasay material prosthetic hand). In
spite of remarkable developments in virtual realigchniques, there are great
differences between the neural processing of Vidsacompared to material objects
(ljsselsteijn, de Kort, & Haans, 2006).
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comparing the performance in perceptual and metskst (Cardinali
et al., 2011; Kammers et al., 2006; Kammers eP809a; Kammers
et al., 2009b). This technique is derived from #&ssumption that
perceptual judgements (e.g., verbal reports) relyao intact body
image, while motor responses (e.g., ballistic pogitmovements)
are based on body-schematic processes. With retpabe RHI,
Kammers et al. (2009a; 2009b) found that percepuddements
about hand posture were significantly biased towa#iné location of
the artificial hand, while the accuracy of ballstipointing
movements towards the own hand was not impairethéyllusion.
The authors concluded that the RHI involving passiactile
stimulation exclusively affects the body image (Kaers et al.,
2009a).

However, the findings concerning the effects of REll on
motor responses are inconsistent. Other studiesesighl significant
effects on pointing and grasping movements, suggest distortion
of the body schema (Botvinick & Cohen, 1998; Heédlg 2011;
Holmes et al., 2006; Kalckert & Ehrsson, 2012; Kasmsn Kootker,
Hogendoorn, & Dijkerman, 2010). These studies diffe many
important aspects, which might explain the incdesisresults. First,
in most studies the pointing targets were defingdvisual rather
than proprioceptive cues (e.g., Holmes et al., 26@8nmers et al.,
2009b), i.e., participants pointed with the stimethhand towards a
visually defined location in their environment rattthan towards a
proprioceptively defined location on their body g(e.their non-
stimulated hand, Kammers et al., 2009a). Howeveoyaments
towards visual as compared to proprioceptivelyrafitargets might
be based on different mechanisms and differentdsaaf reference.
Second, some studies used passive tactile stimnladi induce the
illusion (e.g., Botvinick & Cohen, 1998; Heed et, @011; Kammers
et al.,, 2009a) and others implemented active valyntfinger
movements of the artificial hand (e.g., Holmeslgt2006.; Kalckert
& Ehrsson, 2012). As pointed out by Kammers et(2009b), an
induction method based on the sensory integratibnmotor
commands, proprioception and visual feedback iseniikely to
interact with body-schematic representations (coeghato an
induction method based on the integration of tactihd visual
information). Third and critically connected to teecond point, the
nature of the artificial hand varied across studiks mentioned
earlier, most studies implementing motor controlero\artificial
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hands (and, with the exception of Kalckert & Ehrgs@012, all
studies investigating its effect on motor responseed video- or
mirror-based versions of the RHI. To eliminate tigwn processes
caused by the high familiarity regarding video imsgand mirror
reflections (Bertamini et al., 2011), the implenaian of active
motor control over prosthetic hands is of considkramportance.

In study 3 we therefore implemented a new techniquieduce
the RHI, involving voluntary motor control over thénger
movements of an artificial hand, which unambigugpustas
recognized as body-extraneous (Kalckert & Ehrs20i2). Effects
were quantified by altered performance in a perdpand a motor
task, as well as phenomenal self-reports, and dieeetly compared
to those of the original induction method basedpassive tactile
stimulation of the own and the artificial hand.

4.2  Experiment

4.2.1 Methods

Participants 40 healthy participants (14 males; mean age was
24.5 years) were recruited from the University adiMheim and the
local community. They were either paid or receiwedirse credit.

All were right-handed, as assessed by the revisdthbHrgh
Handedness Inventory (Oldfield, 1971). All partiips gave written
informed consent to the experiment.

Experimental protocol The experimental set-up is depicted in
Figure 9. The participants’ hands were placed inwaoden
framework (125cm*50cm*25cm). Vision of the right rfth was
prevented by an occluding screen. An artificiahtipand made of
wood and containing flexible joints at the digitasaplaced visibly in
front of the participants, 15cm to the left of theight hand
(measured from the index fingers). A skin-coloratlbrer glove was
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slipped over the wooden hand. Participants wertelicied to adjust
their body midline halfway between the wooden hand their own
left hand, which was placed 31cm to the left of #wéficial hand

(Figure 9a). The index finger of the wooden handldde lifted via

a pneumatically driven plunger, which was contreblyy a capacitive
sensor placed beneath the participants’ right infleger. The

experimental set-up thus enabled the experienagefficy over the
index finger movements of the artificial hand.

The experiment was composed of four experimentabitions
(synchronous and asynchronous touch, synchronousl an
asynchronous movements), each involving an indoctphase
(3min), a motor task (approx. 10sec), a perceptagk (approx.
2min) and an RHI questionnaire (approx. 1min). ™elede the
possibility that perceptual responses were affebtethe preceding
motor responses, motor tasks were omitted for dmel tof all
participants (N=13). No differences in the percaptesponse were
found depending on the presence or absence ofcading motor
response (see Results). The induction phases wewdfied by the
method used to induce the RHI (passive vs. actiaeyl the
synchrony of associated stimuli (synchronous vgneétsronous).
The order of the experimental conditions was raridech across
participants. Previous to the experimental cond#ja motor task (if
included) and a perceptual task were performedhaslime measure.

Induction methods In the method of passive touch, the artificial
index finger was stroked in synchrony with the wrseeal index
finger, using two identical paint brushes. This moetis based on the
integration of somatosensory and visual informatiod reflects the
original procedure for the induction of the RHI (Bimick & Cohen,
1998). In the active induction method, participamése instructed to
voluntarily lift their right index finger every 3o0t5 seconds,
approximately. These volitional movements were aguanied by
corresponding synchronous movements of the asdifttand, which
should result in a sense of agency for the lakatokert & Ehrsson,
2012). This method is based on the integration ofomcommands,
proprioception and vision, and thus should be nligedy to interact
with the body representation that is related t@oachnd movement,
namely the body schema.
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Both induction methods were performed in a synchusrand an
asynchronous manner, in which a variable delay.5ft® 2 seconds
was introduced between the respective events atghleand the
artificial finger.

a) induction phase
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b) motor task c) perceptual task
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Figure 9 Experimental set-up. During ttag induction phase, vision of the owl
right hand was prevented by an occluding screen pendicipants were
instructed to watch the artificial hand. In thlemotor task, participants pointed
with eyes closed towards the location of their rigidex finger. In thec)
perceptual task, participants indicated whetheris of dots on a horizontallyf
placed computer monitor appeared to the right dnédeft of their right index
finger.
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Motor task After the induction phase, participants were
instructed to close their eyes. A wooden board aioimg a touch-
sensitive area (26cm*17cm) was placed horizontalypve their
right hand (8cm above the table). When verballynmgpted by the
experimenter, participants moved their left (ndmatated) index
finger towards the position of their right indexder in a rapid,
ballistic movement (Figure 9b). Once the board Ibaein reached, no
further corrections were allowed. Indicated locasiavere recorded
by a camera (eSecure, USB 8MP 8 LED Webcam) fixesl meter
above the participants’ right hand. One pointingveraent was
performed in each of the four experimental condiib Individual
accuracy of pointing was quantified by the varianég¢en pointing
movements, executed during the baseline. Pointiogements were
always performed with eyes closed and practicedrptd the
experiment.

Time points of movement initiations were recordedabling the
calculation of movement times, which were useddntwl for the
ballistic qualities of the pointing movements. Mowent times
deviating more than three standard deviations ftbenmean (i.e.,
higher than 609ms) were discarded.

Perceptual taskAfter the motor task (participants kept their eyes
close), the touch-sensitive board was removed ancbraputer
monitor (52cm*29.5cm, LG Electronics Flatron W2443Was
placed horizontally above the artificial and thealreight hand,
completely occluding them from sight (Figure 9cartitipants then
were asked to open their eyes and to judge théimusiof a series of
red dots appearing for 100ms on the screen (whaigkdround).
Specifically, they had to indicate for each sindtg#, whether it was
located to the left or to the right of their owght index finger. Each
dot (2mm*2mm) was presented at one of ten posgiolgtions,
which were interspaced by 1cm and arranged aloaghtrizontal
plane in the middle of the monitor. To minimize licgj and floor
effects, the relative positions of the dots tord right index finger
were adjusted for each individual on the basishef lhaseline data.
Nevertheless, the data of two participants hadetexcluded from
analysis, because in at least one condition ali datre perceived at
the same side relative to their own right indexyén

™ For one participant, the recording in the syncheen condition of the active
induction method failed.
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Participants were asked to which side the dot wddse to
move to be exactly over their own right index fingResponses
were given via a computer mouse with the left haPdrticipants
were urged to respond as fast as possible. Resptaiee than 1s or
earlier than 200ms after the dot's onset were ditsth The dots
were presented ten times at each of the ten peskibhtions in
randomized order, resulting in a total of 100 &ialhe intertrial
interval between the response and the appeararitbe oext dot was
set to one second. Stimulus sequences were ceauaralsing
Presentation v14.2 (Neurobehavioral Systems, G#,,USA).

Phenomenal self-reportsAfter the perceptual task, the monitor
was removed and participants completed an RHI tresdire,
consisting of nine statements about the subjeeiyerience of the
illusion. Agreement with these statements was ateid on a Likert
scale involving seven steps (1 = strongly disagiees strongly
agree). Due to the implementation of active finggrvements, four
items of the original questionnaire (Botvinick & K@m, 1998) were
pointless and were substituted by items taken ftamgo et al.
(2008) and Kammers et al. (2009a).

The questionnaire included four items which aratesl to the
feeling of embodiment of the artificial hand (Longbal., 2008) and
five control items. Phenomenal embodiment was diieatby the
mean response to the four embodiment-related if@e®s 1, 6, 7
and 8 in Table 6).

