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RIASSUNTO
Questa tesi di dottorato ha come oggetto le rapptagioni del corpo e dello spazio,
come sono modulate e modificate da stimolazionitisernsoriali, e alcuni correlati
fisiologici di tali modificazioni.
Nel capitolo #1, “Lo spazio attorno al corpo”, soitlastrati tre studi di adattamento
prismatico, una tecnica che sfrutta la plasticéeebrale nella formazione e rimappaggio
di rappresentazioni spaziali sensorimotorie. Lodi#t#1 ha indagato il contributo della
visione dell’arto nella formazione degli effetti gfami, in due differenti versioni
delladattamento prismatico: l'effetto postumo detmato da adattamento tramite
I'esecuzione di attivita “ecologiche” € massimizzata una completa visione dell’arto
durante i compiti; al contrario, dopo adattameriterato tramite puntamenti ripetuti, si
ottengono effetti maggiori quando la visione detbaé preclusa per la maggior parte del
movimento. Lo Studio #2 ha esaminato I'effetto diaustimolazione multisensoriale
visuo-acustica durante adattamento, dimostrando leheriduzione dell’errore di
puntamento avviene piu rapidamente quando lo stirhetsaglio € multisensoriale,
piuttosto che unisensoriale visivo o acustico. lad® #3, condotto su un paziente
cerebroleso, ha dimostrato come l'integrita detuwito parieto-cerebellare dell’emisfero
sinistro sia necessaria per un corretto processmndppaggio spaziale propriocettivo, e
come la neuromodulazione di tali aree duranteda tii esposizione possa normalizzare
temporaneamente l'effetto postumo.
Nel capitolo #2, “Lo spazio nel corpo”, si esamil@arelazione tra rappresentazioni
spaziali e corporee e regolazione omeostaticaartirpetro fisiologico della temperatura
cutanea, considerato indice di integrita del setisppartenenza corporea, si modifica in
seguito a manipolazioni delle rappresentazioni @@g. Le rappresentazioni spaziali e

corporee di partecipanti sani sono state maniptiateite tre differenti tecniche in grado



di indurre effetti spaziali e attentivi direzionpegifici, misurando il loro effetto sulla
regolazione termica. Lo Studio #4 ha dimostrato din@nuzione della temperatura delle
mani dopo adattamento prismatico con una deviazitaheeampo visivo verso destra e
effetti postumi verso sinistra, ma non durante tada¢nto verso sinistra. Lo Studio #5 ha
dimostrato una modulazione della temperatura debai durante stimolazione ottico-
cinetica verso sinistra, ma non verso destra. i gatliminari dello Studio #6
suggeriscono che il solo orientamento dell’attenzi@isiva non é sufficiente a indurre
una specifica modulazione della temperatura.

Il capitolo #3, “Lo spazio sul corpo”, riporta stiltati dello Studio #7, che ha investigato
la percezione di distanze tattili, ovvero comeaha livello delle mappe somatosensoriali
il cervello elabori la relazione spaziale tra ogjgete toccano la cute. Con un paradigma
di adattamento sensoriale é stato indotto un effptistumo di distanze tattili, che ha
caratteristiche simili a quelle dei classici effethstumi visivi di basso livello (specificita
di orientamento e di localizzazione somatica). Quesiggerisce che I'elaborazione di
distanze tattili avviene a un livello precoce dilrazione somatosensoriale.

In conclusione, i risultati di questa tesi suggmi® che: 1) alcune rappresentazioni del
corpo e dello spazio sono modulabili da stimolazionltisensoriali, specialmente quelle
implicate nel senso di localizzazione del corpdongpazio, e sostenute dall’attivita della
corteccia parietale posteriore; 2) la temperatursareea € un indice fisiologico delle
modificazioni a carico di tali rappresentazioni traginsoriali; 3) le mappe corporee che
contengono informazioni riguardanti la metrica deftpo, utilizzate nell’elaborazione
delle relazioni spaziali tattili, originano presumfimente a livelli precoci di elaborazione

somatosensoriale.

Parole chiave: rappresentazioni corporee-spaa@dittamento prismatico, temperatura



ABSTRACT
My Doctoral Thesis investigated different aspedtdadily and spatial representations,
how they are modulated by multisensory stimulatemg some physiological correlates
of their manipulation.
Chapter #1, “The space around the body”, reponsetistudies on prism adaptation, a
technique that takes advantage of brain plastinitthe generation and modification of
spatial bodily maps. Specifically, Study #1 invgates how the vision of the limb during
two different versions of prism adaptation modwdateeir aftereffects: larger aftereffects
take place with a concurrent vision of the limbeafprism adaptation achieved through
“ecological” visuo-motor activities; conversely,etlvision of the very last part of the
movement brings about larger aftereffects after réygeated pointing task. Study #2
examines the effect of a multisensory stimulationirey prism adaptation, showing that
the pointing error reduction is obtained with feypeinting movements when the target is
a visual-acoustic (multisensory), rather than umssey stimulus. Finally, Study #3,
which was performed in a brain-damaged patientwsldothat the integrity of the left
parieto-cerebellar circuit is required for an apiate spatial remapping of
proprioceptive maps to occur, and that the modutatirough transcranial Direct Current
Stimulation of these cortical areas temporarilyoess the aftereffects.
Chapter #2, “The space in the body”, reports ssidie the link between bodily spatial
representations and homeostatic regulation. Skimpéeature has been recently
considered as a physiological parameter of disemimd, and can be modulated by the
manipulation of bodily representations. Three expents in which spatial bodily maps
were manipulated by means of different techniqueducing direction-specific and
lateralized effects, are presented. Specificallyd$ #4 showed a reduction of hands’

skin temperature after adaptation to right shiftingt not to left shifting, optical prisms.



In Study #5, a modulation of temperature duringnafd, but not rightward, optokinetic
stimulation was found. Preliminary results from @t#6 show that the sole lateral shift
of visual attention is not sufficient to inducepaesific skin temperature modulation.
Chapter #3, “The space on the body”, concerns treeption of tactile distances,
namely, the spatial relationships between singleat that simultaneously touch the
skin. In Study #7 a sensory adaptation-aftereff@eisadigm was used to show that a
tactile distance aftereffect can be induced; thesile aftereffect shares many lower-level
characteristics of classic visual aftereffects,hsas orientation and location specificity.
These findings suggest that the processing of apaiationships among tactile events
takes place at an early stage of somatosensation.

Overall these results suggest the following: fystisome bodily and spatial
representations are susceptible to multisensorynusdtions, especially those
underpinning the sense of location of the bodytasned by the high-order posterior
parietal cortex; secondly, modulation of skin tenapgre may be considered as an index
of modifications of the multisensory representatafnthe body; thirdly, other bodily
maps, such as those providing information abouim#dric, used in order to process
tactile spatial relationships, are lower-level, elik arising at early stages of

somatosensory processing.

Keywords: bodily-spatial representations, prismpaaigon, temperature



INTRODUCTION

Even though our body is a unique object in the &jothe way in which the body is
represented in the brain is not. We can perceiwt experience our body in many
different ways, and this is reflected by the variet mental bodily representation. For
instance, we can feel the body from the insideg apatial entity for the direct perception
of sensory events. We can also experience our bedy physical and biological object
immerged in the external space.

This Thesis aimed to explore some of these meapsesentations of the body.

If we want to grasp an object in front of us, wedeo represent the spatial coordinates
about the location of the object with respect ta body. Information from several
sensory modalities can signal this location in #dernal space (such as vision,
proprioception, etc.), and need to be integratech inommon frame of reference. In
Chapter #1 | explored this kind of mental bodilyasal representations; in particular |
investigated their plasticity in response to th&oduction of discordant or converging
sensory inputs, and the consequences of a unilat@ia lesion in their remapping.
Changes in the perception and self-consciousnesst aor body can result in changes
and modifications of physiological parameters; Qbapt2 investigated the effect of

bodily and spatial remapping on one of those pararsethe skin temperature.



Finally, when an object touches our body, we camgiee its shape and size, its metric
properties. When visual information is not avaigbin order to estimate the metric
properties of an object, we need to use our bodyrager, and use information about the
size of the body part being touched as the franrefefence. Chapter #3 investigates this
kind of mental body representations, where the img@troperties of the body, such as

body part size, are mapped.



CHAPTER 1

The space around the body:

Prism adaptation and its after effects

This Chapter examines some aspects of prism adaptahd technique that takes
advantage of brain plasticity in order to study hiv spatial bodily maps are modified
by visuo-motor adaptation to a multisensory cohflisetween discordant visual and
proprioceptive information about the location oé thody in the external space. Which
factors influence and modulate visuo-motor adamatio visual displacing prisms,
enhancing its aftereffects? Which brain areas awelved in the realignment of the

bodily spatial maps during prism adaptation?

1.1. Introduction
Visuo-motor adaptation to wedge prism inducingtark displacement of the visual field
is a well-known technique for investigating shatr sensorimotor neuroplasticity in

healthy participants (Redding, Rossetti, & Walla@&)05). While looking through



prismatic goggles (figure 1), the participantssfilattempts to point to a visual target
deviate toward the direction of the prism-inducelial field displacement (the so-called
“direct effect”). This sensorimotor discrepancy we¢n the planned and the actual
movement toward the target enhances a correctissulisequent movements. In fact,
after repeated manual pointings, the error progrelysdecreases, until the visual target
Is correctly reached, and the sensorimotor disor@paeduced, completing the prism
adaptation (PA, adaptation as reduction of thetparerror). Following prisms’ removal,

participants still make a pointing error, but nowad direction opposite to that of the
displacement induced by the prisms, the so-callédredfects (AEs), which are

considered the main index that PA has taken pRedding et al., 2005).

Figure 1. Goggles fitted with base-left prismagases, inducing a rightward shift of the visualkfie

Two main processes occur during PA. First, the lit@@dion process, the mainly
“strategic” (voluntary) component of PA, which lsado an early correction of the
pointing error, supported by the posterior pariew@itex (PPC). The second and more
“automatic” process of PA, the spatial visuo-matealignment, contributes to both the
error reduction during the repeated pointing movwasi@nd the AEs, namely the “true
adaptation”, and is supported by the cerebellunselRi, Rode, Farne, Tilikete, &
Rossetti, 2006; Weiner, Hallett, & Funkenstein, 398 he resolution of the sensorimotor

discordance between visual and proprioceptive métion induced by optical prisms

8



displacing the visual scene, occurs during theigealent process, and requires a
remapping of bodily and space coordinates into & megocentric spatial frame of
reference. The occurrence of sensorimotor AES, thaééx successful adaptation, is
assessed by measuring the egocentric straight abhetidbefore (pre-), and after (post-)
prismatic exposure. Usually, straight ahead measare obtained for the visual, the
proprioceptive, and the visual-proprioceptive seinsotor systems. Proprioceptive and
visual-proprioceptive AEs are shifted in the oppmsilirection with respect to the
displacement of the visual scene induced by exgasuoptical prisms, while visual AEs
are shifted in the same direction of it (Reddingagt 2005). PA also has been
successfully used for improving temporarily (in ttime range of hours) a number of
clinical manifestations of the syndrome of leftlateral spatial neglect (Angeli, Benassi,
& Ladavas, 2004; Rode, Rossetti, & Boisson, 200dsdetti et al., 1998; Vallar, Zilli,
Gandola, & Bottini, 2006), and for the rehabilitati of this disorder, with long lasting
effects, in the time range of months (Fortis et 2010; Frassinetti, Angeli, Meneghello,
Avanzi, & Ladavas, 2002; Serino, Bonifazi, Pierfiede & Ladavas, 2007). This now
large literature has been recently reviewed (Barfebedert, & Basso, 2012; Jacquin-
Courtois et al., 2013; Newport & Schenk, 2012). ggivthe clinical and rehabilitative
impact of PA, it has been pointed out the need dystematic investigation of the
technique, in order to determine the optimal patamseof its application.

One debated factor influencing PA, is the amountisdial feedback provided during the
exposure phase (Freedman, 1968; Gaveau, Prablancerit, Rossetti, & Priot, 2014;
Ladavas, Bonifazi, Catena, & Serino, 2011; Miclietella, Prablanc, Rode, & Rossetti,
2007; Redding & Wallace, 1988). In the so-calledrrtiinal exposure” condition, the

finger or hand can only be seen at the very enthi@fointing. This is usually achieved



by placing a screen across the workspace, sohteatrtn is hidden for the majority of the

movement, only being visible when it reaches tingetiaplane (figure 2, left).

Figure 2. Apparatus for the repeated pointingstflahd the ecological (right) prism adaptation peattres.

Instead, “concurrent exposure” refers to the caowlitn which the arm can be seen for
some, or all, of the reaching movement, so thabrisind proprioception are available
concurrently. In terminal exposure condition, tpatgl discrepancy between the planned
and the actual movement, and the feedback abournitis pointing error are maximised,
whereas the online visual correction of the movantkming the pointing is minimal.
Conversely, in the concurrent exposure conditigrtha vision of the limb is available for
the entire pointing, participants can correct amlithe trajectory of the movement,
minimizing the spatial discrepancy between planaed actual movement, and thus the
initial pointing error is diminished.

One recent study (Ladavas et al., 2011) cruciatyhgared the effects of two PA
treatments for neglect patients, one based onnairtaet and the other on a concurrent
exposure condition, of the classic repeated painfmocedure. During the terminal
feedback exposure patients could only see theid danng the final part of their pointing
movements. This was contrasted with a conditionrevtgatients observed their hand
during the second half of their movement (contirmifeedback procedure). The terminal-

feedback exposure produced a significantly gresgeduction of neglect symptoms than
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the continuous-feedback one. The results suggeséte@r neglect improvement for
patients treated with terminal exposure, correldatec stronger error reduction effect
(Ladavas et al., 2011). According to Ladavas é$ &arlier findings, evidence from a
recent study by Herlihey and colleagues on heaftasticipants (Herlihey, Black, &
Ferber, 2012), showed that terminal, but not camecurexposure, produces perceptual
AEs, as assessed by the shifts in manual and peatepisection tasks. Moreover,
evidence from a recent study by Gaveau and colesaffBaveau et al., 2014), suggested a
critical role of hand-to-target feedback error silgnin visuomotor adaptation in order to
elicit sensorimotor AEs.

However, Michel and colleagues (Michel et al., 200#anipulated participants
awareness of the optical deviation induced by thens; interestingly, they found that
the condition in which participants were unawareha optical deviation, because of its
progressive stepwise increase, was associated lantjer AEs, transfer to the non-
exposed hand for the visual and auditory pointagk$, and greater robustness, compared
to the condition in which they were aware of theual shift. This evidence suggest that it
does not appear to be necessary for PA and thetinduof AEs that participants are
aware of pointing errors. Moreover, it has beep alsown that PA therapeutic effect can
be achieved using ecological visuomotor activitiasiead of laboratory pointing tasks
(Fortis et al., 2010; Shiraishi, Yamakawa, Itou,riki, & Asada, 2008). Particularly, in
the study of Fortis and colleagues (Fortis et 2010), the classical terminal-feedback
pointing PA procedure was compared with a moreaggoally relevant version, where
patients manipulated common objects, such as dairss,jigsaw puzzles (figure 2, right).
Interestingly, in the ecological version patientsrevgiven continuous feedback and the
vision of the limb was available during the entim®vement throughout the session

(concurrent exposure). Given Ladavas et al.’s earfindings, demonstrating the
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superiority of terminal feedback, one might exgbet the classical procedure is superior
to the ecological version. However, the two procedyclassical and ecological) turned
out to be equally effective in ameliorating neglsgtnptoms. Moreover, a following
study by Fortis and colleagues (Fortis, Ronchi,z@laki, Gallucci, & Vallar, 2013)
compared the effects of ecological PA (concurrexposure) to those of the classic
repeated pointing procedure (terminal exposureiwio groups of healthy participants
(young and elders), showing that the ecologicat@dare induced greater proprioceptive
(for both the young and the elders) and visual-poaeptive AEs (for young group), than
the repeated pointing PA (Fortis et al., 2013) sTéwidence suggest that different factors
could modulate the building up of the AEs during thpeated pointing and the ecological
PA procedures. For instance, the authors suggedttbhe more varied patterns of
movements during the manipulation of several ewayydbjects of the ecological task
may have required the allocation of more attentiogsources than the repetitive pointing
task, resulting in enhanced AEs. Additionally, mpants may have been more engaged
and motivated during the ecological than during plenting procedure, as assessed by
the questionnaire.