Statistical analysis According to the data of the perceptual
responses, five logistic functions were fitted feach participant
(baseline and four experimental conditions). Thpsgchometric
functions represent the probability of the respowet was left of
index’ depending on the dot’s position. Statistizahlysis was based
on the 50% thresholds (estimate for the perceiwe@tion of the
right index finger) and the slopes (estimate foscdmination
performance) of the psychometric functions. Forr foarticipants the
algorithm for logistic functions did not converdeetdata in one of
the experimental conditions, resulting in extrenmal amplausible
slopes (values exceeded five times the standardéatimy of all
slopes). These data were excluded from the analg§ishe
perceptual task.
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Prior to analysis, individual baseline measuresewaibtracted
from the data for the perceptual and the motor.tBsle to the fact
that the accuracy of pointing movements differshhigbetween
individuals (Trojan et al., 2006), motor respons&se weighted at
the individual standard deviation of ten pointingwvaments during
the baseline (ranging from 1.3cm to 3.1cm). Alladatere analyzed
according to a linear mixed effects model (2*2 éaicl design)
including the factors induction method (passivectows. active
movements) and synchrony (synchronous vs. asynobs)n
Subjects were included as random factor.

Single items of the RHI questionnaire (Table 6) evanalyzed
with two-tailed t-tests for paired samples. Cottielaanalyses (one-
tailed) were based on the differences between sgnols and
asynchronous conditions.

Statistical analysis was conducted using R (ver2ids.1).

4.2.2 Results

Phenomenal self-reports Exclusively for the embodiment-
related items (Longo et al., 2008), significanfeténces were found
between the synchronous and the asynchronous movg]it
independent of the induction method (items 1, &nd 8 in Table 6).
ltems 2 and 9 showed a difference for only onehaf induction
methods, and all other items did not reach a sgmit level for
neither of the methods (Table 6).

A linear mixed effects model analysis of the measponses to
the four embodiment-related items revealed a soamt main effect
of synchrony (I;1750.1, p<.001), but neither the main effect of
induction method (f1:=2.3, p=.13) nor the interaction effect
(Fy117.8, p=.37) was significant (Figure 10a).

The phenomenal self-reports were correlated betwden
induction methods (r=.30,3¢t1.9, p=.03), indicating that those
participants, who reported a strong illusion afiassive touch, were
also more likely to report a strong illusion afsstive movements.
Results are listed in Table 7.
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Table 6 Mean responses (and standard deviation) to sitegtesiof the questionnaire. ltems 1,
6, 7 and 8 are indicative for the embodiment of #énéficial hand (Longo et al., 2008).

Significant differences between synchronous andhaspnous conditions were calculated
according to two-tailed t-tests for paired samjff&sp<.001, ** p<.01, * p<.05, n.s. p>.05).

passive touch active movements

sync. async. sign. sync. async. sign.
1. It felt as if the artificial hand was 4.7 (2) 2.7(1.7) Fkk 4 (1.9) 2.6 (1.5) Fkk
my own hand.
2. It felt as if my real right hand was 2.8(1.9) 2.1(1.3) * 3.1(2.7) 2.8(1.8) n.s.
drifting toward the left (toward the
artificial hand).
3. It seemed as if | had two right 2.3(1.3) 2.6(1.8) n.s. 2.4 (1.6) 2.3(1.5) n.s.
hands.
4. My right hand felt numb. 3.5(2.4) 3(2.9) n.s. 3.4(2.2) 3(2.1) n.s.
5. It felt as if the artificial hand 2(1.3) 2.1(1.3) n.s. 2.3(1.4) 1.9(2.3) n.s.
drifted slowly toward the right
(toward my own right hand).
6. The artificial hand began to 3.5(2.1) 2.8(1.7) * 3.2(2) 2.4 (1.8) *
resemble my own right hand (in
terms of shape, skin structure, etc.)
7. It seemed as if the artificial hand 4.6 (2) 2.7(2.8) Fkk 3.8(2.1) 2.7(2.7) Fkk
was part of my body.
8. It seemed as if | looked directly 3.9(2) 2.4 (1.7) Fkk 3.6 (1.9) 2.4 (1.5) Fkk
at my own hand, and not at an
artificial one.
9. It felt as if the artificial hand and 3.6 (1.9) 3.4(1.9) n.s. 3.6 (2) 3.1(1.8) *
my own right hand lay closer to
each other (compared to the
beginning of the trial).

Perceptual task To assure that perceptual responses were not
influenced by the preceding motor responses, wepeoad the data
of participants who performed a motor task previdos the
perceptual task (N=22) with the data of particigafur which the
motor tasks were omitted (N=12). Two-tailed t-testsealed no
significant differences in the perceptual task lestw these groups,
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a) phenomenal self-reports b) perceptual task ¢) motor task
M synchronous —K
[ asynchronous J\ EI“

-

ns. ' ns.

active movements passive touch

level of agreement proproceptive drift [cm] proproceptive drift [cm]

Figure 10 Empirical data according ta) the phenomenal self-reports), the
perceptual task and) the motor task for the passive (top) and the act
induction method (bottom). Dashed lines in the gpteal and the motor task
(value of zero) indicate the perceived locatiorihef right index finger during
the baseline. Error bars show standard errors ssidgects.

<

neither for the baseline nor for any of the fourpexmental

conditions (all p>.1). Furthermore, separate amayer both groups
showed equivalent results for the perceptual takk. motor task did
not affect subsequent perceptual responses.

Table 7 Results according to linear mixed effects models gbhenomenal self-reports,
perceptual judgements and motor responses. (*0@k.** p<.01, * p<.05, n.s. p>.10).

phenomenal
perceptual task motor task
self-reports
perceived discrimination
linear mixed effects location performance
model (thresholds) (slopes)
synchrony Fi2=50.1, ¥** Fijge=27.1, ¥** Fije6=5.0, * Fipe=4.9, *
induction Fip17=2.3, 0.5, F1/g9=0.6, N.S. Fi/99=0.6, N.S. F.6=6.8, *
synchrony*induction Fi11,=0.8, n.s. Fijg9=1.3, N.S. Fijg9=1.4, N.S. F.z6<0.1, n.s.
correlation
(between passive and r=.30, tyg=1.9, ¥ r=.43, t3=2.7, ** r=.01,t,3<0.1,n.s

active induction)
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Synchrony had a significant effect on the propnuice drift
towards the artificial hand (g=27.1, p<.001), which was higher for
the synchronous as compared to the asynchronouttioms (Figure
10b). The induction method itself had no influencethe magnitude
of the proprioceptive drift (fn=0.6, p=.44). The interaction between
induction method and synchrony was not signific@ffg—=1.3,
p=.27), showing that both induction methods wereadly qualified
to elicit a proprioceptive drift in the perceptdask. The results are
listed in Table 7, and averaged psychometric fomsti for the
perceptual judgements are depicted in Figure 11.

Again, there was a significant correlation betwabe RHI
effects after passive touch and those after actioeements, i.e., the
same participants demonstrated either a small orla@e
proprioceptive drift for the passive and the acfivduction method
(r=.43, ,=2.7, p<.01).

One advantage of the perceptual task implementesligghat it
enables the assessment of discrimination perforeyanaantified by
the slopes of the psychometric functions (Figurg The data for
discrimination performance reflect the resultsgerceived location:
a significant main effect was found for synchrofy#=5.0, p=.03),
while neither the induction method ,{§&=0.5, p=.46) nor its
interaction with synchrony (e=1.4, p=.24) had a significant effect
on the discrimination performance (Table 7). Themef slopes for
synchronous conditions was 0.35 and for the asymdus
conditions 0.30, indicating that discrimination feemance was
better after synchronous as compared to asynchsostouulation.

Motor task The ballistic qualities of the pointing movements
were confirmed by a mean movement time of 361 msg(rg from
189ms to 536ms).

Again, synchrony had a significant effect on tastfgrmance
(Fy76e=4.9, p=.02). The proprioceptive drift towards thsificial
hand was higher for the synchronous than for then@sonous
conditions (Figure 10c). In contrast to the phenoaheself-reports
and the perceptual task (Table 7), motor respowses significantly
affected by the induction method(#=6.8, p=.01), indicating that
pointing movements were biased towards the adifibiand after
active as compared to passive induction. No intemacbetween
synchrony and induction method was foung-£€.1, p>.5).
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Furthermore, performance in the motor task wascootelated
between the induction methods, as it was the caisplenomenal
self-reports and perceptual judgements (Table 7rtidpants
showing a relatively large pointing bias towarde #rtificial hand
after passive touch were not necessarily those whowed a
comparable pointing bias after active movements0(@8, $:=.03,
p=.49).

passive touch

active movements

probability of response 'dot was left of index'

synchronous
--- asynchronous

=5 —4 =3 =2, =1 0 1 2 3 4 5
relative dot position [cm]

Figure 11 Psychometric (logistic) functions for the percepttask after
passive (top) and active induction (bottom), basedaveraged individual
parameters. The abscissa indicates the dot's pogitlative to the perceived
location of the right index finger during the basel (dashed vertical line).
Error bars show standard errors across subjects.
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4.3 Discussion

In study 3 we implemented a version of the RHI gdaya based
on active voluntary movements of body-extraneoysatb. This was
achieved by imposing voluntary control over fingasvements of an
artificial hand, which was unambiguously recognizad body-
extraneous. Alterations of body representationsewgrantified by
means of phenomenal self-reports, perceptual judgesrand motor
responses, and directly compared to correspondiagte elicited by
a mere perceptual version of the RHI (Botvinick &&n, 1998).

For both the passive and the active induction ntte found
substantial differences between the synchronous ahd
asynchronous condition in all three measures (Eigul). The type
of induction exclusively affected motor responsessulting in a
larger proprioceptive drift after active as comphr® passive
induction. Phenomenal self-reports and percepuddgments were
not influenced by the induction method. Furthermatiferences
between the synchronous and the asynchronous mnddiin the
motor task were not correlated between passiveaatige induction,
as it was the case for phenomenal self-reports perteptual
judgements.

Since active control over (unambiguously) body-&xéous
objects has rarely been implemented in experimesd#tings (see
Introduction and Kalckert & Ehrsson, 2012), the panable effects
on phenomenal self-reports and perceptual respamsgzarticularly
important to validate the experimental set-up usedtudy 3. For
both the phenomenal self-reports and the percetask) neither the
main effect of induction method nor its interactiaith synchrony
was significant, indicating that both methods wegeally qualified
to induce the illusion (Figure 10 and Table 7). TRidl effect of
passive touch on the motor task (i.e., pointing @ements) contrasts
with the results of Kammers et al. (2009a; 200940 found motor
responses to be unaffected by the passive induotiethod. These
authors concluded that the passive induction metixciusively
affects the body image, while body-schematic reprgions are
resistant against this kind of manipulation (Kamsnetral., 2009a)

The inconsistencies between the results from Karsnegral.
(2009a; 2009b) and study 3 reflect the diverse ifigsl in the
scientific literature on this issue. While the et on phenomenal
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self-reports and perceptual responses are relatogisistent across
several investigations (Botvinick & Cohen, 1998;uer et al.,
2009; Kammers et al., 2009a), many studies didalemeonsistent
evidence as to whether motor responses are affdntethe RHI
(Heed et al., 2011; Holmes et al., 2006; KalckerEBrsson, 2012;
Kammers et al.,, 2009a; Kammers et al., 2009b; Karsne¢ al.,
2010). In study 3, two differences between the ipasand the active
induction method were found, which were specific foe motor
task, and therefore should be considered for #xgitanatory value
with regard to the inconsistencies on that issue.