To this end, in Study #1, we further investigated effects of the vision of the limb
during both the ecological (Experiment #1) and tbpeated pointing PA (Experiment
#2), in healthy participants, comparing, in eacpeginent, a terminal exposure with a
concurrent exposure version of the PA proceduréhdfcritical factor in order to obtain
larger AEs is a stronger error reduction (as ituosauring terminal exposure, when the
vision of the limb is reduced), one might prediwttthe execution of the ecological task
in a terminal exposure condition could bring abgutater AEs, compared with the
ecological PA executed in the concurrent exposumadition. On the other hand, as

argued by Fortis et al. (2013), if different fact@ould modulate the building up of the
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AEs during the repeated pointing and the ecolodt@aprocedures, one might expect that
the concurrent and terminal exposure conditionsdcadfect differently the two PA
procedures.

In healthy participants, several parameters canutatel adaptation, such as movement
speed (Kitazawa, Kimura, & Uka, 1997), presenceabsence of visual feedback
(Freedman, 1968), realistic characteristic of tloaflect (Norris, Greger, Martin, &
Thach, 2001), simultaneity between movement execwudnd visual reafference (Hay &
Goldsmith, 1973; Kitazawa, Kohno, & Uka, 1995) (deedding et al.,, 2005 for a
review). However, so far, the effect of the sensmgdality of the target stimulus has
never been assessed. Bornschlegl and colleaguess(®degl, Fahle, & Redding, 2012)
suggested that pacing the pointing movements diRiigoward a visual target with a
rhythmic auditory signal, which is usually employtdcontrol movement speed, could
have enhanced overall activation of the PA neustlvark, and might have enable
multisensory integration, including auditory sphtiaformation that selects the more
reliable proprioceptive signal for movement conttdbwever, in this study, the stimulus
itself was purely visual. Multisensory integratias a powerful mechanism for
maximizing sensitivity to sensory events; cross-alodpatial integration between
auditory and visual stimuli is a common phenomemorspace perception, and the
principles underlying such integration (such as #Hwecalled spatial temporal and
inverse effectivenessules) have firstly been outlined by neurophysiodal and
behavioral studies in animals (Stein & Meredith93p Subsequent studies, provided
evidence that similar principles occur also in homjaimproving visual detection
(Bolognini, Frassinetti, Serino, & Ladavas, 200%adsinetti, Bolognini, & Ladavas,
2002), visual localization (Hairston, Laurienti, $ra, Burdette, & Wallace, 2003),

auditory localization (Bolognini, Leo, Passamo8tiein, & Ladavas, 2007), and reducing
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saccadic reaction times (Arndt & Colonius, 2003|ddas & Arndt, 2001; Corneil, Van
Wanrooij, Munoz, & Van Opstal, 2002; Harrington &dk, 1998; Hughes, Nelson, &
Aronchick, 1998). Moreover, it has been found thasound, spatially and temporally
coincident to a visual stimulus, can improve vispatception both in neglect patients
(Frassinetti, Pavani, & Ladavas, 2002), and inblved hemifield of hemianopic patients
(Bolognini, Rasi, Coccia, & Ladavas, 2005; Frassin®olognini, Bottari, Bonora, &
Ladavas, 2005), can temporarily ameliorate visutispattention deficits in patients with
neglect (Van Vleet & Robertson, 2006), and can owprthe ability to localize a sounds
in a patient with severe auditory localization d¢féBolognini, Rasi, & Ladavas, 2005).
In Study #2, we investigated the effect of the rataf the target (unimodal visual,
acoustic or bimodal), both on the AEs magnitude thiedpointing error reduction, during
the classical repeated pointing PA procedure.

As far as the neural basis of PA is concerned,ag heen suggested that a bilateral
network is involved in PA, which includes two kegrtical areas: the PPC, and the
cerebellum, which mainly support, respectively, teealibration process, and the spatial
visual-proprioceptive realignment (Chapman et2010; Clower et al., 1996; Danckert,
Ferber, & Goodale, 2008; Luauté et al., 2006; Sajan, Vocat, Luauté, & Vuilleumier,
2013; Sekiyama, Miyauchi, Imaruoka, Egusa, & Tash2000). Several studies, both in
the animal (Baizer, Kralj-Hans, & Glickstein, 199@nhd in humans (Block & Bastian,
2012; Martin, Keating, Goodkin, Bastian, & ThacB96a; Pisella et al., 2005), show that
cerebellar lesions disrupt both the PA and the édaponents. Conversely, the integrity
of the PPC does not appear necessary for the ecmarof PA and the subsequent AEs.
Indeed, patients with left unilateral spatial neglewhich is frequently, though not
exclusively, caused by right hemispheric lesion®iving the inferior PPC, the temporo-

parietal junction, and their connections (VallarB&lognini, 2014; Vuilleumier, 2013),
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exhibit both PA and AEs phenomena, with the lateng, if anything, even larger than
those occurring in healthy participants (Farne, deti Toniolo, & Ladavas, 2002;
Pisella, Rode, Farné, Boisson, & Rossetti, 200%s@tti et al., 1998). In line with these
findings, the on-line guidance of action, such astarget-driven pointings, appears
preserved in right-brain-damaged patients with tefglect (Harvey & Rossit, 2012).
There is some evidence that right occipital damageces the extent of error correction
in PA, and negatively affects neglect recoveryséeegative correlations are specific for
occipital damage (Serino, Angeli, Frassinetti, &dhaas, 2006; Serino et al., 2007).
However, other reports have shown that both umdatgccipital damage and hemianopia
neither affect the PA process, nor the PA-induastbvery of left neglect (Frassinetti,
Angeli, et al.,, 2002; see Jacquin-Courtois et 2013 for a review; Sarri, Kalra,
Greenwood, & Driver, 2006). Finally, spared PA ahHs have been described in a
patient with bilateral optic ataxia, due to bilaleslamage to the PPC (Pisella et al., 2004).
In Study #3, we investigated the neural basis efdérebral network involved in PA and
in the production of normal and atypical propricep AEs, and how changes in the

cortical excitability of a brain-damaged patientynadfect abnormal AEs after PA.
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1.2. Study #1: Thevision of thelimb in ecological and repeated pointing PA

1.2.1. Aim of the study

This study investigated the contribution of thdassof the limb in the generation of AES,
during ecological (Experiment #1), and repeatednfony (Experiment #2) PA. As
previously reported, in terminal exposure conditibe vision of the limb is restricted to
very last part of the movement, so that both treigpdiscrepancy between the planned
and the actual movement, and the feedback abournitfs pointing error are maximised,
whereas the online visual correction of the movengeming the pointing is minimal. In
the concurrent exposure condition the opposite rsccas the vision of the limb is
available for the entire pointing, participants cemrrect online the trajectory of the
movement, minimizing the spatial discrepancy betwpknned and actual movement,
and thus the initial pointing error is diminishé&tevious studies showed an advantage of
the repeated pointing PA in terminal exposure domdiboth in the amelioration of
neglect symptoms (Ladavas et al., 2011), and in gbeeration of perceptual AEs
(Herlihey et al., 2012). However, it has been shdhat awareness of pointing errors
during repeated pointing PA is not necessary inewor complete the adaptation
procedure and to induce AEs (Michel et al., 2008/reover, the ecological PA has been
shown to be equally effective in the rehabilitatmfmeglect patients (Fortis et al., 2010),
and to bring about greater AEs in healthy participdFortis et al., 2013).

In Experiment #1 we compared the amplitude of ths M the proprioceptive, visual and
visual-proprioceptive straight-ahead tests afteslaggcal PA in a concurrent and in a
terminal exposure condition.

In Experiment #2 the same two condition were appieethe repeated pointing PA.

16



If the two PA procedures are sustained by the samaehanism, we should expect an
advantage of the terminal exposure condition i @periments; otherwise, if different
factors could modulate the building up of the Aksinlg the repeated pointing and the
ecological PA procedures, we might reasonably exiiet the concurrent and terminal
exposure conditions bring about a different amadmEs according to the PA procedure

used.

1.2.2. Materials and methods

Participants

Forty-eight healthy right-handed (Oldfield, 197Hulis took part in the experiment (24
for each experiment; Experiment #1: 12 females;mh8® age: 64.88+6.66 years, range:
51-77; mean education : 14.04+4.04 years, rands; I=xperiment #2: 12 females; mean
age: 67.50+5.00 years, range: 57-80; mean educal®63+3.75 years, range: 5-17).
Participants were recruited from the inpatient paon of the Neurorehabilitation Unit
of the IRCCS Istituto Auxologico Italiano, Milantaly, had normal or corrected-to-
normal vision and no history or evidence of neugalal or psychiatric disorders. The
study was approved by the local Ethical Committed performed according to the
ethical standards laid down in the 1991 DeclarabbrHelsinki. All participants gave
informed consent, after a brief session that oedithe nature of the study.

Procedure

In both experiments, participants underwent tweises, in two consecutive days. Each
session lasted about one hour and included 1)-expesure phase, 2) a prism adaptation
exposure phase, 3) a post-exposure phase, idetatiphhse 1).

Pre- and post-exposure phases. In order to assess the presence and the magrofude

AEs, in each session participants performed theethypical tests to measure the
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perception of the straight-ahead position (sagital their body midline) in the
proprioceptive, visual and visual-proprioceptivateyns (Redding et al., 2005) (figure 3).
Each participant performed the three tests in #mesorder, both in the pre- and in the
post-exposure phases, in both sessions; the tedes @wvas counterbalanced across
participants. For each test 10 trials were given.

* Proprioceptive test (P)Each participant, seated in front of a tablehwetyes
closed, received instructions to point with thehtigndex finger to a location on
the table surface, perceived as the subjectivéghtrahead. A graduated panel,
aligned with the body-midline, allowed the recoglifegrees of visual angle in
1° steps) of the participant’s deviation from thHgeative body-midline, with an
accuracy of 0.5° (figure 3, first illustration).

» Visual test (V) In darkness, each participant received instrostim stop verbally
a red light moving horizontally just above eye leat a distance of 85cm from
the participant’'s mid-sagittal plane, when the tigtas perceived as straight-
ahead. The 10 trials (5 with the light moving frahe right to the left visual
periphery, 5 from left to right) were given in andmm fixed order. A ruler was
fixed on the track edge facing the experimentenegister the deviation of the
visual judgment (cm, converted in degrees of visarale) from the objective
midline (figure 3, second illustration).

» Visual-proprioceptive test (VP darkness, each participant received instrastio
to fixate a red LED placed in the straight-aheaditpm, and to point with the
right index finger to the location on the tablefane subjectively perceived as the
projection of the light on the table. No informativas given about the actual
LED location, and a wooden box precluded partidipdiom viewing the pointing

movement, which then took place without any vigaatiback. A graduated panel,
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aligned with the body-midline, allowed the recoglifegrees of visual angle in
1° steps) of the participant’s deviation from theaight-ahead position of the
LED, with an accuracy of 0.5° (figure 3, third glwation).
In every test, the difference between the post-sumoand pre-exposure deviations was
taken as index of the AEs magnitude, as the shofinfthe perceived body midline:
positive values indicated a rightward deviatiomirthe perceived body midline, negative

values a leftward deviation.

sound
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Proprioceptive Visual Visual-proprioceptive Acoustic-proprioceptive

Figure 3. Schematic representation of the four iglteahead tests used in the different studies. ddshed lines
indicate the objective straight-ahead position. Tiee dot indicates the visual target (a red LED)the Visual-
proprioceptive and Visual tests. The black ovaldidate that participants were blindfolded during ti@sks
(Proprioceptive and Acoustic-Proprioceptive). Theowen board in the Visual-proprioceptive task indiesitthat
participants could not see the their arm during feénting to the visual target.

Prism adaptation exposure phase Experiment #1. ecological tasks. During the prism

adaptation exposure phase, participants were atlaptan 11.4° rightward visual shift
induced by 20-diopter, base-left prism glasses i(Dpt Peter, Lyon, France), while
performing the ecological tasks. The ecologicaksa®A lasted about 15-20 mins.
Participants performed the ecological tasks in tifterent conditions, concurrent and
terminal, in two consecutive days. The order of taéaptation condition were

counterbalanced across participants (half of tmepsa group performed the ecological
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tasks in the concurrent condition on day one, anthé terminal condition on day two;
the other half did the opposite). In the concurmaridition, during the execution of the
ecological tasks, the vision of the limb was avdéafor the entire movement, during the
whole adaptation session (Fortis et al., 2010, p0b3he terminal condition, a covering
apparatus was fixed on the table in front of pgréints, in order to prevent participants
from seeing the initial arm position and the subeag arm movement, until the last part
of it, when the hand became visible on the tabitasa. The covering apparatus consisted
of a horizontal beam (80cm long) fixed on the tdpveo adjustable in height vertical
lateral beams placed on the table surface. A bk, fixed to the horizontal beam, was
fasten to participants’ neck, occluding the limlewi The elevation of the horizontal
beam could be adjusted, depending on participaghtheVioreover, before wearing the
prismatic glasses, participants were asked to ymletrthe right hand on the table,
underneath the covering apparatus, until they vede to see their hand from the
fingertip of the middle finger to the wrist. Thisggedure was repeated for three positions
(on the left, center and right with respect to greticipant body midline), and these
locations were marked with a piece of tape, in otdedelimit the table surface within it
was allowed to place the ecological tasks mate(sdsthat, during the execution of the
ecological tasks, participants were able to seé tlusir right and the objects). The
workspace delimitation was marked also in the comecd condition, even though the
covering apparatus was then removed. Just eigtiteobriginal twelve ecological tasks
(Fortis et al., 2010, 2013) were included in thedgt and performed by participants in
this order for both conditions (figure 2, right})) (collecting coins on the table and putting
them in a money box, (2) selecting rings and beisdrom a box and wearing them on
the left hand and fingers, (3) assembling jigsavezpes, (4) moving blocks from one

compartment of a box to another compartment, (B)rgpcards, (6) threading a necklace
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with 12 spools and rope, (7) copying a chessboatteqm on an empty chessboard, (8)
composing a dictated word using letters printech@quare. We decided to exclude two
of the tasks (closing jars with the correspondiigg &nd serving a cup of tea) because
their execution (that implied also broad movemeintscted upward) was not suitable for
the terminal condition, permitting the vision ofgaeater part of the movement even
though the presence of the covering apparatusréiguupper panels).

Prism adaptation exposur e phase Experiment #2: repeated pointing task. Participants
performed the repeated pointing task in two difiém@nditions, concurrent and terminal,
in two consecutive days. The order of the adaptationdition were counterbalanced
across participants (half of the sample group peréal the repeated pointing task in the
concurrent condition on day one, and in the terfirenadition on day two; the other half
did the opposite). In the concurrent condition ipgrants sat in front of the table and,
while wearing wedge prisms, they perform the pamtiasks, with their right hand, with
the vision of the arm available for the entire mmoeat, during the whole adaptation
session. In the terminal condition, the same cogesapparatus of Experiment #1 was
fixed on the table in front of participants, in erdo prevent participants from seeing the
initial arm position and the subsequent arm movemaentil the last part of it, when just
the hand became visible on the table surface. @peated pointing task consisted in the
execution of 92 pointing movements toward one of fasual targets. The targets were
four colored stickers dots (1.6 cm diameter), stoickhe surface of a wooden board (80 x
40 x 1.4cm) that was placed in front of the papeit. The dots were fixed on the distal
edge of the board, with respect to the participacdtion, at 10° and 20° to the right and
to the left of the participant body midline, withieaching distance (about 40cm distance
from the starting hand position). On each triattipgants were asked to point toward the

visual target named by the experimenter, with thigint index finger, with a ballistic
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movement, at a fast but comfortable speed, andriétam to the starting position (a point
on the board, close and aligned to participant bmijline). The board side facing the
experimenter was graduated in cm, in order to tegihe deviation of the index finger
from the target. Each measure was then convertedegrees of visual angle, with
positive values corresponding to rightward deviatiiom the target, negative values to
leftward deviations. Participants performed 23 pogh movements to each target, in a
pseudorandom fixed order, with a brief break aftex first 46 pointing movements

(figure 4, lower panels).