First, the performance in the motor task was notretated
between both induction methods, as it was the watterespect to
the phenomenal self-reports and the perceptual Task absence of
this correlation indicates that individuals who arere susceptible to
the passive induction method (quantified by pomptérrors) are not
necessarily more susceptible to the active indoatiethod.

Second, there was a significant main effect of ithduction
method on the performance in the motor task. Inhbtie
synchronous and the asynchronous condition, pgntiovements
were more biased towards the artificial hand whenillusion was
induced by active movements as compared to passiah (Figure
10c). A similar finding was reported by Kammerskt(2009b), who
found a significant interaction between inductiorethod and
response type, indicating that perceptual resporvsess more
affected by the passive induction method, whileabgve induction
method had a pronounced influence on motor resgods@ossible
explanation for this specific result lies in theistence of shared
representations for executed and observed moven{Betsety &
Sommerville, 2003; Georgieff & Jeannerod, 1998;2882& Decety,
2001). A partial overlap between cortical networkeghich are
activated both by the self-execution of specifiticats and by the
mere observation of these actions executed by anaifent, show
that to a certain degree observed movements aessed in the
same way as self-executed movements (Georgieff &nrierod,
1998). According to these considerations, it islwemprehensible
that the motor representations underlying pointingvements are
influenced even by asynchronous movements of aficett limb,
which nevertheless might be regarded as body-extrzs

The overall pointing bias towards the artificialnbdaafter active
as compared to passive induction might as welectfh tendency to
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execute shorter pointing movements after pre-attinaof the motor
system. This possibility cannot be refuted on thsidof the present
data, however, it seems implausible, because duneimfe of motor
pre-activation was not reported in similar studig&lckert &
Ehrsson, 2012; Kammers et al., 2009b).

The absence of correlation between the passivetlamdctive
induction method suggests that body-schematic aiters are less
stable than alterations of the body image. Althowagh effect of
synchrony on pointing movements was found for bioithuction
methods, these effects are based on varying subkegrticipants.
Unlike the effects on the perceptual task, to whiatividuals seem
to be susceptible in a reliable manner, effectshenmotor task are
relatively short-lived (Rossetti, 1998). These ddesations are
relevant to explain inconsistent findings with respto motor tasks.
For example, Kammers et al. (2009b) previously camag the
effects of passive and active induction of the RHIperceptual and
motor responses, and did not find a difference betwsynchronous
and asynchronous conditions on motor responsethenefor the
passive nor the active induction method. Two differes in the
experimental design between study 3 and Kammegd. §2009b)
seem particularly relevant to explain this deviaggult. First, our
participants pointed with their non-stimulated todsathe stimulated
hand, directly indicating its perceived positiomile in Kammers et
al. (2009b), pointing movements were executed with stimulated
hand towards a visually defined external target,d athe
proprioceptive drift was assessed indirectly byeirihg the
perceived hand position from endpoint errors. Sdcétammers et
al. (2009b) used a video-based version of the Rdl.discussed
initially, participants are well aware of the norateriality of 2D
video-displayed images (ljsselsteijn et al., 200@)ich raises issues
concerning the incorporation of external objectsto inbody
representations. Furthermore, top-down processeghtmnterfere
with the bottom-up effects of synchronous stimalati (or
movements), because participants know that theyndeed looking
at (an image of) their own hand (Kalckert & Ehrss?mil 2).

To our knowledge, this is the first study applyithg technique
of fitting psychometric functions to judgements abband location
within the RHI. A valuable advantage of this tecjug consists in
the assessment of discrimination performance, whigm be
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guantified by the slopes of psychometric functiofi$is is an
important aspect, because decreased discrimingignfiormance
would affect the reliability of judgements on peévesl hand
location, and it seems plausible to assume deatediserimination
performance during the RHI. Our results demonstrétat
discrimination performance is slightly increasettagynchronous as
compared to asynchronous conditions (Figure 11thEtmore, it is
shown that both the passive and the active inductieethod are
equally qualified to induce this gain in discrimiioa performance
(Table 7).

Taken together, two characteristic differences wéoaind
between the induction via passive tactile sensatiand active
volitional movements, exclusively relating to therfermance in the
motor task. RHI specific effects were not corredateetween the
passive and the active induction method, and aratiy@minting bias
towards the artificial hand (i.e., independent ghahrony) was
found for the active as compared to the passivediion method.

The results of study 3 demonstrate that both péneép
judgements (presumably relying on an intact bodgge) and motor
responses (presumably based on body-schematic gses)eabout
body posture are affected by the passive and tlieeaimduction
method for the RHI. Both passive tactile sensatiansl active
volitional movements result in a phenomenal incoagon of an
artificial hand and in a proprioceptive drift ofettown towards the
artificial hand. Nevertheless, characteristic d#feces concerning
the motor task were revealed, causing doubts orrdhiability of
motor responses and thereby providing an explamat@ the
inconsistent findings in the scientific literatuoe this issue.
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5 Study 4: Anatomical Constraints for
Body Representations

The notion of a congenital body-model has been ciipp by
clinical observations of aplasic phantoms and darpantal studies
revealing anatomical constraints for changes irylvegresentations,
while other studies suggest a remarkable flexibilaf body
representations even exceedagriori assumptions regarding body
appearance and anatomy (e.g., the subjective emieadliof a third
arm).

Using the rubber hand illusion (RHI), in which aibie artificial
hand is touched synchronously with the particimnthseen own
hand, we examined the role of anatomical congrudmegveen
stimuli at the artificial and the own hand. Based aonsiderations
according to which the influence of anatomical aqolegce might
differ for the sense of ownership and the senseagsncy, two
versions of the RHI paradigm were implemented, lving either
passive tactile stimulation or active voluntary rmments.

51 Introduction

The development of a bodily self (i.e., the congsiperception
of ‘being’ or ‘having’ a body) is derived from twaifferent aspects
concerning the relation between the body and ttereal world,
commonly referred to as body ownership and age&sildgher,
2000; Gallese & Sinigaglia, 2010; Tsakiris et 2D06; Tsakiris et
al., 2007b). Body ownership denotes the senseatias own body
is the source of sensations (Tsakiris et al., 20B&)ernal events at
the bodily borders are directly perceived as samagnsations,
which can be described by the notion ‘What hapgenthis body,
happens tane.
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Agency reflects the fact that phenomenal intenttonsodify the
external world can only be realized by controllimge’s own body
movements (Gallese & Sinigaglia, 2010; Tsakiris akt 2006).
Intentional changes within the environment (e.iting a cup) can
only be caused indirectly, i.e., mediated by maimntrol over body
parts (moving the hand towards the cup, grabbingtdt). This can
be illustrated by the phraskcan affect the world only by means of
this body’. These two aspects (direct sensation @inglct motor
control) contribute to the perception of a stroogrmection between
the own body and the phenomenal self, and ultipatel the
development of a bodily self.

Both the sense of ownership and the sense of ageamcybe
manipulated within the paradigm of the rubber halodion (RHI),
which is based on the multisensory integration ohflicting
information about body posture (Botvinick & Cohd®98; Kalckert
& Ehrsson, 2012; Kammers et al.,, 2009b; Tsakirisalet 2006;
Tsakiris et al., 2010). In the RHI, an artificiard is placed visibly
in front of the participant, whose own hand is leddrom view. By
synchronously touching the artificial and the rdwnd, or by
synchronizing the movements of both hands, a nemssry conflict
between visual and proprioceptive information ablbanhd posture
can be induced, resulting in the illusory feelifgownership and/or
agency over the artificial hand. The subjective lifee of
embodiment is accompanied by a shift of the peetkiocation of
the own hand towards the artificial hand, a phermamewhich
generally is referred to as proprioceptive drifta(mers et al.,
2009a; Tsakiris et al., 2006).

Many studies indicated that the embodiment of ttiicéal hand
depends on an anatomically correct appearance @soénal., 2006)
and the physical connectedness to the body (Ehresah., 2004;
Pavani et al., 2000), supporting the assumptiom afngenital body-
model (Costantini & Haggard, 2007; De Preester &Kirss, 2009;
Tsakiris & Haggard, 2005). On the other hand, rdwmale changes
in body representations have been reported afseraliexposure to
anatomically implausible (e.g., a lengthened arwhasfer et al.,
2007) and even after anatomically impossible bodgfigurations
(e.g., a third arm, Guterstam et al., 2011; Schasfal., 2009).

In a study by Schaefer et al. (2006), participaat®ived tactile
stimuli at the little finger of their left hand whi watching
synchronous stimulations on the thumb of a virheahd. Due to the
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anatomical incongruence, participants reportedfarned sensation
(i.e., they felt the touches on their thumb insteddtheir little

finger), the degree of which was significantly eated with short-
term alterations in the topography of the primaomatosensory
cortex. This raises the question whether alteratiaf body
representations depend more on the consistencysoélvfeedback
rather than on its anatomical congruence, becaughe study by
Schaefer et al. (2006) the somatosensory effedtseofisible stimuli
were absolutely reliable and predictable. In otherds, the visual
feedback was anatomically incongruent in a veryststent manner.

The predictability of bodily effects is an importdactor for the
emergence of a sense of agency, even if thosetefiee discordant
with efferent motor commands (Sato, 2009; WegneW&eatley,
1999; Wegner, Sparrow, & Winerman, 2004). Therefireseems
plausible that a consistent coupling between motonmands and
bodily effects can compensate for their anatominabngruence.
Several studies suggested a specific role of maitdivity for
modulations of body representations (Braun et2801; Moseley &
Brugger, 2009; Schaefer et al., 2005), but studieshe processing
of anatomically incongruent movements are rarek(leinal., 1999).
Nevertheless, there is evidence that humans arenealy sensitive
to incongruent visual feedback about their own mnosets at a very
early developmental stage (Morgan & Rochat, 1997).

The influence of predictability on the sense ofragyehas been
investigated mainly in terms of perceived causatafnexternal
effects (e.g., sounds or visual stimuli), adoptingody-independent
definition of agency (Aarts, Custers, & Wegner, 20Qinser &
Goschke, 2007; Moore & Haggard, 2008; Sato & Yaswk{5;
Wenke, Fleming, & Haggard, 2010). However, percagiwentrol
over own body movements and perceived control budly-external
events are very different aspects of agency (Sadt®3/1958;
Wegner et al., 2004). This important distinctionswaferred to by
Sartre, when he recognized that ‘I use my pendeioto form letters
but notmy hand in order to hold the pen. | am not in relatiomy
hand in the same utilizing attitude as | am intiefato the pen; &m
my hand.’ (Sartre, 1943/1958, p.323). On the saceceunt, Wegner
et al. (2004) suggested the distinction of authprgbrocessing
(agency for body movements) and causal attribufagency for
environmental effects). This distinction is esphgieelevant for the
investigation of the dynamic qualities of body mg@ntations. In
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study 4 we focus on perceived agency for body meves) without
accounting for the indirect external effects ofshonovements.

Study 4 was conducted to investigate the impacinatomical
congruence and coupling consistency on changes ady b
representations. We implemented a passive andtam aersion of
the RHI paradigm, based on passive tactile stinmabr active
voluntary movements of the artificial and the reahd, respectively.
Anatomical incongruence was realized by a revemsamapling of
index and middle fingers of the artificial and theal hand, and
coupling inconsistency by a random variation of grment and
incongruent coupling.

According to the assumption of a congenital bodydeipthe
embodiment of the artificial hand should dependtte anatomical
congruence, but not on coupling consistency. Embedt of the
artificial hand was quantified by phenomenal seffarts and a
perceptual measure of proprioceptive drift.

5.2 Experiment

5.2.1 Methods

Participants 28 right-handed participants (7 males, mean age
was 27.8 years) were recruited from the Universitylannheim and
the local community. Participation was compensateither
monetarily or with course credits (for psychologydents). All
participants gave written informed consent to tkigegiment.

Experimental set-up Participants sat at a desk and placed their
hands in a wooden framework (125cm*50cm*25cm). &fisof their
right hand was prevented by an occluding screenatificial right
hand made of wood and containing flexible jointdhet sockets of
the digits was placed visibly in front of the paigiants, 15cm to the
left of their own right hand (measured from theerdingers). A
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skin-colored rubber glove was slipped over thefiaid hand.

Participants were instructed to adjust their bodglime halfway

between the artificial right hand and their owrt kedind, which was
placed 31cm to the left of the artificial hand. Boposture and
arrangement of real and artificial hands were idahto study 3, so
a graphical depiction of the experimental set-upptievided by

Figure 9a and 9c. Index and middle fingers of thical hand

could be lifted and lowered via pneumatically dny@ungers, which
were embedded in the framework. Invisible to thetipipants, the
plungers were controlled by capacitive sensorsepldeeneath the
participants’ right index and middle fingers. Inisthvein, the

experimental set-up enabled the experience of tdi@arol over the
finger movements of the artificial hand.

Experimental conditions For both the passive and the active
induction method, four experimental conditions wermlemented
(Table 8).

In the congruent condition, the participants’ rigtend and the
artificial hand were stroked synchronously with tpaint brushes in
an anatomically congruent manner (i.e., either hotlex fingers or
both middle fingers). The incongruent condition sisted in
synchronous stroking of anatomically unrelated dirsg(i.e., the real
index and the artificial middle finger or the reaiddle and the
artificial index finger). Importantly, in both theongruent and the
incongruent condition the combination of real anmiifieial fingers,
whether anatomically congruent or not, was invdeiand therefore
predictable, throughout the particular inductiomgds.

In the inconsistent condition, the consistency aupling
between real and artificial fingers was eliminately
unsystematically alternating the combination ofl raad artificial
fingers. Tactile stimuli were applied synchronousdythe real and
the artificial hand in an anatomically correct ncarrect manner. A
control condition including asynchronous stimulatieerved as a
reference for the congruent condition to quantifgib RHI effects.
Apart from a temporal delay (distributed betweenh &nd 2 seconds)
between corresponding stimuli at the real and thiicéal hand, the
control condition was identical to the congruenndition. In all
conditions involving passive touch, stimulus conattions were
applied every 5 to 10 seconds.
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Table 8 Experimental conditions adapted to the passive thedactive induction
method in study 4. Associated pairs of conditiomstésting the impact of temporal
synchrony, anatomical congruence and coupling stersiy are shaded accordingly.

experimental temporal anatomical
condition synchrony congruence
control asynchronous
congruent synchronous congruent consistent
incongruent synchronous incongruent
inconsistent synchronous incongruent

To compare the RHI effects after passive touch withse after
active movements, four analogous conditions wem@emented for
the induction by active movements. Finger movemeuitsthe
participants’ right hand were accompanied by syoebus finger
movements of the artificial hand. The coupling bedw real and
artificial fingers was either anatomically congrtieincongruent or
unsystematically varying (inconsistent). In the tcoh condition,
congruent finger movements of the artificial handrevdelayed by
0.5 to 2 seconds. In all movement conditions, pigdints were
instructed to shortly lift either their index oreih middle finger (but
not both at the same time), approximately every 3 tseconds.
Furthermore, they were asked to maintain an appratély equal
ratio between movements of the index and the mifiligger.

Each of the resulting eight experimental conditiomslved an
induction phase (1.5min), the assessment of proppiive drift
(2min) and the completion of a questionnaire (apprmin). All
conditions of the same induction method were peréat
successively. The order of induction method as aglthe order of
conditions (within each method) was randomized sgBubjects, but
kept constant for both methods (within subjects).

Proprioceptive drift The procedure for the assessment of
proprioceptive drift was executed previous to thepeziment
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(baseline) and after each of the eight experimergaditions. After
the induction phase, participants were instructedldse their eyes.
The experimenter removed the occluding screen diadeg a
computer monitor (52cm*29.5cm, LG Electronics Fdatiw2443T)
horizontally above the artificial and the real tigfand, completely
occluding them from sight (Figure 9c). Participatitsn were asked
to open their eyes and to judge the positions sérées of red dots
appearing for 100ms on the screen (white backgrpBpuEcifically,
they had to indicate for each single dot, whetherais located to the
left or to the right of their own right index fingeEach dot
(2mm*2mm) was presented at one of fourteen posgibktions,
which were interspaced by 1cm and arranged aloaghtirizontal
plane in the middle of the monitor. To minimizelicgj and floor
effects, the relative positions of the dots toridsa right index finger
were adjusted for each individual on the basidefliaseline data.

Participants were asked to which side the dot wddse to
move to be exactly over their right index fingeresRonses were
given via a computer mouse with the left hand. Téfé button
indicated that the participants’ index finger wasqeived at the left
side of the dot, and the right button indicated thevas perceived to
the right of the dot. Participants were urged tepond as fast as
possible. Responses later than 1s or earlier tidm& from the
dot’s onset were discarded.

The dots were presented seven times at each df4hgossible
locations in randomized order, resulting in a taf8 trials. The
intertrial interval between the response and theeamnce of the
next dot was set to 1s. This procedure enablesagessment of
discrimination performance and has been approvedstinly 3.
Stimulus sequences were controlled using Presentatil4.2
(Neurobehavioral Systems, Inc., CA, USA).

Phenomenal self-reportsAfter the assessment of proprioceptive
drift, participants completed an RHI questionnag@nsisting of nine
statements regarding the subjective experiencheofilusion during
the induction phase. Agreement with these statesneas indicated
on a Likert scale involving seven steps (-3 = gtgprdisagree, 3 =
strongly agree). Questionnaire items were seleftted an extensive
psychometric study (Longo et al., 2008) and aredisn Table 9.
According to Longo et al. (2008), four items reéstrto the
embodiment of the artificial hand (items 1 and 6 Table 9
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representing body ownership and items 2 and 7 septing body
agency?), two items targeted the affective valence ofakperience
(tems 3 and 8) and three items served as contiredtepns (items 4,
5 and 9).

Table 9ltem labels used in study 4 and their categoriesraling to Longo et al.
(2008).

item label item category
1. It felt as if the artificial hand was my own hand. embodiment (ownership)
2. It seemed like | could grab something with the artificial hand. embodiment (agency)
3. | found that experience enjoyable. affect
4. It seemed like I had three hands. control question
5. | had the sensation that my hand was numb. control question
6. It seemed like the artificial hand was part of my body. embodiment (ownership)
7. It seemed like | could make a fist with the artificial hand. embodiment (agency)
8. | found that experience interesting. affect
9. It seemed like my hand had disappeared. control question

Statistical analysisProprioceptive drift was quantified by means
of psychometric functions, calculated on the basithe data from
the perceptual task. Logistic functions were fitfed each of the
experimental conditions and the baseline, reprewentthe
probability of the response ‘dot was left of indelépending on the
dot’s position. The 50% thresholds of these psydtamfunctions
were used as an estimate for the perceived locafitime right index
finger, and the slopes of the same functions seased measure for
discrimination performance. Regarding the 50% thoks,
individual baseline values were subtracted from vhkies for the
experimental conditions.

2 Due to the implementation of controlled finger raments of the artificial hand, the
agency items tested in Longo et al. (2008) wereapptopriate and were modified for
study 4 (see Table 9).
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The questionnaire data were averaged accordingetsubscales
‘ownership’, ‘agency’, ‘affect’ and ‘control’ (Tabl 9) for each
participant (Longo et al., 2008).

Statistical analysis was based on linear mixedctffenodels as
implemented in package ‘nime’ for R software (vensi2.13.1).
Subjects were specified as random factor.