Concurrent Terminal

Ecological tasks
(Experiment #1)

Repeated pointings
(Experiment #2)

Figure 4. Schematic representation of the prismpaaiion conditions in the two experiments. The ugaearels depict
the first task (collecting coins) of the ecologi® (Experiment #1), respectively in the concuri@geft) and terminal
(right) exposure conditions. The lower panels defiietsame conditions during the repeated pointPggExperiment
#2).

1.2.3. Statistical analysis
The statistical analyses were carried out withsthitware Statistica (StatSoft, Tulsa, OK,
USA, version 7.0). In all ANOVASs, significant effiscand interactions were investigated

with Duncanpost hocmultiple test comparisons. Significance was set at0.05. Partial
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eta squaredyf?) of significant effects were also computed in ordedetermine the effect
sizes (Cohen, 1988).

For each experiment, possible differences in thes AEkbught about by the different
exposure conditions were assessed by running tepeated-measures ANOVAS, one for
each test, performed on the participants’ stragdtgad mean shifts, with the within-
subjects factor of “Condition” (terminal/concurrgr@nd the between-subjects factor of
“Order of Condition” (terminal-concurrent/concurtégarminal).

Moreover, just in Experiment #2, in order to assib&s presence of adaptation, as the
reduction of the initial pointing error, a repeatedasure ANOVA was performed, on the
mean deviation from the target of the first and Fasir pointing movements, with the
within-subjects factors of “Condition” (terminalfsourrent) and of “Pointing” (first
four/last four), and the between-subjects factor“©fder of Condition” (terminal-

concurrent/concurrent-terminal).

1.2.4. Results

Experiment #1: ecological PA

Sensorimotor AEs.

The repeated-measures ANOVA ran on the proprioeemiraight-ahead shifts showed
that, in both conditions, the shift after prism egpre was significant, as revealed by the
intercept of the ANOVA, that compares the meantsghinst zero [f22) = 51.52,p <
0.001, 5?2 = 0.70], thus demonstrating the presence of a rjmogptive AE in the
expected leftward direction. The ANOVA failed inosting any other significant effect
or interaction [Condition {22 = 1.41,p = 0.25; Order of Condition 2 = 1.65,p =

0.21; Condition by Order of Condition:k2) = 0.17,p = 0.69], demonstrating that the
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magnitude of the proprioceptive shift was equivalafter both conditions in all
participants (terminal MxSD° -2.37+2.18°, concutréh25+3.03°; figure 5, lower bars).
The repeated-measures ANOVA ran on the visualgéttaihead shifts showed that, in
both conditions, the visual shift after prism exp@swas significantly shifted in the
expected rightward direction, as revealed by therdept [Fu.22) = 6.90,p < 0.05,7% =
0.24]. The ANOVA failed in showing any other sigo#nt effect or interaction
[Condition: R122)= 0.05,p = 0.83; Order of Condition: 2= 0.32,p = 0.58; Condition
by Order of Condition: fr22) = 0.41,p = 0.53], demonstrating that the magnitude of the
visual shift was equivalent after both conditionsall participants (terminal 0.73+1.88°,
concurrent 0.85+2.08°; figure 5, middle bars).

The repeated-measures ANOVA ran on the visual-pyogptive straight-ahead shifts
showed that, in both conditions, the visual-propegtive shift after prism exposure was
significantly shifted in the expected leftward ditien, as revealed by the intercept[f)

= 45.62,p < 0.001,5:* = 0.67]. The ANOVA showed a significant effect @dndition
[Fa22) = 4.93,p < 0.05,5p2 = 0.18], demonstrating that the magnitude of trseial-
proprioceptive shift after the ecological concutreandition was bigger than after the
ecological terminal condition (terminal: -2.54+2°74oncurrent: -4.34+3.49°; figure 5,
top bars). The effect of Order of Condition[fz) = 0.32,p = 0.58] and the Condition by

Order of Condition interaction [f22)= 0.11,p = 0.75] were not significant.

Experiment #2: repeated pointing PA

Sensorimotor AEs.

The repeated-measures ANOVA ran on the proprioeemiraight-ahead shifts showed
that, in both conditions, the proprioceptive slafter prism exposure was significantly

shifted in the expected leftward direction, as edee by the intercept [f22)= 89.78,p <
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0.001,7p? = 0.80]. The ANOVA showed a significant effect@fder of Condition [f.22)

= 4.70,p < 0.05, 5,2 = 0.18], revealing a greater proprioceptive AEthe group of
participants which did the repeated pointing PAhe terminal condition on the first day
and the concurrent condition on the second day&+43.59°), compared to the group that
did the opposite order (-2.38+1.59°, figure 6, lowars). The effect of Condition {>2)

= 0.37,p = 0.55], and the Condition by Order of Conditioteraction [ki22)= 2.88,p =
0.10] were not significant.

The repeated-measures ANOVA ran on the visualgsttaihead failed in revealing any
significant effects or interactions [Intercepti,fz) = 1.22,p = 0.28; Order of Condition:
Fa22) = 2.63,p = 0.12; Condition: f22) = 1.47,p = 0.24; Condition by Order of
Condition: k1,22)=2.04,p = 0.17, figure 6, middle bars].

The repeated-measures ANOVA ran on the visual-pyogptive straight-ahead shifts
showed that, in both conditions, the visual-propegtive shift after prism exposure was
significantly shifted in the expected leftward ditien, as revealed by the intercept[f)

= 55.45,p < 0.001, 5> = 0.72]. The ANOVA showed a significant interactiof
Condition by Order of Condition [F2) = 6.28,p < 0.05,5,? = 0.22]. The Duncan post
hoc multiple comparisons test showed a greateralAstoprioceptive AE after the
repeated pointing exposure in the terminal condlit{eb.20+£3.07°) compared to the
concurrent condition (-2.09£3.28°), but just in greup which did the terminal condition
the first day and the concurrent condition the sdcday (figure 6, top bars), thus
demonstrating that a greater visual-propriocepsiviét can be obtained through repeated
pointing in the terminal condition rather than imetconcurrent condition, when the
terminal condition was executed the first day. €ffects of Order of Condition [E22) =

0.73,p = 0.40] and of Condition [f22)= 0.83,p = 0.37] were not significant.
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Figure 5. Mean (Standard Error, SE) deviation friwmdy midline in the proprioceptive (PS), visual \V&hd visual-
proprioceptive (VPS) straight-ahead tests, expmsae a shift (post- minus pre- exposure performpnatter the
terminal (violet) and concurrent (green) conditioof ecological adaptation, in degrees of visual len@f); positive
values correspond to rightward deviation from tleeqeived body midline, negative values to leftwdesliations. p <
0.001***, < 0.01**, < 0.05*.
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Degrees of visual angle (°)

Mean (SE) deviation from body midlinettie proprioceptive (PS), visual (VS), and visuagioceptive

(VPS) straight-ahead tests, expressed as a sloit-(jninus pre- exposure performance), after thmiteal (violet) and

concurrent (green) conditions of repeated pointit¥y, in degrees of visual angle (°); for PS and \t€Ss, results for
the two sub-groups (terminal-concurrent, n=12 andagarent-terminal, n=12) are reported separatelyosiive

values correspond to rightward deviation from tleeqeived body midline, negative values to leftwdesliations. p <
0.001***, < 0.01**, < 0.05*.
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Error reduction.

The repeated-measures ANOVA ran on the mean dewiatf the first and last four
pointing movements during the adaptation exposin@ved that all the effects and
interactions were significant: Order of ConditidRa[2) = 4.65,p < 0.05,5,* = 0.17],
Condition [R1,22)= 12.29,p < 0.01,7,> = 0.36], Pointing [f,22)= 59.33,p < 0.001 ;> =
0.73], Condition by Order of Condition B2 = 5.59,p < 0.05,5,> = 0.20], Pointing by
Order of Condition [f,22) = 7.48,p < 0.05,7,? = 0.25], Condition by Pointing [Fz2) =
8.22,p < 0.01,5p? = 0.27], and Condition by Pointing by Order of @idion [Fu22) =
10.44,p < 0.01,7,% = 0.32].

The triple interaction Condition by Pointing by @rdof Condition was further
investigated by means of two repeated-measures ANDVWne for each group of
participants, Order of Condition terminal-concutréN=12), and concurrent-terminal
(N=12) (figure 7). The ANOVA conducted on the grotggminal-concurrent showed
significant effects of Condition [E11)= 10.63,p < 0.01,7,*> = 0.49], Pointing [f,11) =
38.71,p < 0.001,,% = 0.78], and of Condition by Pointing interacti®i 11)= 11.10,p <
0.01,#p? = 0.50]. Post hoc comparisons showed that the fisgting movements were
more rightward deviated than the last pointing nmogets, which were directed correctly
to the target, in both conditions (terminal firsB£2+1.65°, terminal last -0.09+0.265 <
0.001; concurrent first 0.94+0.69°, concurrent l&&06+0.27°,p < 0.01). Moreover,
while the last pointing movements were equally a&d to the target between condition
(p = 0.94), the first pointing movements were moghtward deviated in the terminal
than in the concurrent condition, thus confirmimgyious evidence (Ladavas et al., 2011)
that seeing just the last part of the movementn(iteal condition) led to a greater initial
pointing error compared to the condition (concutyewhere participants could see the

entire movementp(< 0.001). The ANOVA conducted on the group conaurterminal
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showed a significant effects of Pointinga[R) = 20.81,p < 0.001, 2 = 0.65],

demonstrating that overall, in both conditions, tinst pointing movements were more
rightward deviated than the last pointing movemefdsncurrent first 0.74+0.75°,
concurrent last -0.11+0.23°, terminal first 0.830, terminal last 0.06+0.22°). The
main effect of Condition [f11) = 1.72,p = 0.22], and the Condition by Pointing

interaction [kt,11)= 0.20,p = 0.66] were not significant.
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Figure 7. Mean (SE) deviation of the pointing moseta (average of four pointings, resulting in 2&duwplets) of the
right index finger from the visual target in theiqiing adaptation task, in degrees of visual an@)e positive values
correspond to rightward deviations from the vistialget, negative values to leftward deviations. ®tiokterminal
condition for the terminal-concurrent (TC, n=12, #tariolet) and the concurrent-terminal (CT, n=12 hig/iolet) sub-
groups. Green: concurrent condition for the terntinancurrent (TC, n=12, dark green) and the concatrterminal
(CT, n=12, light green) sub-groups. The ANOVA repbitethe text, was conducted on the quadruplet idt four
pointing) and #23 (last four pointings).

1.2.5. Conclusion

In Experiment #1, participants underwent two sessiaf ecological PA, in two different
exposure condition, varying the vision on the limhloring the execution of the tasks:
terminal, and concurrent. In Experiment #2, the esamio exposure conditions were
applied to the repeated pointing PA. In both experits, before and after the exposure
phase, participants executed three tests assefwngerception of the straight-ahead

position in the proprioceptive, visual, and vispabprioceptive domains. Experiment #1

showed that a greater visual-proprioceptive AE imdsced through ecological PA in the
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concurrent exposure condition, compared to theitedhone. No differences were found
in the amount of visual and proprioceptive AEswesn the two exposure conditions.
Thus, the ecological PA procedure benefits the frost an exposure condition where
visual and proprioceptive information are availatigether, bringing about greater AEs
in the visual-proprioceptive system.

Conversely, the results of Experiment #2 indicdtext a greater proprioceptive AE was
induced through repeated pointing PA in the sulhngrehich did the terminal exposure
condition in the first session and the concurreqgosure condition in the second day,
compared to the other sub-group, which did the sessions in the opposite order,
irrespective of the specific exposure condition.rétwer, a greater visual-proprioceptive
AE was induced through repeated pointings in theiteal exposure condition, but only
in the sub-group where the terminal condition wescated in the first session. Finally,
the greatest initial pointing error was found imntenal exposure condition, but only in
the sub-group which did the terminal exposure dwowiin the first day. Thus,
confirming previous evidences (Ladavas et al., 20thk repeated pointing PA procedure
benefits the most from an exposure condition thetimize the visual and proprioceptive
discrepancy and the terminal pointing error, insieg the AEs in visual-proprioceptive
system.

Taken together these results suggest that the @anodunsual feedback during visuo-
motor adaptation to displacing prisms, affectsnnogposite direction the ecological and
repeated pointing PA procedure. Thus, even thobhghwo procedures might share the
same main PA processes, one might argue that ehfféactors could affect distinctively

the two procedures.
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1.3. Study #2: Multisensory integration in PA

1.3.1. Aim of the study

In the present study we tested the hypothesighiatensory nature of the target could be
one factor affecting PA. And specifically, that msgnsory integration (i.e., cross-modal
spatial integration between auditory and visualmsti) could enhance the PA
components. Participants underwent three sessibmepeated pointing PA, with the
target presented in three different modality, oee gession: unimodal visual, unimodal
acoustic, and bimodal. Firstly, we compared the mitade of the AEs after the three
different PA conditions. Secondly, we tested thessgale advantage to point to a
multisensory target in the correction of the paigterror. Lastly, we tested for the first
time the possibility to adapt through repeated togn movement toward an acoustic

target (unimodal acoustic condition of PA), in Hiesence of a visual target.

1.3.2. Materials and methods

Participants

Twenty-four healthy right-handed (Oldfield, 1971)idents recruited in the Department
of Psychology of the University of Milano-Bicoccaok part in the experiment (12

females; mean age: 23.25+1.42 years, range: 2ia2&8n education: 15.25+1.33 years,
range: 13-16). Participants had normal or corretdetormal vision and no history or

evidence of neurological or psychiatric disorddrse study was approved by the local
Ethical Committee and performed according to thecat standards laid down in the

1991 Declaration of Helsinki. All participants gawéormed consent, after a brief session

that outlined the nature of the study.
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Procedure

Participants underwent three sessions, in thrderdift days (the intersessions interval
was at least 24 hours). Each session lasted abeuta@ur and included 1) a pre-exposure
phase, 2) a prism adaptation exposure phase, @3teepposure phase, identical to phase
1).

Pre- and post-exposure phases. In order to assess the presence and the magrofude
AEs, in each session participants performed foststeo measure the perception of the
straight-ahead position (sagittal to their body Im&): in addition to the three classic
proprioceptive (P), visual (V) and visual-propriptge (VP) straight-ahead tests, a fourth
acoustic-proprioceptive (ACP) straight-ahead teas wicluded (adapted from Michel,
Pisella, Prablanc, Rode, & Rossetti, 2007, and ®avarne, & Ladavas, 2003). Each
participant performed the four tests in the sandeirboth in the pre- and in the post-
exposure phases, in both sessions; the testswagectounterbalanced across participants.
For each test 10 trials were given. The proceduréie proprioceptive, visual and visual-
proprioceptive straight-ahead tests is the sameé ums8tudy #1 (see p. 18), with the only
exception of the distance from the LED in the visarad visual-proprioceptive straight-
ahead tests, which in this study was 65cm, insté@bcm. Thus, only the procedure for
the acoustic-proprioceptive straight-ahead tesgpsrted:

* Acoustic-proprioceptive test (ACP)In darkness, each participant received
instructions to point with the right index finger the location on the table surface
subjectively perceived as the projection of a sosodrce. The sound presented
was a 1200Hz tone, lasting 250ms, emitted by akgpegalaced 65cm distant,
aligned with participant’ body-midline. No informamh was given about the actual
LED location. A graduated panel, aligned with thedypmidline, allowed the

recording (degrees of visual angle in 1° stepghefparticipant’s deviation from
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the straight-ahead position of the speaker, withaecuracy of 0.5° (figure 3,
fourth illustration).