5.2.2 Results

Temporal synchrony According to conventions within RHI
studies, the general efficiency of the experimergat-up was
verified by comparing the effects of synchronoud asynchronous
touch/movements (Figure 12). Linear mixed effectoodats
including the factors ‘synchrony’ (congruent coratit vs. control
condition) and ‘induction method’ (passive touch. vactive
movements) revealed a significant main effect afckyony on the
perceptual task (f;=10.6, p=.002), the embodiment-related
questionnaire items (ownership: ,4=55.9, p<.001; agency:

temporal W synchronous
synchrony O asynchronous

a) perceptual task b) ownership items ¢) agency items d) affect items
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Figure 12 Comparison between the congruent condition (blzeis) and the
control condition (grey bars), which differed exltely in the temporal
synchrony between touches at (or movements of)reéhé and the artificial
hand.
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F15:=30.0, p<.001) and the affect-related questionndtems
(Fyg=53.7, p<.001). Importantly, synchrony did not affethe
responses to control items,(f=1.2, p=.28).

The main effect of induction method was significanty for the
ownership and the affect items of the questionn&nenership:
F1:=16.2, p<.001; affect: f;=24.3, p<.001), but not for the agency
items (Rg:=0.5, p=.49) and the perceptual task(F0.5, p=.49).
Perceived ownership of the artificial hand and cffe valence were
higher after passive touch than after active movespendependent
of synchrony (Figure 12).

Significant interactions between synchrony and atidm method
regarding embodiment-related items (ownerships#5.1, p=.03;
agency: Ig=5.7, p=.02) indicate that the effect of synchravgs
more pronounced after active movements than afissipe touch
(Figure 12). This advantage of the active inductioethod was
restricted to phenomenal self-reports and could et verified
regarding the perceptual task;£=0.3, p>=.5). Also no interaction
was found for affective valence (§=3.0, p=.09).

Anatomical congruence To examine the importance of an
anatomically congruent mapping between the ownthadartificial
fingers, we compared the effects of the congruemtdition with
those of the incongruent condition (Figure 13).igngicant main
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Figure 13 Comparison between the congruent condition (blaais)band the
incongruent condition (grey bars), which differealasively in the anatomical
congruence of coupling between fingers of the aedl the artificial hand.
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effect of anatomical congruence was found for teecg@ptual task
(Fyg=6.7, p=.01) and the embodiment-related and affeleted
questionnaire items (ownership: ,4=29.5, p<.001; agency:
F18:=15.4, p<.001; affect: #5,=30.9, p<.001). Proprioceptive drift,
perceived embodiment and affective valence werehdrnigafter
congruent conditions.

Again, only the ownership and affect items werectffd by the
induction method (perceptual taskyg=1.5, p=.22; ownership:
Fig1=4.3, p=.04; agency:f;=0.2, p>.5; affect: fz=15.6, p<.001),
showing a higher degree of perceived ownership affdctive
valence after the passive as compared to the dativetion method
(Figure 13). Contrary to the considerations regayda differential
impact of anatomical congruence for passive touod active
movements, no interactions between anatomical cemge and the
induction methods were found (perceptual taska 9.1, p>.5;
ownership: kg:=0.2, p>.5; agency: r=1.2, p=.28; affect:
F15:=0.2, p>5)

Coupling consistencyThe impact of consistency with respect to
the coupling between own and artificial fingers vessessed by a
comparison between the incongruent and the incmisonditions
(Figure 14). Both of these experimental conditiomyvolved
anatomically incongruent feedback, but in the imroent
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Figure 14 Comparison between the incongruent condition lsrs) and the
inconsistent condition (grey bars), which differegkclusively in the
consistency of coupling between fingers of the agal the artificial hand.
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conditions, the coupling of artificial and real diers was invariable
and absolutely reliable, while in the inconsistemndition, the
coupling between own and artificial fingers changedrandom.
Neither for the perceptual task =0.3, p>.5) nor for the
embodiment-related and affect-related questionnaifems
(ownership: g=0.2, p>.5; agency:f:<0.1, p>.5; affect: Fg=1.3,
p=.25) a main effect of coupling consistency ccgdconfirmed.

Again, the method of induction had a selective affen
ownership and affect items (ownership;sE11.4, p=.001; affect:
F15:=16.0, p<.001), while neither the perceptual taBls{1.5,
p=.22) nor the agency items(@=1.0, p=.32) were influenced by
this factor (Figure 14). No interactions betweenplimg consistency
and induction method were found (perceptual tagk;<®.1, p>.5;
ownership: kg=0.6, p=.42; agency: 1k<0.1, p>.5; affect:
F1/51<0.1, p>5)

Discrimination  performance Regarding discrimination
performance, quantified by the slopes of the psyw@tdc functions,
which were calculated according to the data froenglrceptual task,
no significant differences were found throughoutdst4 (all p>.05).
Mean slope for all experimental conditions was rahging between
.20 and .25. Thus, the proprioceptive drifts repdrabove were not
accompanied by a higher or lower certainty regaydive perceived
location of the own right index finger.

53 Discussion

Study 4 aimed at investigating the importance o&tamical
congruence and coupling consistency for alteratiars body
representations during the RHI (Botvinick & Cohelr§98). The
concept of a congenital body-model (De Preestersé&kiris, 2009;
Tsakiris & Haggard, 2005) predicts a high impactaofatomical
congruence between visual and sensorimotor infeomatbout the
own body, but several experimental findings chaj&ethis view by
claiming that constraints regarding body appearaam@ anatomy
can be overcome (Guterstam et al.,, 2011; Schaefe.,e2007;
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Schaefer et al., 2009). The constitutive factorhmnigther consist in
the coupling consistency, i.e., the reliability @bupling between
fingers at the real and the artificial hand, indefent of the
anatomical plausibility of this coupling.

These contrary views were tested for body ownersuipl
agency, two different aspects of the bodily selal{&her, 2000;
Tsakiris et al., 2006; Tsakiris et al., 2007b). Tvessions of the RHI
paradigm were implemented, one based on passiwh tand the
other on active movements. In different experimestanditions,
anatomical congruence and coupling consistency sygtematically
varied. A manipulation check, comparing synchronagainst
asynchronous conditions, confirmed that the expemial set-up was
valid to induce an RHI, both regarding a percepttadk and
phenomenal self-reports (Figure 12). For the phamah self-
reports, enhanced RHI effects were found for thivea@s compared
to the passive induction method, but this advantegg not reflected
by the performance in the perceptual task. Furtbegmit can be
inferred from Figure 12 that the pronounced effafter active
movements was not due to more agreement to thes itdter the
synchronous conditions, but rather to less agreenader the
asynchronous conditions (i.e., asynchronous movesmesulted in
less agreement than asynchronous touches).

The results of study 4 are in line with the assuomptof a
congenital body-model (De Preester & Tsakiris, 200%he
comparison between anatomically congruent and igreent
feedback conditions (Figure 13) indicates that ¢ffectiveness of
the RHI depends on the anatomical congruence ofctheling
between real and artificial fingers. In contradte tcomparison
between consistent and inconsistent feedback ¢onglishows that
coupling consistency, independent of anatomicagoaence, has no
influence on the strength of the illusion (Figuré).1These results
strongly support the assumption of a congenital yboddel,
conform with previous reports of anatomical constsaregarding
the incorporation of artificial limbs (Ehrsson ét 2004; Holmes et
al., 2006; Pavani et al., 2000; Tsakiris & Hagg&@05), and extend
them by showing that anatomical congruence is éguiadportant
for both the sense of ownership and the sense eficgg Neither
regarding anatomical congruence nor regarding dogiglonsistency
interactions with the induction methods (passivectoand active
movements) have been found for any of the dependeiatbles. The
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temporal synchrony between stimuli (or movementdha own and
an artificial hand, being a strong predictor amteaessary condition
for the RHI, does not elicit the incorporation af artificial hand,
which deviates from specifia priori assumptions regarding body
appearance and anatomy.

The notion of an invariant congenital body-modelichhis
resistant to deviant sensory feedback (Costantitiaggard, 2007;
De Preester & Tsakiris, 2009; Tsakiris & Haggard0®) is further
confirmed by clinical reports of phantom sensatiompatients who
were born without the respective limb (Brugger ¢t 2000;
Gallagher et al., 1998; Ramachandran, 1993). Spletsia phantoms
can persist for a life-time, notwithstanding thesatice of afferent
feedback from the missing limb (Melzack et al., ZRHowever,
alternative explanations of aplasic phantoms basedpostnatal
learning processes have also been raised (Pri6é).20

Another interesting result of study 4 consistshia inain effect of
induction method (irrespective of the experimentainditions)
leading to a higher level of agreement after passiouch as
compared to active movements. This main effect eadusively
found for perceived ownership and affective valewith respect to
all three comparisons (Figure 12-14). Inductionhodthad no effect
on the perceptual task and on the agency itemsleWhigreater
affective valence of touches with soft paint brissben be explained
in terms of affective touch (Essick et al., 201@)seems rather
peculiar that, with respect to measures of embouatimexclusively
perceived ownership was enhanced after passivé tasicompared
to active movements. Subjectively perceived owriprskems to be
particularly susceptible to passive tactile stirtiola regardless of
whether the felt touches are asynchronous, anasdigniocongruent
or inconsistently combined with the seen toucheshat artificial
hand.

Based on evidence that the affective componentouwth are
processed within the insular cortex (C. McCabe |Rdilderbeck,
& McGlone, 2008; H. Olausson et al., 2002; H. Wa@ison et al.,
2008), a region which has also been shown to plegleain bodily
self awareness (A. D. Craig, 2009; Critchley, WjeR®tshtein,
Ohman, & Dolan, 2004; Karnath, Baier, & Nagele, 200t might
be speculated whether the effect on perceived ahieis mediated
by insula activations. Indeed, activations in tigtr posterior insula



Study 4 101

have been discussed as a neural correlate of pedcewnership
over the body (Tsakiris et al., 2007a). An invohaof the insula
region was also proposed for the experience of @géRarrer &
Frith, 2002), but due to the absence of any movésndaring the
passive induction method it is well conceivablettiperceived
agency was unaffected. Nevertheless, it remaingplai@ed why
the increased feeling of ownership after passivechowas not
reflected by the perceptual measure of proprioeeftift.