In every test, the difference between the post-sxmoand pre-exposure deviations was
taken as index of the AEs magnitude, as the shofinfthe perceived body midline:
positive values indicated a rightward deviatiomirthe perceived body midline, negative
values a leftward deviation.
Prism adaptation exposure phase. In each session, participants adapted to an 11.4°
rightward visual shift, induced by 20-dioptre, bdeke prism glasses (BLP; Optique
Peter, Lyon, France). Visuo-motor adaptation wakieaed by the execution of 92
manual pointing movements towards a target predeated different positions (+10°,
+20° rightwards, and -10° and -20° leftwards, widspect to the participant’'s body
midline), in a pseudorandom fixed order. The targtgnulus varied according to the
adaptation condition:

e unimodal visual (red led);

* unimodal acoustic (white noise burst);

* bimodal (simultaneous presentation of the light #edwhite noise burst).
The order of the three adaptation conditions wastabalanced across participants. In
each session of adaptation, just one type of testypetulus was presented. In order to
induce a multisensory integration in the bimodaidition, the stimuli in all the sessions
lasted 150ms. The apparatus for the target stwasdi adapted from the one by Frassinetti
and colleagues (Frassinetti, Bolognini, et al., 200our LEDs and four piezoelectric
loudspeakers were mounted in couple, on a semiaircblack board, arranged
horizontally at the participant’s ear level anddted at an eccentricity of 10° and 20° to
the left and right of the centre of the apparatdsch was aligned with participant’s body

midline. Participants were unable to see the loedkers, which were mounted behind
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the board. Participants received instructions totpeith their right fingertip to the target
stimulus, with a fast and accurate movement, aed to return to the initial position
(right finger on the sternum). The view of the gig movement was occluded by means
of a wooden box and a cape that covered the gaatits arms, with the finger becoming
visible at the very last part of the movement. Exérnal side of the wooden box, the
one facing the experimenter, was graduated in éegoé visual angle, so that the
experimenter measured the deviation of each pgritom the target with an accuracy of
1°; rightward deviations from the target were sdonath positive values, leftward with

negative values. The pointing adaptation procethsted about 20 min.

1.3.3. Statistical analysis

The statistical analyses were carried out withsthitware Statistica (StatSoft, Tulsa, OK,
USA, version 7.0). In all ANOVAS, significant effescand interactions were investigated
with Newman-Keuls test post hoc for multiple conipams. Partial eta squareghy) of
significant effects were also computed, in orderd&termine the effect sizes (Cohen,
1988). Significance was setat 0.05.

Possible differences in the AEs brought about leydifferent exposure conditions were
assessed by running four repeated-measures ANQdn&sfor each test (P, ACP, VP, V),
performed on the participants’ straight-ahead meglaifts (post-minus pre- exposure
phase performance), with the within-subjects factbfAdaptation condition” (Visual,
Acoustic, Bimodal).

In order to assess the presence of adaptatiohgeagduction of the initial pointing error,
a repeated-measure ANOVA was performed, on the rdeaiation from the target of the
first and last four pointing movements, with thethin-subjects factors of “Adaptation

condition” (Visual, Acoustic, Bimodal) and of “Pding” (first four/last four).
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Moreover, we were interested in assessing the mimmumber of pointing movements
necessary in order to point correctly to the targethe different adaptation conditions.
To this end, a series of 92 t-test for dependentpsss were performed between each
pointing deviation against zero, for each conditioh adaptation, where zero

corresponded to the absence of pointing error.

1.3.4. Results

Sensorimotor AEs.

The four repeated-measures ANOVAs ran on the $irailgead shifts failed in revealing
any significant effects of Adaptation condition [Rz46 = 2.27,p = 0.11; ACP: k246) =
0.62,p = 0.54; VP: kz,46)= 0.36,p = 0.70; V: k2,46 = 0.80,p = 0.45], thus demonstrating
that the three adaptation conditions brought ablo@itsame amount of AEs in the four
straight-ahead tests, in the expected directiaqqu(@ 8). Specifically, after the exposure
phase, participants perceived the straight-aheadiqo deviated toward the left in the
proprioceptive (PS: visual = M£SD°, -3.12+2.17°pastic = -1.78+2.70°; bimodal = -
2.00£2.37°), acoustic-proprioceptive (ACPS: visad1+SD°, -1.94+2.94°; acoustic = -
2.33+3.37°; bimodal = -1.49+4.06°), and visual-propeptive tests (VPS: visual =
M+SD°, -2.65+2.18°; acoustic = -2.38£2.80°; bimodal2.95+2.23°), and toward the
right in the visual test (VS: visual = M+SD°, 0.11162°; acoustic = -0.06+1.02°; bimodal

= 0.45+1.81°).
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Figure 8. Mean (SE) deviation from body midlinehe proprioceptive (PS), acoustic-proprioceptiveC@S), visual-
proprioceptive (VPS), and visual (VS) straight-athetests, expressed as a shift (post- minus preosexp
performance), after the bimodal (green), acoustérl), and visual (blue) conditions of PA, in degreé visual angle
(°); positive values correspond to rightward dewatifrom the perceived body midline, negative vakoekeftward
deviations.

Error reduction.

The repeated-measures ANOVA ran on the mean deniaf the first and last four
pointing movements during the adaptation exposhosved a main effect of Adaptation
condition [R2,46)= 7.22,p < 0.01,5,% = 0.24], of Pointing [f,23) = 205.68,p < 0.001 7,2

= 0.90], and of the interaction Adaptation conditlmy Pointing [kz,46)= 3.29,p < 0.05,
ne? = 0.12]. Post hoc comparisons showed that, invibigal and bimodal conditions, the
first pointing movements were more rightward deadbthan the last pointing movements,
which were directed correctly to the target (vistiedt M+SD° 4.20+1.44°, visual last
0.18+0.39°,p < 0.001; bimodal first 3.74+1.85°, bimodal last $0.28°, p < 0.001;
figure 9). Moreover, both the first and the lasinpiog movements did not differ between
the two conditions (botlp-values> 0.13). In the acoustic condition the first poigt

movements were more rightward deviated than theplasting movements, which were
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more leftward deviated (acoustic first 3.21+1.9%dCoustic last -1.46+2.39p, < 0.001),
and which differed from the last pointings in thhey two conditions (botip-values<
0.001). Moreover, the first pointings in the acaustondition differed from the first

pointings of the visual conditiorp (< 0.01), but not from those of the bimodal coraufiti

(p = 0.09).
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Figure 9. Mean (SE) deviation of the pointing moseta (average of four pointings, resulting in 2&druplets) of the
right index finger from the visual target in theipting adaptation task, in the visual (blue), acttigred), and bimodal
(green) conditions, in degrees of visual angle (fsitive values correspond to rightward deviatiérsn the visual
target, negative values to leftward deviations. NOVA reported in the text, was conducted on the udet #1
(first four pointing) and #23 (last four pointings)

Evolution of the error reduction.

As shown in figure 10 (left panel), which depidi® p-valuesof the t-test comparisons
between each pointing movement against zero, fah ezondition of adaptation,
participants firstly pointed correctly to the targe pointing #18 in the visual (pointing
#18 vs. Op = 0.08), #1 in the acoustic (pointing #1 vsp®; 0.12), and #5 in the bimodal
pointing #5 vs. Op = 0.22) condition. Beside the quantitative deswipof the results,
several qualitative observations can be made. TisealV and bimodal adaptation
conditions, show the classic evolution of the eremtuction of the repeated pointing PA

(Bornschlegl et al., 2012; Redding & Wallace, 20xhat is, initially, pointing errors are
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made in the direction of the visual displacementiSerrors diminish over repeated trials
with visual feedback, and disappear in as few afia; thus the person has “adapted”
to the prismatic displacement (Redding & Wallad@lD). Conversely, the evolution of
the pointing correction in the acoustic conditioad(lines in figures 9 and 10) does not
show this initial bias, being the first pointingreddy correctly directed to the target
(pointing #1 vs. Op = 0.12). Moreover, the following pointings are rmnsistently
directed toward the target, as one might expepaiticipants adapted to the prismatic
displacement; instead, they oscillate between thpmsetings correctly directed to the
target (50%), those rightward deviated (17%), andosé¢ leftward biased
(overcompensatign33%) (Table 1). During both visual and bimodalaptations
participant did not overcompensate (0% in both @mis); moreover during bimodal
adaptation, on average, participants pointed tH#%é 62 the time correctly to the target,

compared to the visual condition, where the unligsentings are equal to 50%.

Table 1. Number (proportion) of unbiased, rightwamdaleftward biased pointing, in the three exposuhage
conditions.

Pointing
Type of adaptatign ~ Unbiased Rightward biased (obzl;%?rr]%:rllizi%n
VISUAL 46 (50%) 46 (50%) 0 (0%)
ACOUSTIC 46 (50%) 16 (17%) 30 (33%)
BIMODAL 57 (62%) 35 (38%) 0 (0%)
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Figure 10. Left panel: significant (red) and nogmsificant (white) p-values of the t-test comparisdretween each
pointing movement (form 1 to 92) against zero,efach condition of adaptation (V: visual, A: acoas®: bimodal).

Right panel: mean (SE) deviation of the pointingvements of the right index finger from the viswabet in the
pointing adaptation task, in the visual (blue), astic (red), and bimodal (green) conditions, in @& of visual angle
(°); positive values correspond to rightward dewas from the visual target (0°), negative valuesldftward

deviations. The ANOVA reported in the text, was coedion the mean of the first and last four poigsgin
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1.3.5. Conclusion

Participants underwent three repeated pointing €gsien, with the target presented in
three different modality: unimodal visual, unimodadoustic, and bimodal. Before and
after the exposure phase, they performed four testmieasure the perception of the
straight-ahead position, in the proprioceptiveyals visual-proprioceptive, and acoustic-
proprioceptive domains. The results showed thathhee adaptation conditions brought
about AEs of the same magnitude, in each straigb&a test (proprioceptive, visual,
visual-proprioceptive and acoustic-proprioceptivight-ahead). This suggest that the
sensory nature of the target does not affect tbegss underlying the induction of the
AEs, namely the spatial realignment.

As far as the pointing error reduction during thepasure phase is concerned, results
showed that participants adapt to all the thremidtition conditions, as, overall, the first
pointings were significantly rightward biased, cargd to the last pointings, which were
directed toward the target in the visual and binhedaditions, and biased toward the left
in the acoustic PA. More interestingly, results wbd that, with bimodal stimulation,
participants needed fewer trials to point correcthie target, compared to the visual one.
Moreover, with visuo-acoustic targets, participamade a greater number of unbiased
pointings, with respect to the visual condition.isThast evidence suggests a possible
effect of the sensory nature of the target on tteegss underlying the error reduction
during PA, namely the recalibration process.

Finally, even if the evolution of the adaptation diot show the same curve of the classic
error reduction, participants were able to adapth® visual displacement also when
asked to point to an acoustic stimulus, in the afseof visual information about the

target location.
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1.4. Study #3: Abnormal proprioceptive AEs restored by neuromodulation: a single

case study

[Calzolari, E., Bolognini, N., Casati, C., Marzo8, B., & Vallar, G. (2015). Restoring
abnormal aftereffects of prismatic adaptation tlgtou neuromodulation.

Neuropsychologia, 74162-9]

1.4.1. Aim of the study

So far, no evidence is available as to how chamgéke cortical excitability of brain-
damaged patients may affect abnormal AEs after P#e present single-case study
addresses this issue in a patient with a strokerlesvolving the left cerebellum, and the
occipital cortex bilaterally. Based on the eviderdsscribed in the introduction, we
explored firstly whether and how such a lesion raligr PA itself, and its AEs in the
proprioceptive, visual, and visual-proprioceptiventiins. Secondly, by means of
transcranial Direct Current Stimulation (tDCS) deted during the PA procedure, we
investigated whether the neuromodulation (VallaB&ognini, 2011) of the activity of
the PPC and the cerebellum, could restore in thitemt the defective AEs, and the
efficacy of PA. To this aim, the anodal stimulatias used in order to up-regulate the

activity of the parieto-cerebellar network recrditey PA.

1.4.2. Materials and methods

Participants

Participants were recruited from the inpatient papon of the IRCCS Istituto
Auxologico Italiano, Milan, ltaly. The study was @mpved by the local Ethical

Committee, and performed according to the ethitcahdards of the Declaration of
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Helsinki laid down in 1991. Participants gave theformed consent to participate in the
study.

Case report. Patient MM

Patient MM was a right-handed (Oldfield, 1971), y&ar-old male with 13 years of

education. On February 2014, the patient had befmred to the Neuropsychological

Laboratory of the Istituto Auxologico Italiano bye Neurophthalmology outpatient

ward, for a general neuropsychological evaluat®ir.months before (September 2013),
MM had been admitted to another hospital, due ¢ostidden onset of dizziness, vertigo,
unsteadiness, dysarthria, and burning and pricldemgsation in the left side of the face;
the patient also reported photophobia. At a negiodd exam the patient was alert,
cooperative, and oriented in time and space; argot#tion test revealed a bilateral visual
deficit in the lower quadrants; a right-beating ihontal and rotatory nystagmus was
noted; speech was slurred; gait was wide-basedresgllar, with a positive Romberg

sign with eyes open; dysmetria and adiadochokiniesithe left upper limb were pre-

sent; no motor and somatosensory deficits weredodnMRI scan (September 2013)
showed left cerebellar and bilateral occipital esemic lesions. A successive MRI scan,
performed at the time of the neuropsychologicalessment (on February 2014),
confirmed the presence of lesions involving theimtal cortex bilaterally, and the left

lateral cerebellum (figure 11). A neurological aohtexam at the time of the study
showed left facial weakness, mild dysarthria, dytsimeand dysdiadochokinesia in the
left upper limb, and gait ataxia. Humphrey visu@ld perimetry showed a bilateral

deficit in the lower quadrants (figure 12).
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Figure 12. Patient MM. Bilateral deficit in the lowguadrants.

The neuropsychological evaluation is summarisedTable 2. The patient was not
aphasic, while showing some reading difficultieslated to the bilateral visual field
defect. The defective performance in visual explora at the Test of Attentional
Performance (TAP), and in the number barrage déstot show any lateralized pattern.
No evidence of reasoning deficits was found. Asvieual perception, defective scores in
the Position discrimination subtest of the Visudlj€at and Space Perception Battery

(VOSP), and in the Poppelreuter-Ghent Test weradoit the initial evaluation, a mild
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left spatial neglect was found at the Letter andl Bancellation tasks, and at Line

Bisection (Table 2).