It has been argued that deviant visual feedbackrdéng efferent
motor commands might be the source of pathologiaal in patients
with limb amputations (Harris, 1999; C. S. McCahdaigh,
Halligan, & Blake, 2005; Moseley & Gandevia, 2005Jhis
hypothesis is based on observations suggestingnka Hetween
aversive sensations and incongruent sensory fekdhlagut own
body movements (Fink et al., 1999) and is furthgp®erted by the
fact that phantom pain can be relieved by providiregpatients with
congruent visual feedback regarding their intenchedements with
the amputated limb (Diers, Christmann, Koeppe, RuFlor, 2010;
Ramachandran & Rogers-Ramachandran, 1996). Thoumight be
guestionable whether incongruent visual feedbadugbwn body
movements really triggers pain (Moseley & Gandew805), or
rather a wide spectrum of strange and maybe urgriéaensations,
as in the study by McCabe et al. (2005), a relegasstion in the
context of this discussion is whether negative ciffe specifically
associated with incongruent feedback regarding bodyements or
with incongruent feedback regarding bodily sensesim general.

The assessment of affective valence in study 4 legsathe
examination of this issue. Anatomically incongruemivements of
the artificial hand significantly reduced the affee valence during
the respective condition. The effect of incongrudgaedback,
however, was not specific for movements, but was &und for
passive touch (Figure 13d). The case of incongrussnsory
feedback in amputees might be reflected more pelsciby the
comparison between synchronous and asynchronowsl ¥eedback,
because, strictly speaking, motor commands of aegsugre not
accompanied by incongruent movements but by no mewnés at all.
Nevertheless, the analysis of temporal synchropgaled the same
pattern: the significant effect of asynchronoususlisfeedback on
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affective valence was not restricted to movementsaso found for
passive touch (Figure 12d).

In summary, the results from study 4 reveal aaaitconstraint
on the plasticity of body representations. The ipoeation of
artificial hands into a representation of the owady within the RHI
paradigm is constrained by an anatomically congrumupling
between fingers of the own and the artificial haihtle anatomical
congruence is equally important for both the omdjiversion of the
RHI, based on passive tactile stimulation, and alifieal version,
involving active motor control over the artificiahnd.

The strong effect of anatomical congruence combiwél the
absent effect of coupling consistency, a patterithvivas found for
both the feeling of body ownership and agency dtagefor a more
indirect measure of proprioceptive drift, constsinew evidence for
the existence of a congenital body-model and pes/idhsights
concerning its impact on alterations of body repngations.
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6 General Discussion

Various studies have shown that the representatibtiee human
body and the peripersonal space immediately sudiogrthis body
are subject to extensive dynamic changes (Longm8érénco, 2007;
Lourenco & Longo, 2009; Maravita & Iriki, 2004; TiSeEs &
Haggard, 2005). For example, representations apg@esonal space
can be extended and compressed, depending on tehuort-
alterations of reaching distance (Longo & Lourer@06; Lourenco
& Longo, 2009). When using a rake, this reachingtatice is
expanded compared to a situation in which we canipoéate our
environment only within arm length. As a result, §pace becomes
relevant for our immediate actions and the reptasem of the
space surrounding us adjusts according to this ficaton (Berti &
Frassinetti, 2000; Longo & Lourenco, 2006; Marait&iki, 2004).

The same situation can also be described in teffimdymmamic
changes in body representations (Gallese & Sinigagi010). In
accordance with the notion that ‘the draughtsmaimsnediate
perception seems to be of the point of his petitél,surgeon’s of the
end of his knife, the duellist’s of the tip of higpier as it plunges
through his enemy’s skin’ (James, 1890/1950, v@.37-38), tool-
use has been shown to modulate the representatidheobody
(Cardinali et al., 2011; Johnson-Frey, 2003; Maeadi Iriki, 2004;
Yamamoto & Kitazawa, 2001). According to this viewhe
utilization of the rake, accompanied by the feelaigcontrolling it,
induces a change in the representation of the oedy lfHead &
Holmes, 1911; Maravita & Iriki, 2004). This exampiet only
shows that alterations of body representationsllyscaincide with
alterations of spatial representations, but rathat the concepts of
the body and peripersonal space are fundamentatiyected to each
other (Cardinali et al., 2009a; Gallese & Sinigagh010; Holmes &
Spence, 2004).

The major goals of this thesis were twofold. In fivst part
(studies 1 and 2), it was investigated how postubaidy
representations affect the representation of pexgmal space, while
the second part (studies 3 and 4) was an atternigetdify some of
the necessary and sufficient preconditions forraltens of body
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representations. The present chapter will be destid® a discussion
of the implications and conclusions which can bevee from this
thesis. To provide a solid basis for this geneiatubksion, | will
summarize the main results from the studies desdrim the
previous four chapters.

6.1 Main Results

Study 1 and 2 demonstrated that the representatbn
peripersonal space varies depending on alteratibh®dy posture.
By comparing tactile localization in a vertical asmpared to a
woven posture of the hands (Figure la), study Iwehothat both
finger and hand processing is influenced by a paktepresentation
of the body. Furthermore, the direction of this tpea effect was
modulated by the task in question, i.e., whethdenéibn was
directed to a differentiation of hand laterality forger type. Finger
processing was facilitated in the woven posturdleathe processing
of hands was ameliorated in the vertical postuigufies 4 and 5).

In study 2, dynamics in the representation of pgdpnal space
were investigated by the comparison of tactile hiaedtification in
an adjacent as compared to a separated postune dhds (Figure
6a). Supplementary to a general facilitative effetthe separated
posture on tactile identification of hand latesglit was shown that
the performance was modulated by the spatial distéetween the
tactile stimuli and the non-stimulated hand (i.¢he hand
representing a different response). Reaction titoegrds tactile
stimuli were faster with increasing distance betwdke spatial
coordinates of a tactile stimulus and those ofnitve-stimulated hand
(Figure 6b). The comparison between a right-endomed a left-
enclosed posture, which were also implementedudys®, revealed
no significant differences in the performance ofttita hand
identification (Figure 7).

Study 3 and 4 investigated the dynamic qualities bofly
representations. Keeping the veridical posture haf tight hand
constant, we tested the influence of visual feekltstmout passive
tactile stimulations and active movements on théjesdively
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perceived posture of the right hand. In study 3,fetend that both
the passive and the active induction method oRHé were capable
of eliciting a strong subjective feeling of ownapsbver an artificial

limb. These phenomenal self-reports were accomparig a

significant proprioceptive drift of the own towartte artificial hand,
as measured by means of a perceptual task andaa task (Figure
10). Further important results of study 3 consisteda higher
proprioceptive drift after active movements as cameg to passive
touch, which was specific for the performance ia thotor task and
absent for phenomenal self-reports and percepteaponses.
Furthermore, and again specific for the motor takk, differences
between synchronous and asynchronous feedbackadidonrelate
between the passive and the active induction meffi@ble 7).

These results suggest a fundamental distinctiverasamotor

responses compared to perceptual responses andrpbeal self-
reports, which has important implications for theplementation of
motor tasks as well as for the interpretation spestive findings.

In study 4 we examined the influence of anatomicalgruence
regarding the visual feedback within the RHI oniti@rporation of
an artificial limb. For both the passive and theiv&c induction
method, it was found that anatomically incongrut@dback (i.e.,
reversed coupling of index and middle fingers af twn and the
artificial hand) abolished the subjectively pereeivincorporation of
the artificial hand. The impact of anatomical carggrce was
confirmed by a perceptual measure of propriocepdiie as well as
by ownership-related and agency-related questioaiit@ms (Figure
13). Study 4 also investigated the importance ofupting
consistency (i.e., the reliability of the couplihgtween real and
artificial fingers), but for both passive touch amctive movements,
no influences were found, neither regarding theg@gtual task nor
the phenomenal self-reports (Figure 14).
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6.2  Discussion and Implications

The representations of body and peripersonal speeelosely
linked (Cardinali et al., 2009a; Holmes & Spencép4). This is
clearly acknowledged by the fact that the concdpperipersonal
space is defined with strict reference to the yooldrders, i.e., as the
space immediately surrounding the body (Legrandalet 2007,
Ladavas & Farne, 2004; Makin et al., 2008). Consaty,
alterations of body representations should coineiite alterations
of the representation of peripersonal space. Ameage in the
represented arm length, which is discussed as fant eff tool-use
(Cardinali et al., 2011; Head & Holmes, 1911; JamErey, 2003;
Maravita & Iriki, 2004), also extends the spaceraunded by the
represented body (Gallese & Sinigaglia, 2010).

The results of this thesis reveal new evidence fbe
interdependency of body and space representatiftngly 1 and 2
showed that modifications of the postural represt@nt of the body
(by varying body posture) induce changes in theesgntation of
peripersonal space. Dependent on the hand’s posaatde stimuli
were processed differently. Conversely, study 3 4mnfirmed, in
accordance with previous studies on the RHI, the $patial
displacement of visual feedback concerning tastilmuli affects the
postural representation of the body.

These findings are in line with theoretical assuomns about the
interrelation between the representations of body peripersonal
space (Cardinali et al., 2009a; Ladavas & Farn@42@nd extend
previous insights into this issue (Holmes & Speri&#)4; Overvliet
et al., 2011; Shore et al., 2005; Spence et a&04R®tudy 1 provides
a framework for a thorough description of peripeedo space
representations in terms of response fields. Thigept, which was
further elaborated in study 2, accounts for a varid observations
concerning the localization of tactile stimuli withan external frame
of reference (Driver & Grossenbacher, 1996; Llog@07; Shore et
al., 2005; Soto-Faraco et al., 2004) and inspiregirggerpretation of
the results of Haggard et al. (2006) regarding theatial
representations of fingers and hands. Study 3 arwbrdoborate
previous findings on the influence of spatially plieced visual
feedback of tactile stimuli on alterations of paeatu body
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representations by illuminating necessary and ddfit
preconditions for these alterations.