Table 2. Patient MM. Baseline neuropsychologicaessment.

without cues
Visual exploratioh

403 ms (100%)

target 4616 ms (69%)
no target 8657 ms (100%)
REASONING
Raven CPM 34.5/36
Verbal Reasonirg 41.25/60
Cognitive Estimatés 12/42
VOSP"
Shape detection screening test  20/20
Incomplete letters 17/20
Silhouettes 16/30
Object decision 16/20
Progressive silhouettes 11/20
Dot counting 9/10
Position discrimination 17/20*
Number location 8/10
Cube analysis 6/10
LINE ORIENTATION" 26/30
BORPB°
Copy 8/8
Memory copy 5/6
Object decision task
A 28/32
B 30/32
Associative matching task 30/30
Naming 15/15

MMSE? 30/30 @ Grigoletto et al. (1999)
LANGUAGE b De Renzi & Faglioni (1978)
Token Tedt 35.25/36 ¢ Capasso & Miceli (2001)

ENPAS reading d Kaplan et al. (1983)

Words 6.3/10* € Orsini et al. (1987)

Non-words 3/5* f Novelli et al. (1986)

Phrases 0.9/5* Y Vallar et al. (1994)
Boston Naming Te$t 56/60 " Fortis et al. (2010)

MEMORY " Spinnler & Tognoni (1987)
Digit Sparé 5.75 I Zimmermann & Fimm (2014)
Corsi’s visuo-spatial spé&n 4.75 kBasso et al. (1987)
Short Story 10.5/28 ' Della Sala et al. (2003)
VISUO-SPATIAL COGNITION M Warrington & James (1991)

Target cancellatich " Benton et al. (1983)

Letter 55/104* ° Riddoch & Humphreys (1993)

(L=26,R=23,D=3) rDella Salaetal. (1995)
Bell 26/35*
(L=6,R=3,D=3}

Star 55/56
Line Bisectiofi +7.6%*
Number Barrage 29/60*
Alertness

with cues 397 ms (100%)

POPPELREUTER-GHENT TEST 29/71*

* Defective performance according to available nerm
* Missed targets L/R: left/right; D: L—-R difference.
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This mild deficit may be traced back to the leftateellar lesion, on the basis of reports of
spatial neglect ipsilateral to a cerebellar dam@&ilreri, Misciagna, & Terrezza, 2001).
Be as it may, at a later evaluation, before theearpental study, MM omitted 19 left-
sided and 21 right-sided letter targets, and maaleomissions in the Bell, and Star
cancellation tasks; at Line Bisection the rightwaliation (+2.20%) was within the
normal range (Fortis et al.,, 2010). MM had no caindlication to non-invasive brain
stimulation, and the accepted recommendationshiersafe use of tDCS were applied
(Nitsche et al., 2003; Rossi, Hallett, Rossini, &PBual-Leone, 2009).

Control participants.

Ten right-handed patrticipants [5 males, mean ag806years (Standard Deviation, SD
76.30, range 60-77), mean education 13.90 yeargs§3D, range 5-18)], with no history
and evidence of neurological and psychiatric diesdand normal or corrected-to-
normal vision, served as controls.

Procedure

PA procedure.

A standard PA protocol of the laboratory was udeatt(s et al., 2013). Both patient MM
and control participants adapted to an 11.4° righthwisual shift, induced by 20-dioptre,
base-left prism glasses (BLP; Optique Peter, Lyrance), using for pointing the right
hand, in which the patient showed no dysmetriaudisiotor adaptation was achieved by
the execution of 90 manual pointing movements tdwaa visual target (a red pen)
presented at 2 different positions (+10° rightwaedsl -10° leftwards, with respect to the
participant’'s body midline), in a pseudorandom dixerder. Participants received
instructions to point with their right fingertip tthe pen, with a fast and accurate
movement, and then to return to the initial posit{oight finger on the sternum). The

view of the pointing movement was occluded by mezrs wooden box and a cape that
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covered the participant’s arms, with the fingerdymamg visible at the very last part of the
movement. The pointing adaptation procedure laatezlit 15 min, with 3 min of rest
after 30 pointing trials. The external side of tiveoden box, the one facing the
experimenter, was graduated in degrees of visuglearso that the experimenter
measured the deviation of each pointing from tingetawith an accuracy of 1°; rightward
deviations from the pen were scored with positiakigs, leftward with negative values.
Assessment of AEs.

The pre- and post-exposure phases included theugxec of the three tests
(proprioceptive, visual and visual-proprioceptiteaght-ahead tests) used to assess the
presence of the PA-induced AEs (see Study #1 ftindu details, p. 18); for each test 10
trials were given. In every test, the differencawmen the post-exposure and pre-
exposure deviations was taken as index of the Ag&sitive values indicated a rightward
deviation from the subjective straight-ahead, negatalues a leftward deviation. Both
MM and healthy control participants underwent ti#g Bnd the pre- and post-exposure
phases.

Transcranial direct current stimulation (tDCS).

Anodal tDCS was applied, using a battery-drivenstamt current stimulator (BrainStim,
E.M.S. s.r.l., Bologna, lItaly, http://brain stin),itand a pair of surface saline-soaked
sponge electrodes (5x58n Current intensity was of 1.5 mA (Fade-in/-outs8®r a
total duration of 15 min. The stimulation startedlat was delivered 5 min before PA,
and continued for 10 min, during PA. MM underwergxperimental sessions, 1 per day
(mean intersessions interval = 91.2 h, range 24-%®454.73), given in the following
order:

1. Without tDCS (PA alone).
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2. Right cerebellar (R-Cer) tDCS: the electrode plased 2 cm below the inion,
and 1 cm medially from the right mastoid procesiilevthe reference electrode
was placed over the ipsilateral right deltoid (Bedi et al., 2012).
3. Right parietal (R-PPC) tDCS: the electrode wkscqd over P4, while the
reference electrode was placed over the contraladapraorbital area (Bolognini,
Fregni, Casati, Olgiati, & Vallar, 2010).
4. Sham tDCS: the same montage of the second sesa® used (R-Cer tDCS),
but the stimulator was turned off after 30 s (GgagHummel, & Cohen, 2006).
5. Left cerebellar (L-Cer) tDCS: the electrode vpdaced 2 cm below the inion
and 1 cm medially from the left mastoid processilevthe reference electrode
was placed over the ipsilateral left deltoid (Fedaitet al., 2012).
6. Left PPC (L-PPC) tDCS: the electrode was plamezt P3, while the reference
electrode was placed over the contralateral supitabrarea (Bolognini et al.,
2010).
Each session lasted about 1 h, and included: fi@-@xposure phase, immediately before
wearing the prismatic goggles; (2) an exposure gghaamely PA, during which tDCS
was delivered over one of the target areas; (3pst-@xposure phase, after goggles’
removal. Since our aim was to use tDCS for imprgWM’s abnormal responses to PA,
and given that the patient showed pathological ARly in the proprioceptive test (see

below), the effect of tDCS were assessed only vasipect to this task.

1.4.3. Statistical analysis
Firstly, in the control group and in MM, we assek#®e presence of PA in the PA alone
session (without tDCS), as a reduction of the ahigpointing errors during prism

exposure; two independent sample t-tests on thatitav scores of the first 4 and the last
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4 pointings of the exposure phase were performedolly, t-tests for case-control
comparisons were performed, to compare MM’s firstndl last 4 pointing deviations in
the PA alone condition with the average deviati@misthe 10 control participants
(Crawford & Howell, 1998). Thirdly, a t-test for ®&control comparisons was performed
on the correction index of MM vs. the average sajrthe control group; the index was
computed as the deviation in the last 4 pointingaus the deviation in the first 4
pointings, with a negative value indicating a leftd correction of the initial rightward
deviation. Finally, t-tests for case-control comgamns were performed, in order to
compare MM's AEs scores in the V, P, and VP stiaadtead tests, with those of healthy
controls; AEs were the straight-ahead shifts (gogBsure minus pre-exposure
deviations) in each test in the PA alone conditfeor. all t-tests, two-taileg-valueswere
used, with a level of significance setoat 0.05. The effects of tDCS were then assessed
only with respect to the P straight-ahead taskyimch MM showed abnormal AEs at
baseline, as detected by the analysis describeckalbo this aim, a mixed ANOVA was
performed on the patient’s P straight-ahead sdorése pre-exposure and post-exposure
deviations, with the within-subjects factor Comaliti (2 levels: Pre-exposure, Post-
exposure), and the between-subjects factor tDCSi@eg$6 levels: PA alone without
tDCS, R-Cer tDCS, R-PPC tDCS, Sham tDCS, L-Cer tDC®PC tDCS). In all
ANOVAs, significant main effects and interactionsere analysed by multiple
comparisons with the Bonferroni post hoc test, whid significance level being setat
05. Partial eta squared;,f) of significant effects were also computed in orde
determine effect sizes (Cohen, 1988). Analyses voamgied out with the software

Statistica (StatSoft, Tulsa, OK, USA, version 7.0).
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1.4.4. Results

PA as pointing error reduction.

As shown in figure 13, both control participantsdapatient MM made an initial

rightward pointing error during prism exposure, g¥hidecreased at the end of the

exposure phase. In the controls’ group and in Mbteres, t-test showed a significant

difference between the first 4 and the last 44r{gbntrol group:s) = 5.51,p < 0.001;

MM: te) = 9.02,p < 0.001), with the first 4 pointing trials (conlgo 3.75+2.45°; MM:

8.75+1.50°) being more rightward deviated than lds 4 (controls: 0.45+0.71°; MM:

1.5+£0.58°). These findings indicate that the prischiced rightward pointing error

decreased, in both controls and patient MM. Cragiddowell’s t-tests for case-control

comparisons showed that the mean score of theatamptoup did not differ from the

patient’s score in the PA alone session, indicdtivag MM’s initial deviations (t = 1.946,

p = 0.084), final deviations (t = 1.419~ 0.192), and the reduction of the initial erro(

-2.092,p = 0.066) (control group -3.30+1.80°, MM -7.25°) n@ecomparable to those of

control participants.
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Figure 13. Adaptation as pointing error reductidviean (SE) deviations from the visual target offttet 4, and of the
last 4 pointing movements of the right index fingethe pointing adaptation task, in degrees olalsangle (°).
Positive values indicate rightward deviations frohe tvisual target, negative values leftward deviatioBolid line:
patient MM. Dashed line: control group (C).
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Assessment of AEs.

As shown in figure 14, after the exposure to rigirivdeviating prisms, in the P test,
control participants exhibited the expected lefav&Es. Conversely, MM, in the PA
alone session, showed a rightward deviation, inoghosite direction. Crawford-Howell
t-tests for case-control comparisons showed thamntkean score of the control group (-
1.37+1.60°) differed (t = 2.3'h < 0.05) from the patient’s score in the PA aloassfon
(2.60+1.60°). In the V (t = 0.4% = 0.68), and in the VP (t = 0.74,= 0.48) tests no
differences were found between the scores of tidralogroup (V test: 0.69+1.77°; VP
test: -4.54+3.59°), and those of MM (V test: 1.4522; VP test: -1.75+2.11°).

tDCS effects on the abnormal proprioceptive AESMM.

Deviation from body midline (°)

Figure 14. AEs. Mean (SE) deviation from body mllin the proprioceptive (PS), Visual-propriocepti¥PS) and
Visual (VS) straight-ahead tasks, as differencevben the Post- and the Pre- adaptation phase, imedsgof visual
angle (°). Positive values: rightward deviation itche subjective body midline; negative valueswiafd deviations.
Black bars: patient MM’s deviations. Dotted barsntrol group (C). p < 0.001***, < 0.01**, < 0.05*.
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As shown in figure 15, in the pre-exposure phasevefy session patient MM showed a
rightward deviation, that became disproportionatatger in the post-exposure phase of
the PA alone session, being reversed toward thénléfie post-exposure phase of the L-
PPC tDCS session only. In the L-Cer tDCS sessierptst-exposure deviation was close
to zero. A repeated-measures ANOVA showed a saanfi main effect of Condition
[Fas4)= 26.40,p < 0.0017,% = 0.33], while the main effect of Session was sighificant
[Fis54 = 1.76,p = 0.14]. The Condition by Session interaction wagificant [Rss4) =
20.48,p < 0.001,#p> = 0.65]. Multiple comparisons showed a significalifference
between the pre-exposure and the post-exposurataas in the PA alone session, in
which the post-exposure deviation became more thliaightward (pre-exposure =
1.05+1.17°, post-exposure = 3.65+0.9p°< 0.01). The difference between the pre-
exposure and post-exposure deviations was signtfialso in the L-Cer tDCS (pre =
3.50+1.22°, post = 0.00+1.033,< 0.001), in which the rightward deviation wasueed

to zero, and in the L-PPC tDCS sessions (pre =t3018, post = -1.20+2.51H < 0.001),

in which the leftward AEs were restored. In theentkessions, the adjuvant use of tDCS
during PA did not alter the straight-ahead devigin the post-exposure assessments, as
compared to the pre-exposure ones (R-Cer tDCSosespre = 1.00+0.78°, post-
exposure = 1.90£1.37%9p = 1.00; R-PPC tDCS session, pre = 3.25+1.40°, post
1.30+£1.32°p = 0.17; Sham tDCS session, pre = 2.10+1.17°,9dsk5+2.15°p = 1.00).
The leftward post-exposure deviation of the L-PBPC$ session differed significantly
from those of all of the other sessions (alfalues< 0.04), but the L-Cer tDC$ = 1).
Instead, the post-exposure deviation of the L-O€3 session differed only from that of
the PA alone sessiop € 0.01). Importantly, pre-exposure deviations rtd differ across
the first 4 sessions (PA alone, R-Cer tDCS, R-PPCS, Sham tDCS, alb-values>

0.08), while the rightward deviation was largethe last two sessions (L-Cer PPC and L-

50



PPC tDCS), as compared with the first two ones @R#ne, R-Cer tDCSp-values<
0.01). These results rule out a possible carry-effect on AEs by multiple exposures to
PA to rightward displacing prisms, which, if anythj would be expected to bring about a

cumulative increase of leftward deviations in tihegpoioceptive straight ahead.

@ Pre-exposure B Post-exposure
PA alone xox
R-Cer tDCS
R-PPC tDCS
Sham tDCS
LCertDCS  VPZZZZZZZZZZFZ | s
L-PPC tDQﬁ_-W_‘

-6 -4 -2 0 2 4 6
Deviation from body midline, degrees of visual angle (°)

Figure 15. Patient MM. tDCS modulation of propriotiep AEs. Mean (SE) deviation, in degrees of vismgle, from
the body midline in the P straight-ahead task, I tPre-exposure and Post-exposure phases of eatheo6
experimental sessions. Pre- vs. Post-exposurediifes, p < 0.001***, < 0.01**, < 0.05*.
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1.4.5. Conclusion

In this single case study, we investigated theceffef a left cerebellar and bilateral
occipital lesion on the ability of patient MM toaut to an optical prismatic displacement
and to show AEs in the proprioceptive, visual, amslal-proprioceptive systems, as
assessed by straight ahead tasks. Moreover, wetigated the effects of excitatory
neuromodulation, by means of anodal tDCS, overatiwity of the PPC and cerebellar
cortices of either hemisphere on defective PA-iedu@roprioceptive AEs in MM.
Firstly, we found that the bilateral occipital ateft cerebellar lesion does not affect
MM'’s ability to adapt to the optical displacementluced by the prisms. Indeed, patient
MM shows an initial pointing error in the directiasf the visual displacement (i.e.,
rightward), which diminishes progressively at thel eof the exposure phase, as in the
control group. Despite the presence of a lesioectifig the occipital cortex bilaterally,
which determines a bilateral lower visual field etd#f PA is not disrupted in MM,
presumably because the patient still visually pssee the error signal in the unimpaired
upper quadrants. In line with these findings, therevidence that both unilateral occipital
damage and hemianopia do not affect the PA proeeskthe positive effects of prism
exposure on recovery from left neglect (Frassingttigeli, et al., 2002; Jacquin-Courtois
et al., 2013; Sarri, Kalra, Greenwood, & Driver 08D The present findings are also in
line with previous results from a single-case studowing that a unilateral left
cerebellar lesion does not impair the visuo-motocess of PA to a rightward visual field
displacement, as indexed by a reduction of thetimgrerror (Pisella et al., 2005). On the
other hand, in line with previous findings (Weiretral., 1983), MM shows altered AEs
(the ‘true adaptation’), as compared to the cordroup. The directional alteration of the
AEs is confined to the proprioceptive straight-ahezst. When vision is available to the

patient (visual, and visual-proprioceptive straighlhead), the AEs are preserved. This
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result is in line with findings suggesting a cel&beinvolvement in active (rather than
passive) proprioceptive tasks (Bhanpuri, Okamur&a&tian, 2013), such as the present
proprioceptive straight ahead, that involves anengijmb movement by the participant
(Chokron, Colliot, Atzeni, Bartolomeo, & Ohlmann,0®). In patient MM, the
directionally altered proprioceptive AEs, after ptddion to rightward displacing prisms,
are restored to their standard leftward directlonup-regulating cortical excitability in
the parieto-cerebellar network mediating the spatealignment induced by PA
(Prevosto, Graf, & Ugolini, 2010). In particular,Ms altered proprioceptive AEs are
reintegrated by the anodal (excitatory) tDCS ouee spared left PPC. Rightward
directionally altered proprioceptive AEs are alsgproved, namely reduced to zero, by

the anodal stimulation over the left cerebellum.
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1.5. Discussion

In this chapter, | tried to answer some questidiautithe processes underlying visuo-
motor adaptation to visual displacing prisms asdéural correlates.