Before addressing the dynamic qualities of body apdce
representations, an issue raised by several autheesls to be
considered: if representations of the body andesipersonal space
are so fundamentally linked, why do we need separahcepts for
these representations, and wouldn't it be apprtpra integrate
these concepts into a single one (Cardinali e2@09a; Holmes &
Spence, 2004)? Though there is no ultimate answérat question
to date, there are possibilities which might reedlvis issue in the
future. One of these possibilities consists in tiscovery of
empirical dissociations between the representatioihdody and
peripersonal space. For example, Cardinali et28l09a) speculated
about alterations of peripersonal space represensaaccompanied
by a non-altered body-schema, which might be indugg active
motor control over body-extraneous objects in faace. Such an
experimental modulation, so the authors argue, ldhaffect the
representation of the space relevant for immedsatié-generated
actions, but not the representation of the bodgabse anatomical
constraints concerning the connectedness of bodyg peould be
violated (Pavani et al.,, 2000; Tsakiris & Hagga&005). The
experimental set-up, developed and validated idysBiand 4 of this
thesis, constitutes a suitable basis for testiigydpecific prediction,
because the movable artificial hand can easily lneepl far away
from the participants, without any limitations cemnging the
synchrony of voluntary movements of the real areattificial hand
(see section 6.2.5).

6.2.1 Dynamics of Spatial Representations and theoGcept of
Response Fields

Based on the results of study 1 and 2, responddsfiare
proposed as a conceptual framework for the desmnipiof
peripersonal space representations. Specific $pati@as within
peripersonal space (defined by the position ofaterbody parts)
receive more attentional resources than others. dxample, the
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space immediately surrounding the hands (ofterrnedeto as near-
hand or peri-hand space) is overrepresented, becaus more
relevant for immediate behavior than more remotagi(Ladavas et
al., 1998; Makin et al., 2007; Reed et al., 2006edRet al., 2010).

The concept of response fields states that peopalsspace is
represented as a conglomeration of discrete spatiaiponents,
which are weighted according to their relevanced@pecific task.
Regarding tactile identification of body parts,sttiegmentation of
peripersonal space facilitates the association dxtvtactile stimuli,
localized within one of these segments (i.e., wiélspect to an
external reference system), and the specific baaysp by which
they are defined. In this vein, assigning a tacsiienulus to the
touched body part only requires the distinctiondafcrete spatial
areas in peripersonal space, and the localizatioth® stimulus
within one of these response fields.

The concept of response fields can explain a wariet
experimental findings (e.g., those reported by @&nriv&
Grossenbacher, 1996; Haggard et al., 2006; Shak, &005; Soto-
Faraco et al., 2004; Zampini et al., 2005). Thecessing of tactile
stimuli should be ameliorated with a higher disanioetween
response fields, which was found in experiment Stafly 2 and in
several other studies (Driver & Grossenbacher, 1998llace &
Spence, 2005; Shore et al.,, 2005; Soto-Faraco .gt 28i04).
Furthermore, reports of an impaired discriminatletween tactile
stimuli at the right and the left hand, when haadgs interleaved
(Haggard et al., 2006; Zampini et al., 2005) carabeounted for by
an overlap of the respective response fields (sfudyd 2). Figure
8b depicts the response fields for the right arel l#ft hand for
several postural conditions.

In the present thesis, response fields in peripalsspace have
been investigated with respect to the tactile damdihere is
evidence that response fields are also applicatthénsother sensory
modalities and might be a useful approach to undeds the
mechanisms of multisensory integration in peripeatspace (e.g.,
Lakens, Schneider, Jostmann, & Schubert, 2011;d,1@907). For
example, Lloyd (2007) systematically varied the tisphadistance
between the participants’ real hand and an auifiohe in the RHI
and found that the subjective perception of spadi@htity of visual
and tactile stimuli vanished gradually with highdistances. This
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result can be described in terms of visuo-tactgponse fields. The
strength of the RHI could be described as a funatibthe degree of
overlap between the response fields for the awilfignd for the real
hand.

An essential step in the future research on respdiedds
therefore consists in the question as to whetherpifocessing of
visual stimuli in peripersonal space can be desdrim terms of
response fields. A possible approach for this wentoight consist in
the replication of study 1 and 2, applying visuadtead of tactile
stimuli, or systematically varying both.

6.2.2 Dynamics of Body Representations

The role of a congenital body-modelAs illustrated in the
introduction of this thesis, spatial representatiohthe body exhibit
a high degree of plasticity (Botvinick & Cohen, B9Ehrsson et al.,
2007; Guterstam et al., 2011; Longo & Lourenco,Z0chaefer et
al., 2007; Schaefer et al., 2009), but it is anatieth question as to
whether these alterations of body representationpr@marily based
on bottom-up or top-down processes. Using the pgmradf the RHI
it has been shown that the temporal synchronyafléastimuli and
visual feedback is, though a necessary, not acgeifi condition to
induce a change in the representation of the b&&vdni et al.,
2000; Tsakiris & Haggard, 2005). Supplementary e teported
constraints of an anatomically plausible posturéhefartificial hand
(Ehrsson et al., 2004; Pavani et al., 2000) anditofrealistic
appearance (Holmes et al., 2006; Tsakiris & Hagg2085), it was
shown in study 4 that also the anatomically congtruesoupling
between single fingers of the artificial and thalréand is an
important precondition for altering body represénts (Figure 13).

Contrary to anatomical congruence, the consisteatythe
coupling between real and artificial fingers hadsmnificant effect
on body representations (Figure 14). A consistenpling between
events at the real and the artificial hand does se®m to be a
sufficient factor for inducing changes in body meg@ntations. This
pattern was found for the passive and the actidedtion method,
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and it was revealed by phenomenal self-reports angkrceptual
measure of proprioceptive drift. It provides newdewnce for the
existence of a congenital body-model (De Preest@&sékiris, 2009;
Gallagher et al., 1998; Melzack et al., 1997), vy unmodifiable
constraints concerning the general appearanceedbdldy (Holmes
et al., 2006), the connectedness of its parts (Rataal., 2000) and,
as demonstrated in study 4, the anatomically cawmreoupling
between events at the body surface and their pemepffects, or
between motor commands and their bodily effectspeetively
(Figure 13).

This finding stands in contrast to the report of altered
topography of the primary somatosensory cortex aftatomically
incongruent visual feedback regarding tactile slinai the little
finger and the thumb (Schaefer et al., 2006). &simgly, in the
study by Schaefer et al. (2006) neuronal alterationere
accompanied by a referred sensation betviiggnfinger and thumb,
but not by a subjective incorporation of the artél hand. Since this
latter finding (the absence of subjective incorfiorg was replicated
in study 4, it implies that alterations in the tgpaphy of the primary
somatosensory cortex can occur independently fitmensubjective
embodiment of an artificial limb. In other wordspeo can feel a
touch at a non-stimulated finger (according toittewngruent visual
feedback at an artificial hand), without perceivihg same artificial
hand as one’s own, which ultimately would imply twiifferent
processes being in effect during the RHI. The eéffgfcreferred
sensation reported by Schaefer et al. (2006) casoledy explained
by visual dominance (Hecht & Reiner, 2009), whettbassubjective
embodiment is based on an altered body represemtatierefore
being constrained to an anatomically congruent ibogyp

Controlling for top-down influences Due to the growing
evidence for the importance of the distinction hedw a sense of
ownership and a sense of agency as two differgoects of the
bodily self (Gallagher, 2000; Synofzik et al., 200&akiris et al.,
2006; Tsakiris et al., 2010), many attempts havenbmade to
investigate the sense of agency within the RHI ¢igra. By
implementing active motor control over an artiflcizand, many
researchers induced a feeling of agency for therlaowever, in
most studies a video-image of the own ipsilateealch(Kammers et
al., 2009b; Longo & Haggard, 2009; Newport et 20.]10; Tsakiris et
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al., 2006; Tsakiris et al., 2010) or a mirror refien of the own
contralateral hand (Holmes et al., 2004; Holmes #erge, 2005;
Holmes et al., 2006) were presented as ‘artifickelhds and were
supposed to be recognized as body-extraneous sbjddtis
approach raises serious issues concerning the tapider
investigation, namely the incorporation of bodyrareous objects,
because the participants indeed are looking atr tbein hand
(Kalckert & Ehrsson, 2012). Due to the high fanmitia regarding
video-images and mirrors, it is reasonable to #didke incorporation
of a visually displaced own hand and a prostheticdnare based on
the same mechanisms (Bertamini et al., 2011; Hs=igl et al.,
2006), and whether the observed effects can beaieea solely on
the basis of top-down processes.

The results of study 3 and 4 provide a negativevando the
latter question. The experimental set-up in botidiss enabled
active motor control over finger movements of atifiaial wooden
hand, which was unambiguously recognized as bothgesous.
Nevertheless, significant differences between ymclsronous and
the asynchronous feedback conditions were founstudy 3, both
with respect to the passive and the active indoatiethods. These
results were replicated in study 4.

The replication of RHI effects within an experim@nset-up
involving active control over unambiguously bodytraxeous
objects is an important step for the research am@g because it
rejects the possibility that the effects found wildeo- or mirror-
based versions of the RHI are exclusively basedtapidown
influences (Kalckert & Ehrsson, 2012).

6.2.3 Differential Effects of Ownership and Agency

By separating the sense of body ownership fromsmese of
agency over bodily movements, Tsakiris et al. (208&uld show
that implementing active finger movements withie RHI affected
body representations in a qualitatively differenammer than the
original version involving only passive tactile rstilation. The
sensory integration of efferent motor commands apatially
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displaced visual feedback about the produced montemesulted in
a holistic change of the hand’s representatiorectifig the whole
configuration of the hand, while the sensory indigin of tactile and
visual information exclusively affected the stimeld finger
(Tsakiris et al., 2006).

Together with the (recently debated) hypothesis ttte sense of
ownership and agency might be based on independeumtonal
processes (Synofzik et al.,, 2008; Tsakiris et @010), this
observation suggests that body representationstrbgtdifferently
affected by passive tactile sensations, induciegrese of ownership,
and active voluntary movements, supplementarilyuonly a sense
of agency (Tsakiris et al., 2006). However, an alteiinding of
study 3 and 4 consisted in absolutely equal effet{sassive touch
and active movements, quantified by phenomenal-repbirts,
perceptual judgements and motor responses (Fidresd 12-14).
These unexpected results will be discussed witheasto the body
image/schema distinction and the impact of a coitgefody-
model.

Body image vs. body schemaAccording to the initial
conceptualization by Head & Holmes (1911), the badage is
defined as the sum of conscious perceptions aftdicks towards
one's own body, while the body schema refers taeacpnscious
representation of the body underlying the execusind guidance of
movements (Gallagher, 2005). The comparison of gpual and
motor tasks is therefore a widely used method teerdangle
alterations of the body image and the body schewspectively
(Cardinali et al., 2011; Kammers et al., 2006; Karsret al., 2009a;
Kammers et al., 2009b). According to the resultstafly 3, both the
passive and the active induction method affectedbibdy image as
well as the body schema, which contradicts theltesfi Kammers
et al. (2009; 2009), who did not find any effectsraotor responses
for neither of the induction methods. On the othand, behavioral
effects of the RHI in motor tasks have been reploirtteother studies
(Heed et al., 2011; Holmes et al., 2006; KalckerEBrsson, 2012;
Kammers et al., 2010).

These inconsistencies with respect to motor regmnsght be
explained by the fact that body-schematic alteratiare extremely
short-lived (Rossetti, 1998) and might thereforeldss stable than
alterations of the body image (Gallagher, 2005; d-H&aHolmes,
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1911; Paillard, 1999). In study 3, individual RHffezts were
correlated between both induction methods for alhsures except
the motor task (Table 7). The exclusive absencthisfcorrelation
for motor responses affirms the interpretation tefects on the
body schema, as quantified by the performance nmotor task, are
less stable than effects on the body image.

Cardinali et al. (2011) recently argued that thplamentation of
motor tasks is a necessary, but not a sufficiendition to detect
alterations of the body schema. They asked theificjzants to point
towards specific locations on their right foreatitmereby indirectly
indicating its perceived length. These pointing ements were
biased only when the target (elbow, wrist or finigdrwas specified
by a tactile stimulus, as opposed to when it wagified by naming
the body part (Cardinali et al., 2011). Since tffeats in the motor
task in study 3 were found after a verbal spedificaof the target
(i.e., the right index finger), it is plausible ask whether they would
have been more pronounced after tactile targetifggion. The
results of Cardinali et al. (2011) raise doubtston appropriateness
of the method for target specification used in gt8dand indicate an
important modification to be investigated in futuesearch.

Congenital body-modelThe results of study 4 revealed a strong
influence of a congenital body-model, imposing andtal
constraints on alterations of body representatiohgain, these
influences were absolutely equal for the passivd Hre active
induction method. Both with respect to passive loand active
movements, not only the temporal synchrony, buto athe
anatomical congruence between touches/movemertte atal and
the artificial hand was of essential importance tfoe induction of
the RHI.

The comparability of effects resulting from the gige and the
active induction method suggests a common neusas henderlying
the experience of ownership and agency, as it isdatary in an
additive model of body ownership and agency (Ts$slkit al., 2010).
Such an additive model proposes an asymmetricatioakhip
between the sense of ownership and the sense néwagkccording
to this view, agency necessarily includes ownershigt not vice
versa (Tsakiris et al., 2006; Tsakiris et al., 20IThe alternative
model, labeled as independence model, states tha¢rship and
agency are qualitatively different experiences aee (at least
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partially) different neural networks (Synofzik ét, 2008; Tsakiris et
al., 2010).

It should be mentioned here that the results ofkifisaet al.
(2006) can be interpreted in accordance with adrigmpact of a
congenital body-model for an active version of REl. In their
study it was reported that ownership over a spegfrt of an
artificial hand (e.g., the index finger) can belondd independently
from the perceived ownership over the residuafiaidl hand (e.g.,
the little finger). A shift of the perceived looati of the stimulated
finger, but not for other fingers of the same halsdirly constitutes a
violation of anatomical constraints for body postubecause the
finger is felt at a different spatial location thdre associated hand.
These violations of anatomical constraints werey daund for the
induction method based on passive touch, while itiduction
method involving active movements resulted in astiol shift of the
whole hand, i.e., according to the assumptions adragenital body-
model. The results of Tsakiris et al. (2006) theref might be
interpreted in terms of a higher impact of a corigétbody-model
for the active induction method, which contraditts results found
in study 4 of this thesis.

6.2.4  Methodological Aims

Methodological aims of the present thesis compridbd
implementation of an RHI version involving activeotor control
over unambiguously body-extraneous objects, as vasll the
development of a new procedure for the assessmdnt o
proprioceptive drift. Both the experimental setamd the method of
assessing proprioceptive drift were successfullplémented and
validated.

Experimental set-up An essential shortcoming of most studies
investigating the sense of agency within the RHisists in the use
of video images of the own ipsilateral hand or orireflections of
the own contralateral hand as ‘artificial’ hand®lfdes et al., 2004;
Holmes & Spence, 2005; Holmes et al., 2006; Kamneral.,
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2009b; Longo & Haggard, 2009; Tsakiris et al., 200&akiris et al.,
2010). This approach raises serious concerns aféther the RHI
effects can be accounted for solely on the basistopfdown
processes (discussed in section 6.2.2).

These concerns were eliminated in study 3, wherécjpants
were confronted with a prosthetic wooden hand doimg movable
joints at the digits, which unambiguously was retegd as body-
extraneous. Movable wooden hands were also usadénent study
by Kalckert & Ehrsson (2012), but an important attage of the
method implemented here is that the movements efatttificial
fingers were electronically controlled via capagtisensors beneath
the participants’ own fingers (see method sectibi®Zsand 5.2 for
details), while in the study by Kalckert & Ehrss(012), artificial
fingers were physically connected with the parteifs’ own fingers.
This set-up, however, involves force feedback frima artificial
fingers to the own fingers, and therefore includbe risk of
mingling the effects of incorporation of artificiabnds and tool-use
(De Preester & Tsakiris, 2009). The phenomenal mepee of
mechanically transmitted feedback from a tool tated at the tip of
that tool rather than at the hand holding it, lnig loes not coincide
with a feeling of ‘being’ the tool (James, 1890/09% amamoto &
Kitazawa, 2001).

The induction method developed in the present shdees not
involve a physical connection between the own amal drtificial
hand, and allows for more naturalistic movementshef own hand
without force feedback. It therefore provides auaslle instrument to
investigating the sense of agency over unambigyousidy-
extraneous objects. Furthermore, it constitutegrgamovement over
other induction methods, because it is applicablspecific research
questions, which are difficult to be approachechwiideo-based or
mirror-based versions of the RHI, e.g., the isstieamatomically
incongruent motor control, as it was investigatedtudy 4.

Assessment of proprioceptive driftA new procedure for the
assessment of proprioceptive drift (i.e., a drift tbe perceived
position of the own hand) was developed, basedh@mcalculation of
psychometric functions regarding the perceived hbeowhtion. A
thorough description of this procedure is given the method
sections of study 3 and 4 (sections 4.2 and 5.partAfrom being
validated as a reliable tool to measure the prepptive drift of the
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own towards the artificial hand, an effect that bagn consistently
found in the RHI (Botvinick & Cohen, 1998; Kammetsal., 2009a;
Tsakiris & Haggard, 2005), the developed proceduigibits some
essential advantages compared to alternative mgthod

Most importantly, it allows for the statistical isation of
discrimination performance, which can be quantifigdhe slopes of
the psychometric functions (Figure 11). Altered cdimination
performance reflects an essential aspect with thé Because it
indicates an increased uncertainty regarding thiglieal position of
the own hand. In the psychometric study by Longale(2008), a
perceived ‘loss of own hand’ was revealed as a roamponent of
the subjective experience during the RHI, and thsessment of
discrimination performance might serve as a mojeative measure
of this subjective experience.

An alternative method for the assessment of propptive drift
consists in placing a ruler above the unseen hamldasking the
participant to name the number, which is locatedatly above the
own index finger (e.g., Tsakiris et al., 2006). Simethod requires
different random sequences of numbers on the ragemwell as
variations in the ruler’s offset for every new dpation, in order to
eliminate the risk of thoughtless repetitions. Timisvitably causes
differences between single trials, enhancing theelihood of
artefacts. In another method an object is movedblyisalong a
horizontal line in front of the participant, who isstructed to
indicate when the perceived position of the owneindinger is
reached (e.g., Kammers et al., 2009a). Estimatethi® method are
biased towards the starting point of the movemBigrtier, Trojan,
Kleinbéhl, & Holzl, 2012), so that the method rewsi at least two
applications for each experimental condition (indhg left-to-right
and right-to-left movements).

Due to the annihilation of the disadvantages intieie other
methods and the availability of a parameter forcriisination
performance, the developed procedure constituteistde tool for
the assessment of proprioceptive drift and diseration
performance within the RHI.

One disadvantage of the developed procedure cerngittie time
required for its execution, which encompassed apprately 2min.
This raises the question about the temporal persist of the RHI
and the time course of the illusions strength, tfiothe results from
study 3 and 4 suggest the stability of the illusitnleast over a
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temporal period of the 2min. Nevertheless, thiséssan be resolved
in future applications of the procedure by the iempéntation of
adaptive presentation strategies.

6.3 Conclusion

It has long been acknowledged that the mental septation of
peripersonal space is fundamentally connected t® thental
representation of the own body. In philosophy, thésic link has
been recognized for logical reasons: a prerequisitéhe perception
of space is a first-person perspective, which (phamally) lies
within the bodily borders (Blanke & Metzinger, 2009he body
itself constitutes a spatial extension of the pineeaal self (Sartre,
1943/1958).

As discussed in section 6.2.1, psychological s@snbave
brought forward empirical evidence for the interelegpency of body
and space representations. In the first part sftthésis (study 1 and
2), it was shown that postural representationseftiody affect the
representation of peripersonal space. Furtherntasponse fields
were proposed as a conceptual framework to desctib@ges in
peripersonal space depending on body posture. Tmeept of
response fields was developed and tested in tisé giart of the
thesis.

The second part of the thesis (study 3 and 4) testesome
limitations regarding the plasticity of body repgatations, which
can be induced by manipulating the perceived looadf touches or
bodily movements in peripersonal space. Besidegeaimforcement
of results from prior studies by eliminating thespibility that those
were merely based on top-down processes (studgh®)impact of
anatomical constraints for body representationsshasvn.

Overall, the results of the thesis are in line wiltle general
notion of the interdependency between mental reptatons of
peripersonal space and mental representations eofottn body.
However, although it is impossible to investigate tepresentation
of space under conditions of an absent body, assymbolized in
the initial excerpt on the discarnate spiritualnige{Brod, 1916), the
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application of tactile body illusions provides alvie tool for the
research on the dynamics of body and space reatieas.
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