Study #1 demonstrated that ecological and repeatddtings PA procedures are
differently affected by the vision of the limb dogi the prism exposure condition, as
assessed by the amount of AEs in the visual-propptive test, which was greater after
concurrent exposure condition in ecological PA @Expent #1), and after terminal
exposure condition in repeated pointings PA (Expernt #2). Thus, even though the two
procedures might share the same main PA processesmight argue that different
factors could affect distinctively the two proceelsir

It has been proposed that the level of adaptatatidplacing prisms, as assessed by the
presence and magnitude of the AEs, may simply depeEn the quantity of visual
exposure and the feedback hand-to-target termmal signals. In particular, it has been
shown that those exposure conditions that maxirtheeerror between final hand and
target positions (i.e., direct effect) brought abgreater sensorimotor AEs (Gaveau et al.,
2014; Ladavas et al., 2011). However, evidence ftwoth the present and previous
studies, showed that AEs can be obtained (andnresmases even enhanced, as in Fortis
et al., 2013) also when no direct effect of thesipatic displacement is observed, as
occurs, for instance, when participants are notraved the visual distortion (Dewar,
1971; Howard, Anstis, & Lucia, 1974; Jakobson & Gale, 1989; Michel et al., 2007),
and when performing ecological tasks in a naturalirenment, without any visual
constraint of the hand, the manipulated objectsl #re hand movements toward the
objects (Fortis et al., 2010, 2013; Shiraishi et2008). It is well established that both the
ecological and repeated pointing procedures (a$ agelthe terminal and concurrent

exposure conditions) can give rise to adaptatiahAstas, and results of Study #1 confirm
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this evidence, as assessed by the presence ofiseot®o AEs after both PA procedures.
The evidence of the present study, showing thahited and concurrent exposure
conditions affect in an opposite manner the two pwcedures, corroborates the
assumption that different factors could modulate blilding up of the AEs during the
repeated pointing and the ecological PA procedwed,that different mechanisms may
affect distinctively the two procedures (Fortisakt 2013). However, those mechanisms
that brings about the differential pattern of resfund in Experiment #1 and #2 remains
unclear. Here, we can only make a few observataimt the characteristics of the two
procedures, and try to make some assumptions abheuactors implied in the two PA
procedures. One first hypothesis is that the twacedures may differ in the relative
contribution of the two main PA components: naméhg strategic recalibration, which
leads to an early correction of the pointing errand the spatial realignment of
sensorimotor reference frames, which contributebadtt the error reduction during the
repeated pointing movements and the AEs (Redding.e2005; Redding & Wallace,
2006). In the repeated pointing task, participamésasked to perform a series of fast and
ballistic back-and-forth reaching movements towandsual target. Classically, repeated
pointing PA is performed in terminal exposure caoindi, in order to maximize the direct
error, and both strategic recalibration and spatalignment contribute to the error
reduction (Michel et al., 2007). In the ecologi€&, instead, participants are asked to
complete several tasks comprising the manipulabbneveryday objects (such as
collecting coins, opening and closing jars, anceed®ing jigsaw puzzles), without any
visual constraint of the limb or the movement. Thus evident direct pointing error is
generated. Given the absence of the direct effepbimting error in ecological PA, we
might suggest that during this procedure the sirateomponent is limited, and that

adaptation is be obtained mainly thorough the apatialignment process (cf. Michel et
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al., 2007). However, this hypothesis does not acc@ompletely for the differences
found in Study #1, otherwise we should have foursligeriority of the same exposure
condition in producing AEs, irregardless of the Procedure used. Another possible
explanation to our results can be found in theed#ht nature and origin of the error
signals involved in eliciting the adaptation, i tlwo PA procedures. Three main sources
of error have been suggested to induce adaptadamgau et al., 2014): 1) a discrepancy
between vision and proprioception of the hand (k¥a& Crawshaw, 1974; Redding &
Wallace, 1992); 2) an inconsistency between predigisual reafferences of the moving
hand (derived from an efferent copy) and actualialigeafferences, as suggested by
Held's efference—reafference theory (Held & Hei@58), or by more modern versions of
this theory introducing internal models (Diedrichsélashambhoy, Rane, & Shadmehr,
2005; Kawato, 1999; Shadmehr, Smith, & Krakauef,(G2@olpert & Miall, 1996); 3) a
reaching feedback error, i.e., the simultaneouswisf the target and hand either during
movement (Redding & Wallace, 1988), or at movenetd (Harris, 1963; Kitazawa et
al., 1995; Magescas & Prablanc, 2006; Martin, KegtiGoodkin, Bastian, & Thach,
1996b). Under most conditions, these sources of are closely intertwined.

In order to clarify the relative contributions afaching feedback errors (source of error
#3), which correspond to visually perceived disarepes between hand and target
positions), and errors between predicted and actigalal reafferences of the moving
hand (source of error #2), in the study by Gaveal alleagues (Gaveau et al., 2014),
participants underwent two different repeated poghPA conditions: “terminal feedback
error” condition, where the view of their hand wakwed only at the movement end,
simultaneously with viewing of the target; and “neavent prediction error” condition,
where the view of the hand was limited to movendumation, in the absence of any

visual target, and error signals arose solely frlomparisons between predicted and
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actual reafferences of the hand. Adaptive AEs vadagerved in the “terminal feedback
error” condition only, indicating that predictiorrrer alone (source of error #2) was
insufficient to induce adaptive AEs, and indicatiagcritical role of hand-to-target
feedback error signals (source of error #3) in emsator adaptation. The Author
concluded that a combination of feedback and ptiedicerror signals is necessary for
eliciting AEs during repeated pointing PA.

As far as the ecological PA procedure is conceritad,worth noting that the source of
the error inducing adaptive AEs is unlikely to Ibe reaching feedback error (source of
error #3), as, during this procedure, the termerabr is minimal, if not absent. Instead,
we suggest that the greatest source of error i& pnocedure could arise from the
discrepancy between the predicted (efference capg)the actual sensory reafferences of
the moving hand during the action. The tasks ofet@ogical PA procedure involves the
manipulation of different everyday objects, and arenvaried and complex patterns of
movements; during this procedure participants ake@ to plan a series of subsequent
actions and movements toward different objectxrder to complete them. One might
suggest that the predictions of the motor outpstiteng from a motor command (i.e.,
efference copies) for the actions occurring dutimg manipulation of objects are more
complex and varied, compare to those generatedgitepeated pointing PA. It has been
suggested that visuomotor adaptation results fl@ptogressive decrease of the conflict
between the efference copy and visual reaffergmass (Held & Hein, 1958). During the
typical exposure condition of ecological PA (i.eqgncurrent) the visual reafferences
resulting from the motor command (i.e., the visiminthe actively moving hand) are
available for a longer time, for the entire durataf the action, and from a greater part of
the limb, as the vision of it is not occluded, asmpared to the terminal exposure

condition. Thus, during ecological PA in concurrexposure condition the error signal
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between the internal model of the predicted actiod the actual movement might be
enhanced, and this, in turn, might bring aboutrangfer realignment, and subsequent
greater AEs.

Study #2 explored the effect of the sensory natir¢he target on the main process
underlying the error reduction during PA, highliglgt the multisensory characteristic of
the strategic recalibration process of PA. Thelteqarovided evidence that participants
were more accurate in pointing toward a multisepgeisuo-acoustic) stimulus, rather
than toward unimodal ones. However, the naturbé@target did not affect the generation
of the sensorimotor AEs, which were induced with s$ame magnitude after the three PA
sessions, suggesting that the sensory nature ofatiget does not affect the process
underlying the induction of the AEs, namely the tgparealignment. Multisensory
integration is a powerful mechanism for maximizisgnsitivity to sensory events, and
cross-modal spatial integration between auditorg amsual stimuli is a common
phenomenon in space perception, firstly outlinednbyrophysiological and behavioral
studies in animals (Stein & Meredith, 1993). Patiebrtex has long been known to be a
site of sensorimotor integration (for a recent egyisee Sereno & Huang, 2014). PPC is
also involved in the spatial recalibration processl the error reduction phase of PA
(Chapman et al., 2010; Clower et al., 1996; Darickgeial., 2008; Luauté et al., 2006;
Pisella et al., 2006; Saj et al., 2013; Sekiyamal.et2000; Weiner et al., 1983). On the
basis of the results of Study #2, we might proptis® the process of cross-modal
integration occurring during visuomotor PA to a bohal stimulus, supported by
associative and multisensory areas in the PPC,dcbave enhanced the strategic
recalibration component of PA, as assessed by tire accurate pointings and the faster
reduction of the terminal pointing error. Even tgbuthe specific mechanisms

underpinning this boosting effect remain uncleaswéver, one might speculate that
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multisensory stimulation might have contribute e nhancement of the recalibration
component at two different levels. Firstly, by theroduction of a third source of

conflicting information about the location of thedy relative to the target. One might
suppose that, by augmenting the discrepancy betvgessory inputs arising from

different sensory modalities, could require a greanhd more efficient contribution of the
PA components implied in the resolution of the seysonflict.

The sensorimotor maps involved in the spatial geatient and recalibration when
pointing to a visual target are (Redding & Walla2@06):

« the visual-motor eye—head, signalling the positbthe eyes with respect to the
head, tested with the visual straight-ahead;

» the proprioceptive—motor hand-head system, sigmgllihe position of the
pointing limb with respect to the body midline, texbs with the proprioceptive
straight-ahead,;

« the eye—-hand sensorimotor coordination system,alligg the position of the
pointing limb with respect to the position of thges, tested with the visuo-
proprioceptive straight-ahead, and involving therdmation of the two above
listed components.

During unimodal visual PA, the sensory discrepaagges from contrasting visual and
proprioceptive inputs about the spatial locationtlud different parts of the body with
respect of the visually dislocated target. By casitr during bimodal stimulation, in
addition to vision and proprioception, a third semysmodality (i.e., audition) is signalling
the position of the target. In fact, in the bimoB&, the visuo-acoustic target is visually
perceived displaced toward the direction of thei@iglisplacement, but at the same time
it might be heard in its actual location. This mayurn increase the potential number of

systems involved (for instance, there might be system signalling the position of the
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sound source with respect to the ear-head, andh@nohe signalling the relative position
between the heard sound and the limb, a coordmatistem similar to the visuo-
proprioceptive one), and that have to be recaklokand realigned into a new common
egocentric reference frame. Thus, the augmentedosgrdiscrepancy induced by a
bimodal stimulus might need a greater allocatiorstodtegic recalibration to be solved
(Zwiers, Van Opstal, & Paige, 2003).

A second explanation might be that multisensoryegrdtion improves the target
localization during PA. In their study, Bornschlehd colleagues (Bornschlegl et al.,
2012) suggested that pacing the pointing movemeumtsig PA toward a visual target
with a rhythmic auditory signal, could have enhahogerall activation of the PA neural
network, and might have enable multisensory intemmna including auditory spatial
information that selects the more reliable propejutove signal for movement control. In
several studies, it has been shown that multisgnstegration improves visual detection
(Bolognini, Frassinetti, et al., 2005; Frassinet#plognini, et al., 2002), visual
localization (Hairston et al., 2003), auditory lbzation (Bolognini et al., 2007), and
reduces saccadic reaction times (Arndt & Colon2@03; Colonius & Arndt, 2001,
Corneil et al., 2002; Harrington & Peck, 1998; Heaglet al., 1998). The results found in
Study #2 (that is, participants are more accunatéhé pointing to bimodal targets, as
assessed by a smaller pointing error, and arerfesstbe error correction, as assessed by
the fewer trials needed in order to point correttlyhe target), might reflect the effect of
multisensory integration in improving the targetedion.

Lastly, in Study #2, we demonstrated that participavere able to adapt to the prismatic
displacement also when asked to point to an aawssinulus, as assessed by the
presence of the AEs. However, the evolution of ddaptation did not show the same

curve of the classic error reduction, as in theiaisand bimodal conditions. It is worth
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noting that, during the acoustic PA, participanesravnot aware of the location of the
loudspeakers. Thus, the source of pointing errorthis condition might reflect a
combination of three kind of errors: the visual shisnduced by the prismatic
displacement, producing a pointing error to thétrigf the target; the bias induced by the
persistence of error-corrective strategies in e fof developing realignment, namely
overcompensatignproducing a pointing error to the left of the geir (Redding &
Wallace, 2011); the error in the localization of $ound source, which could be both to
the left or to the right of the actual target.

Finally, in Study #3, we investigated the neurabsttate of proprioceptive spatial
realignment during PA. The brain lesion of patib involved the left cerebellum and
the occipital cortices, bilaterally. After one sessof visuomotor adaptation to rightward
displacing prisms, MM did show an abnormal AEshe proprioceptive straight-ahead
task, compared to healthy controls (that is, aRér, controls showed a pointing bias
toward the left, whereas MM'’s performance was ldassvard the right of the perceived
body midline). MM’s altered proprioceptive AEs weantegrated by the anodal tDCS
over the spared left PPC. Rightward directionaltgrad proprioceptive AEs was also
improved, namely reduced to zero, by the anodalsétion over the left cerebellum.
Real-time proprioceptive control of active movemenmhich is involved in pointing and
reaching tasks, requires predicting, monitoring] apdating representations or internal
models of limb position, a function that is likety be sustained by the cerebellum
(Bhanpuri et al.,, 2013). Also, suggestions havenbemde that the cerebellum may
participate in monitoring sensory information fgoatial representation (Rondi-Reig,
Paradis, Lefort, Babayan, & Tobin, 2014). In pati®M the unilateral cerebellar lesion
may have brought about “a mismatch between thenlsranodelled dynamics and the

actual body dynamics, resulting in ataxia” (BhampOGkamura, & Bastian, 2014), thus
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interfering with the spatial realignment processimty PA, and resulting in the altered
proprioceptive straight-ahead AEs. The excitat@¢$ delivered over the left damaged
cerebellar cortex, stimulating the spared neuratica tissue, may have restored the
cerebellar-based predictive and matching functidoua proprioception and limb
position. In turn, this would reset the operatioh tbe parieto-cerebellar network
underlying the PA process of spatial realignmelstp @aeducing the imbalance with the
contralateral cerebellar hemisphere (Rossi & R@as&004), and restoring the normal
direction of the proprioceptive AEs. The PPC isetevant target of output from the
cerebellar motor (Clower, West, Lynch, & Strick,020, and non-motor (Bostan, Dum, &
Strick, 2013) networks. In neurologically unimpairearticipants, the left PPC is
activated during movement updating and correctioneaching tasks executed with the
right hand (Desmurget et al., 2001), and during&Aieved with that hand (Clower et
al., 1996; Danckert et al., 2008). These piecesvafence concur to suggest a role of the
PPC in limb reaching tasks, and in PA, particulaflyhe left PPC with the right hand. In
7 right-brain-damaged patients with left negledteraa PA treatment, fMRI showed a
bilateral increase of activity in the fronto-paaktreas, including the PPC, associated
with a reduction of the rightward bisection biasd @an improvement of visual search (Saj
et al., 2013). In the present study excitatory t0i@8r the left PPC, but not over the right
PPC, brings about proprioceptive AEs more leftwdidn before the stimulation, a
direction opposite to that of the prism-induced iaglt deviation. This hemispheric
asymmetry of the effects of tDCS could be basedinbra-hemispheric connections
between the left PPC and the left damaged cerebeikhich would up-regulate the left
PPC-cerebellar network. Furthermore, as noted abtwe left PPC is particularly
involved in reaching tasks and PA with the righhd¢hdClower et al., 1996; Danckert et

al., 2008; Desmurget et al., 2001). Here, the rastm of AEs after PA performed using
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the right hand, brought about by the anodal tDC& tive left PPC, may be accounted for
in terms of the more effective operation of theé lefmispheric PPC-cerebellar network.
Instead, the excitatory anodal tDCS over the ctateeal right PPC may have proven to
be not effective in this respect, compared to tei# PPC tDCS, since the right-
hemispheric PPC-cerebellar neural network is straly undamaged, hence likely more
functionally preserved, and therefore, less suddlepto the additional excitatory effects
caused by anodal tDCS. Furthermore, the right-hameisc PPC-cerebellar neural

network, as noted above, is less involved in PAthe ipsilateral right hand.
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CHAPTER 2

The spacein the body:

Homeostatic regulation in humans

This Chapter investigates the relationship betwkedily spatial representations and
homeostatic regulation. Skin temperature has beegntly considered as a physiological
index of disembodiment, and it has been shown tmbedulated by the manipulation of
bodily representations. In three studies we exathihend how a change in bodily spatial
maps affects skin temperature regulation in uninggigparticipants, by means of different
techniques that induce direction-specific and &ized effects: prims adaptation,

optokinetic stimulation and shift of visual attenmti

2.1. Introduction: thermoregulation in human
The relationship between the sense of body owneestd the physiological regulation of
bodily functions has recently drawn the attentidntltose researchers interested in

understanding how the human brain develops, repiesend maintains a bodily “self”
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(Blanke, Slater, & Serino, 2015; Longo, Azafién, &ddard, 2010; Moseley, Gallace, &
Spence, 2012; Tsakiris, Hesse, Boy, Haggard, & ,F2007). In particular, the link
between several physiological parameters (heartbehperature regulation, skin
conductance responses, pupil dilatation), diffeesgtects of perception (tactile, thermal,
proprioception, pain), and bodily consciousness le@an investigated both in healthy
participants, and in neurological patients showiagtonomic dysfunctions or
abnormalities in cortical representations of thdyband the space around it (Barnsley et
al., 2011; Blanke, 2012; Craig, 2002; Gentile, @twam, Brozzoli, & Ehrsson, 2013;
Kammers, Rose, & Haggard, 2011; Moseley, Gallacea&netti, 2012; Romano,
Gandola, Bottini, & Maravita, 2014; Tsakiris, 2010)

One of the most recent approaches to study theamship between brain mechanisms of
bodily self-consciousness and the integrity of ltleey itself has made use of perceptual
illusions in healthy participants and clinical ptgtions. Within such paradigms,
ambiguous and conflicting multisensory informati@bout the location and the
appearance of one’s own body is adopted with thpqae to alter the persons’ sense of
body ownership, and the regulatory control of theysiological functions (Barnsley et
al., 2011; Blanke, 2012; Lenggenhager, Tadi, Mein& Blanke, 2007).

The Rubber Hand lllusion (RHI) has been used to ttes hypothesis that hand skin
temperature can be modulated by disrupting theesefsownership over that limb.
Specifically, when participants begin to perceivattan artificial limb is part of their own
body, the temperature of their real hand (the daega on the same side of the artificial
limb) decreases (Hohwy & Paton, 2010; Moseley ¢t24l08; Rohde, Wold, Karnath, &
Ernst, 2013). Importantly, the temperature’s dropasved in the real ‘disowned’ hand is
positively correlated with the vividness of theudlon (Moseley et al., 2008). In a

complementary way, the strength of the Rubber Hilodion is more easily induced
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when a real hand is artificially cooled, while wangnthe hand decreases the strength of
the illusion (Kammers et al., 2011). In other récgmdies, the induction of a Full Body
lllusion, obtained by immersing participants inidual reality environment, was found to
be effective in modulating the exteroceptive sengjtof the palm of the hand to thermal
changes (Llobera, Sanchez-Vives, & Slater, 2018),ta cause a widespread drop of the
participants’ skin temperature (Salomon, Lim, R&ifGassert, & Blanke, 2013). Finally,
a drop in temperature was found wheemflicting visuo-vestibular bodily input was given
to participants in a virtual reality environment §dhuda et al., 2015). Correspondingly,
the sight of the reflection of the participant'snb through a mirror, produced a limb-
specific increase in skin temperature: this suggestt the vision of the body could result
in an enhanced ownership over the seen limb, tmeseasing temperature and
homeostatic control, in a process opposite (andptemmentary) to that acting in the
Rubber Hand lllusion (Sadibolova & Longo, 2014).ké&a all together, this evidence
suggest that, in healthy participants, the mainteaaof the bodily self relies on the
accurate integration of multisensory inputs, arat g#kin temperature is a plausible index
of illusory body ownership. Specifically, a drop temperature has been shown after
different combinations of conflicting multisensomgput about the appearance and
location of one’s body, which might impact on ba#yf-coherence: visuo-tactile (Hohwy
& Paton, 2010; Moseley et al., 2008; Salomon et24l13), visuo-vestibular (Macauda et
al., 2015), and visuo-kinesthetic (LIobera et2013).

Disorders of bodily awareness and of thermal raguiehave been found to be correlated
in a number of different neurological and psychiatonditions, such as schizophrenia
(Bersani, lannitelli, Pacitti, & Bersani, 2012; Btger, Grossmann, & Bar, 2013; Chong
& Castle, 2004; Thakkar, Nichols, McIntosh, & Pa2k11), autism (Kushki et al., 2013;

Miyazaki et al., 2007), epilepsy (Boesebeck & Ebn2004; Holtkamp, Schmitt,
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Buchheim, & Meierkord, 2007), neuropathic pain (Miey, 2008), anorexia nervosa, and
bulimia (Papezova, Yamamotova, & Uher, 2005; Sld@®85). The Complex Regional
Pain Syndrome (CRPS) is another clinical conditwwhpse features include a disruption
of thermoregulation (Moseley, Gallace, Di Pietrgpe8Sce, & lannetti, 2013; Moseley,
Gallace, & Spence, 2009; Moseley, Gallace, & lamne2012), and an altered
representation of the body in a number of pati@dtaehl et al., 1999; Bultitude & Rafal,
2010; Forderreuther, Sailer, & Straube, 2004, Lewisrsten, McCabe, McPherson, &
Blake, 2007; Marinus et al., 2011; Moseley, 200%®jt® Seifert, Lanz, Mdiller, &
Maihofner, 2011; Reinersmann et al., 2010).

Interestingly, both patients affected by CRPS, aghit-brain-damaged patients with left
spatial neglect share a number of symptoms (Ac&waylis, & Moseley, 2007; Frettloh,
Huppe, & Maier, 2006; Galer, Butler, & Jensen, 1,9G&ler & Jensen, 1999; Legrain,
Bultitude, De Paepe, & Rossetti, 2012; Lewis et 2010, 2007; Moseley, 2004, 2005;
Schwoebel, Friedman, Duda, & Coslett, 2001). Intipalar, CRPS patients exhibit a
neglect-like, space-based tactile processing defibseley et al., 2009; for a study
showing that also patients with chronic back paiaynshow spatial neglect-like
symptoms under certain conditions of stimulus preden, see Moseley, Gallagher, &
Gallace, 2012). Specifically, in a temporal ordgdgment task, CRPS patients show a
prioritization of vibrotactile stimuli presented ¢ime unaffected hand, when arms are kept
uncrossed, and a reversed prioritization when #reycrossed over the body midline.
These results suggest that the information proegsseficits in CRPS patients may be
related to body-centered (with reference to théeptis body midline) spatial, rather than
to somatotopic (based on the somatosensory repatieenof the body in the primary
somatosensory cortex, area Sl) reference frame®SCpatients show also a deficit in

hand skin temperature regulation, with a coolingttté affected limb, related to the
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prioritization effect: the larger is the differenicetemperature between the two hands, the
earlier vibrotactile stimuli have to be delivered the affected hand, in order to be
perceived simultaneous to those delivered to thedfected hand (Moseley et al., 2009).
Interestingly, hand temperature of CRPS patientsnexlulated by manipulating the
position of the hands in peri-personal space, ngnpéhcing the unaffected hand in the
“affected” side of space (the one where the affédtand is generally placed), in a
position that crosses over the body midline, cawsekecrement of hand temperature,
suggesting a space-based (body-centered), rathen #rm-based (somatotopic),
modulation of skin temperature (Moseley, Gallacda&netti, 2012). A further similarity
between CRPS and neurological disorders of spadighition comes from a single case
study. van Stralen and colleagues (van Stralen,Azamvoort, Kappelle, & Dijkerman,
2013) induced the Rubber Hand lllusion (considemsdan experimental measure of
disownership of the real hand) on both hands oflat-brain-damaged patient suffering
from left somatoparaphrenia, and recorded hand &kitperature before and after the
induction of the illusion. A decrement in temperatafter the induction of the illusion
was found, but only in the left, disowned, hand.isThesult suggests that
thermoregulatory control is related to the sendeoaly ownership, whose disruption may
alter thermoregulation. Prism adaptation has besa o treat the symptoms of CRPS
patients, achieving a substantial relief of pais, veell as the amelioration of other
symptoms (Bultitude & Rafal, 2010; Sumitani et &007). Moreover, prismatic lenses
have been recently used in CRPS patients to testhipothesis that its thermal
manifestations depend on the perceived locaticdhe@hand relative to the body midline,
rather than to its actual location. Prisms induaetkviation of the perceived position of
the affected hand towards the affected (ipsila}eral unaffected (contralateral), side of

space, in the latter condition, illusorily crossitige body midline. The patients’

68



pathological arm warmed up (with a reduction of thermoregulatory dysfunction),

when visually perceived in the unaffected, conteakd, side of space, and cooled down
when perceived in the affected side, in both comadlt regardless of its actual physical
position (Moseley et al., 2013). Accordingly, thosertical mechanisms involved in

processing the perceived position of the limbs pace, on the basis of visual and
proprioceptive information, may also participatenodulating hand temperature.

As far as the neural basis of the higher-order rfadduns of thermoregulatory control is

concerned, the temporary interference over theviacof the posterior parietal cortices

(PPC) by means of rTMS, reduces hand temperatuteeaithy participants (Gallace,

Soravia, Cattaneo, Moseley, & Vallar, 2014). TheCPRn area involved in the

multisensory integration of stimuli in differentrs®ry modalities (Caminiti, Innocenti, &

Battaglia-Mayer, 2015; Sereno & Huang, 2014), th@menance of spatial and body
representations (Caminiti et al., 2015; Colby & drg, 1999; Longo & Haggard,

2010), and the planning of goal-directed moveméAtsdersen, Andersen, Hwang, &

Hauschild, 2014; Corbetta & Shulman, 2002; Vesi&&awford, 2012), might be also

part of a network that exerts a top-down modulabarphysiological functions related to

body ownership, such as thermoregulation. Finadly, already discussed in the first
Chapter, the PPC is also involved in mediating Pdcesses and aftereffects (Calzolari,
Bolognini, Casati, Marzoli, & Vallar, 2015; Chapmahal., 2010; Clower et al., 1996;

Danckert et al., 2008; Luauté et al., 2006, 2008ywpbrt & Jackson, 2006; Saj et al.,
2013; Sekiyama et al., 2000). Moreover, Macaudacatidagues (Macauda et al., 2015)
suggested that visuo-vestibular modulation of teese of self, possibly mediated by
shared neural processes in the insula involveckstilvular and interoceptive signalling,
thermoregulation and multisensory integration (§re2002, 2009; Critchley, Wiens,

Rotshtein, Ohman, & Dolan, 2004), might have catimgedrop in hands’ temperature
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found in their study. On the basis of these obsems, we carried out three studies, in
order to explore the link between bodily-spatiahapping and thermoregulatory control.
In these studies, spatial bodily maps were manipdlay means of different techniques
which are effective in inducing direction-specifand lateralized effects in healthy
participants and in the temporary amelioration effesal symptoms of right-brain-
damaged patients with unilateral spatial neglect.

In particular, in Study #4, a PA procedure was usedorder to induce the typical
sensorimotor remapping of bodily and spatial camtés occurring to resolve the visual
proprioceptive discrepancy induced by the prismdisplacement (cf. Chapter 1).

The technique employed in Study #5, is the optdlangtimulation (OKS). Classically,
OKS is obtained by means of a rotating striped drwmth black vertical bars
superimposed to a white background. While fixatioghe moving stripes, a horizontal
optokinetic nystagmus is generated in responskdadtation movement, with a smooth
pursuit movement in the same direction of the nogastripes, and a quick saccade in the
opposite direction (Howard, 1982). This stimulatieas been efficaciously adopted in the
rehabilitation of vestibular disorders (Pavlou, @pJand of unilateral spatial neglect
(Kerkhoff, Keller, Ritter, & Marquardt, 2006; Pizzéglio et al., 2004). Studies on
neglect patients demonstrated that OKS could meelulae subjective midpoint, as
assessed by the displacement of line bisectiohandirection of the movement during
OKS (Pizzamiglio, Frasca, Guariglia, Incoccia, & témucci, 1990), and the position
sense deficit, both vertical and horizontal (Vall&uariglia, Magnotti, & Pizzamiglio,
1995). Moreover, Vallar and colleagues, showed @naDKS stimulation with a leftward
movement (contralateral to the side of the hemigphesion) improved the position
sense deficit, while stimulation with a rightwargbsjlateral) movement produced a

worsening of the performance level (Vallar, Antociu&uariglia, & Pizzamiglio, 1993).
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In a study by Karnath (Karnath, 1996), the patiehtwrizontal displacement of the
midsagittal plane (as assessed by a straight-atask(l, was reduced by OKS with a
movement to the left and worsened by OKS with a enwant to the right. These pieces
of evidence suggest that in patients with negléog, disorder of position sense is
produced, at least in part, by an ipsilateral digio of an egocentric coordinate system,
which may be affected by direction-specific optalia stimuli (Vallar et al., 1995). Such
direction-specific effects of OKS on spatial tasksve been found also in healthy
participants. In fact, it has been shown that ltalitie bisection could be shifted in the
direction of the OKS (Gallace, Auvray, & SpenceQ2D Moreover OKS could modulate
postural control (Pavlou et al., 2011), and thatmossense (Post & Lott, 1990; Revol et
al., 2009) of healthy participants. A recent reviabout the vestibular and/or visual-
proprioceptive stimulations that can transientlguee left neglect signs, including left
OKS, suggested the notion that the positive effe€these stimulation techniques may
originate from a reorientation of attention towatts neglected side of space or from a
recalibration of sensori-motor correlations, in tsame fashion of PA (Chokron,
Dupierrix, Tabert, & Bartolomeo, 2007). Thus, or thasis of both the results of Study
#4, and the observations abovementioned aboutiteetidn-specific effects of OKS on
neglect patients and healthy participants, we edraut the experiments comprised in
Study #5, in order to investigate the effects ofSOth thermoregulatory control.

Lastly, on the basis of the results of both Studya#id #5, we run two experiments, for
which preliminary data are presented in Study #6,order to assess the possible
contribution of the sole visual spatial attentiartemperature modulation (cf. Sadibolova
& Longo, 2014). To this aim, we made use of an &sthprersion of the classical

paradigm of visual attention orientation (Posne€®8d), in order to shift implicitly
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participants’ visual spatial attention toward thedt |(Experiment #1), and the right

(Experiment #2) hemifield.
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2.2. Study #4: Prism adaptation and ther mor egulation

[Calzolari, E., Gallace, A., Moseley, L.G., & Vall&. (2016). Effect of prism adaptation

on thermoregulatory control in humaehavioural Brain ResearcR96, 339-350.]

2.2.1. Aim of the study

In two experiments we test the hypothesis thats#resorimotor effects of PA, and its
aftereffects on bodily spatial reference framesn dae effective in modulating
thermoregulatory control in healthy participants. garticular, in Experiment #1, we
tested the primary hypothesis that sensorimotoptatian to right-displacing prisms, the
ones that exert ameliorating effects on manifestatiof left spatial neglect, affecting
spatial representation and attention (Rossetti let 1898), could also affect body
temperature regulation. Such a finding would suggeselationship between spatial
processing and basic physiologic parameters, ssiddody temperature. Specifically, we
expected a different pattern of temperature chafige sensorimotor adaptation to right
displacing prisms with respect to the control ctiodi (i.e., sensorimotor adaptation to
neutral, not displacing lenses). In Experiment w2, tested whether a change in body
temperature is the result of an autonomic respotwsethe visual-proprioceptive
incongruence induced by the participants’ exposuie lateral shift of the visual field, or
if it reflects a more specific function sustaineg tortical areas implied in spatial
remapping during PA to rightward displacing prisi¢ere the first hypothesis correct,
we should expect a different hands’ skin tempeeatwolution following adaptation to
left displacing prisms, compared to the control diban. Moreover, the temperature

change should be in the same direction of thatdousing rightward displacing prism
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(Experiment #1). Otherwise, no significant diffecea between the left displacing and the

control conditions should be found.

2.2.2. Materials and methods

Participants

Forty-eight healthy right-handed (Oldfield, 197t)dents, recruited in the Department of
Psychology of the University of Milano-Bicocca, kogart in the study (24 for each
experiment; Experiment #1: 12 females, mean age3.8@ years, range: 19-32; mean
education: 16.54+1.67 years, range: 13-18; Experin#2: 12 females, mean age:
25.08£3.12 years, range: 19-30; mean education21#8.17 years, range: 13-22).
Participants had normal or corrected-to-normalovisino history of diseases of the
central or peripheral nervous system, epilepsyrame, ongoing flu, or other concurrent
conditions that may alter body temperature (i.emdles were asked not to participate
during the menstruation phase of their cycle).

The study was approved by the local Ethical Consajtand performed according to the
ethical standards laid down in the 1991 DeclarabbrHelsinki. All participants gave
informed consent, after a brief session that oadlithe nature of the study. Students

received credits for their participation.
Temperature measurement

Skin temperature was measured during the wholbeofwo sessions of each experiment
by means of two wireless digital thermometers (tahron iButton® data loggers;
model DS1922L, Maxim Integrated, San Jose, CA, U&#lied with two crossed strips
of latex-free, hypoallergenic paper tape on thekbaicthe participants’ hands (3M™
Micropore™ Medical Tape). These thermometers ardifieel to measure human

temperature with a resolution of 0.0625°C, from°@0o +65°C (Smith, Crabtree,
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Bilzon, & Walsh, 2010; van Marken Lichtenbelt et &006). The thermometers sampled

at a rate of 0.2Hz (12 recordings per minute).
Prism adaptation task

In Experiment #1, in one session, participants veel@pted to an 11.4° rightward visual
shift induced by 20-diopter, base-left prism glas@@LP; Optique Peter, Lyon, France).
In the other session, they adapted to a normadrvisondition using goggles with neutral
lenses (NL; Optique Peter). In Experiment #2, i@ eassion, participants were adapted to
an 11.4° leftward visual displacement (20-dioptbgse-right prism glasses, BRP;
Bernell™ Deluxe Prism Training Glasses), and in akiger session to the same neutral
lenses used in Experiment #1. For both experimetiits, order of sessions was
counterbalanced between participants within the éxperiments. The exposure visuo-
motor adaptation task was the same used in Studyc#3p. 44), with the same
pseudorandom fixed order of trials presentationintaaed within the two conditions
(prismatic and neutral lenses) for all participamigoth experiments. The deviation from
the target of each pointing movement was measurigédl an accuracy of 1°, with
rightward deviations from the pen being scored wptbsitive values, leftward with

negative values (see Fortis et al., 2013 for furtiegails).
Proprioceptive straight-ahead test

The same task used in the previous studies was(ssedStudy #1, for further details, p.
18). Participants underwent the proprioceptiveigiitaahead test before and after the
adaptation session, and in the follow-up sessidreach experiment. For each of the 10
trials, the deviation of the finger position frommettrue body midline was measured in
degrees of visual angle, with an accuracy of +ORightward deviations from the
objective body midline were scored with positivelues, leftward deviations with

negative values.
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Procedure

Each participant took part in two sessions, peréanm two consecutive days; sessions
were scheduled at the same time of the day for @acticipant, in order to prevent
differences in body temperature due to the phasehef circadian rhythms (Aoki,
Stephens, Saad, & Johnson, 2003; Hasselberg, MaMahdParker, 2013; Krauchi &
Wirz-Justice, 1994). During the whole session pgréints sat, in a comfortable position,
with their arms leaning on a table, with the temapaie of the room being recorded
during each phase. Each block lasted about 90 ssnand consisted of six sections: 1)
thermometer stabilization and baseline, 2) pre-&dimm, 3) adaptation, 4) post-
adaptation, 5) rest, and 6) follow-up (figure ll®)each of these phases, the experimenter
recorded the initial and the final time of eachiatyt, using the computer clock, which
was synchronized with the thermometers.

1) Stabilization phaseThe thermometers were activated and applied édotitk of
each participant’s hands. Then the participantasked to relax for a period of 20
minutes, in order for the thermometers to measwgtalae baseline temperature of
the hands. The mean of the samples recorded i thi@utes following this phase
constituted the baseline temperature measw®Re(ls see Gallace et al., 2014 for
details).

2) Pre-adaptation phase (and post-adaptation phagach participant was firstly
asked to perform the proprioceptive straight-ahiea#l, followed by 2 minutes of
rest, and by 3 additional minutes of registratibyattconstituted the pre-test
measure (Jre).

3) Adaptation phaseEach participant performed the pointing task. dhaer of the
adaptation sessions was counterbalanced acrosscigaarts: half of the

participants were adapted to prism lenses in tis¢ diay and to neutral lenses in
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the second day, the other half vice versa. Inghisse, three temperature measures
were computed, by averaging the temperature samdplasg the three adaptation
blocks (Tap1-30, Tapai-60, TAD61-90).

4) Post-adaptation phasgexactly the same as the pre-adaptation one). €atye
was measured for 3 minutespyéd) and this was followed by the execution of the
proprioceptive straight-ahead test to assess thee#fects.

5) Rest phaseEach participant just sat at the table for 20 n@apavoiding any arm
movements, to prevent any direct loss of adaptaitatada, Miall, & Rossetti,
2006).

6) Follow-up phaseParticipants performed the proprioceptive stramjitad task
again, to assess the possible persistence of theeféécts, followed by other 3
minutes of temperature measurememigd-up).

During the whole session the left hand was keftif sthile the right hand executed the

movements.
Pre-exposure Exposure Post 20 minrest Follow-up
T baseline T Pre T AD1-30 T Post T Follow-up
T AD31-60
T AD61-90

Figure 16. Schematic representation of Study #4ltima. Hands skin temperature was recorded durirggwimole of
the single session (12 recordings per minute).
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2.2.3. Statistical analysis

Preliminary data processing

We excluded from all the analysis data from pagaaits having > 50% of their
temperature measurements (includegkefnd more than 2SD lower than the mean of the

entire group (Kammers et al., 2011).
Experiment #1

The statistical analyses were carried out withsthitware Statistica (StatSoft, Tulsa, OK,
USA, version 6.0). The measures obtained by twetigieants were excluded from the
analysis, according to oua priori policy. The analyses were thus carried on the

remaining 22 participants.
Temperature

In order to assess the presence of temperaturditgtbletween the baseline and the pre
adaptation phase, a repeated-measures analyssianese (ANOVA) was performed on
the average of the samplings collected during tineirfute baseline period (mean of 60
registrations for each hand), and the pre-adaptatemperature 3-minute samplings
(mean of 36 registrations for each hand). The ANON#&s performed with the within-
subjects main factors of “Type of Lenses” usedrladaring the adaptation phase
(BLP/NL), and “Time” (Tbaselne Tpre). Afterward, in order to assess the presence of
differences in hand skin temperature due to thetatian to BLP or to NL, a repeated-
measures ANOVA was performed on the six temperagsamplings following the
baseline: one before ¥, three during (Abi-30, Tapsie0, Tape1-90), and two after
adaptation (foss Trollow-up). Each measure was the mean of the overall sangblésat
registration period. That is, eaclre] Tposs and Foow-up Value was the average of the 36
samplings, during the three minutes registrationcé&the execution time of each of the

three pointing blocks could slightly vary acrosstiggants (with a total pointing task
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lasting between 15 and 20 minutes, including sonmautes of rest between blocks), the
number of samplings of the three temperature measduring adaptation varied. The
ANOVA was performed with the within-subjects fact@f “Type of Lenses” used during

adaptation (BLP/NL), “Hand” (left/right), and “TimMi&T pre, Tap1-30, TaD31-60, TAD61-90,

Tposts Tfollow—up)-
Behavioral measures: adaptation and aftereffectasuees

In order to establish the occurrence of adaptatgerism exposure (in terms of reduction
of the initial pointing error), a repeated-measud@OVA was performed on the mean
deviations from the position of the target (degrefegsual angle) of the first four and the
last four pointing movements during the adaptapbase. In this analysis, the within-
subjects factors were “Type of Lenses” (BLP/NL) ditbinting” (first four/last four
pointing trials).

In order to assess the presence and the magnitutiee aaftereffects, caused by the
adaptation to the lenses, on the proprioceptiv@gtt-ahead task, a repeated-measures
ANOVA, with the within-subjects factors of “Type dfenses” (BLP/NL), and “Time”
(Pre/Post/Follow-up), was performed on the pointieyiations from the true objective
body midline.

In all ANOVAs, significant effects and interactiongre investigated with Tukey's HSD
(Honestly Significant Difference) tepost hocmultiple comparisons. Partial eta squared
(70 of significant effects were also computed, inesrdo determine the effect sizes

(Cohen, 1988). Significance was setrat 0.05.
Experiment #2

The measures obtained by two participants wereuded from the analysis, according to
our a priori policy. The analyses were thus carried on the i@ng22 participants. The

same analyses adopted in Experiment #1 were peztbon temperature and behavioral
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measures from Experiment #2; in this second exparinthe two levels of the within-

subjects factor of “Type of Lenses” used duringpaadton were BRP and NL.

2.2.4. Results
Temperature
Experiment #1

The preliminary ANOVA assessing the temperaturbilty between TFaseiineand Tpre did
not show any significant effect [Type of Lenses f1)= 0.02,p = 0.889; Time F, 21)=
1.21,p = 0.284] or interaction [Type of lenses by Time k)= 0.03,p = 0.861], thus
demonstrating the stability between the baselind #ie pre-adaptation temperature
values.

Figure 17A (left panel) shows the hands skin temoee evolution during time, across
the two sessions (values are summarized in TableF8) NL, some increase of
temperature was apparent in the final adaptatioas@hwhile for BLP temperature
decreased after adaptation. The ANOVA showed thamtain effect of Time [, 105) =
6.54,p < 0.001,p? = 0.24] was significant, while those of Type ofnises [k, 21)= 2.78,

p = 0.11], and Hand [E21) = 2.31,p = 0.143] did not attain the significance level.eTh
Type of Lenses by Time interactiongfos)= 2.34,p = 0.047 575> = 0.10] was significant,
while the Type of Lenses by HandqFk1) = 0.53,p = 0.475], and Hand by Time §F105)

= 0.42,p = 0.836] interactions, as well as the Type of lesnigy Hand by Time [F; 105 =
0.52,p = 0.76] interaction, were not significant. Mul@&tomparisons exploring the Type
of Lenses by Time interaction showed that, wherigpants adapted to NL, the hand
temperature in the last block of adaptation wasiaantly higher with respect to the
pre-adaptation phase AJs1-90Vs. Tpre p < 0.01). During the follow-up (specifically after

15 minutes of rest), temperature was lower thamai$s during (Toliow-up VS. Tapb1-30 p <
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0.05, vs. Taps1-60 and Taps1-90 p-values< 0.001) and after the adaptation phasgidifup

VS. Tpost p < 0.001), but it did not differ from the initiaktnperature during the pre-
adaptation phase low-up VS. Tpre p = 0.58). The increase in temperature found duttieg
adaptation task, when participants wore neutralsdsn might be considered a
consequence of the metabolic heat production duthey prolonged motor effort,
followed by a return to baseline thermal valueseosiech motor activity ended (Bleichert,
Behling, Scarperi, & Scarperi, 1973; Bonfiglioli at., 2013; Schlader, Stannard, &
Mindel, 2010). Interestingly, during the day in whiparticipants adapted to BLP no
such increase in temperature during the PA taskroed (Tapi-30, Tap31-60, TAD61-90, Tpost

vs. Tpre all p-values> 0.993). Moreover, the hands temperature measdueithg the
follow-up resulted to be significantly lower thdrettemperature measured in all the other
phases of the experimentidjibw-up VS. Tpre, Tap1-30, TAD31-60, TAD61-90, Tpost all p-values<
0.001). The analysis also showed significant défifiees in temperature between the two
types of lenses at the end of the adaptation pfiase1-ooNL vS. Taps1-00BLP p < 0.01),
after goggles removal {dst NL vS. Tpost BLP p < 0.01) and during the follow-up phase
(Troow-up NL VS. Troow-up BLP p < 0.01). All of the comparisons showed a cooler
temperature during and after the BLP adaptation¢camspared to NL. No significant
differences between right and left hand temperatueee found. Notably, left hand
temperature was affected as much as the right bgnithe experimental manipulation

even though the former remained still for the whetperimental session.
Experiment #2

The preliminary ANOVA assessing the temperaturbilty between TFaseiineand Tpre did
not show any significant effect [Type of Lensgs f1)= 0.09,p = 0.773; Time &, 21)=

0.98,p = 0.333] or interaction [Type of lenses by Timg, lr)= 1.37,p = 0.255], thus
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demonstrating the stability between the baselind #ie pre-adaptation temperature
values.

Figure 17B (right panel) shows the hands skin teatpee evolution during time, across
the two sessions (values are summarized in Tabl&h®) main effect of Time [F 105 =
5.13,p < 0.001,p? = 0.20] was significant, while those of Type ofnises [k, 21)= 0.02,

p = 0.88], and Hand [E21 = 1.18,p = 0.29] were not significant. The Hand by Time
interaction [ks, 105= 3.89,p = 0.003 7p? = 0.16] was significant. The Type of Lenses by
Hand [R1, 21)= 0.05,p = 0.82], Type of Lenses by Time§Fios)= 0.45,p = 0.81], and
Type of Lenses by Hand by Time {dFi0s = 0.98,p = 0.43] interactions were not
significant. Multiple comparisons on the main effeaf Time showed that hand
temperature measured during the last block of adiaptsignificantly increased from that
measured in the pre-adaptation phas@dileoVs. Tpre, p = 0.01) and from that measured
during the follow-up (Roe1-90 VSTtollow-up, P< 0.001). Moreover, during the follow-up,
hands temperature did not differ from the initeiperature of the pre-adaptation phase
(Troow-up VS. Tpre, p = 0.90). This was the same pattern of temperathamges found in
Experiment #1 during adaptation to NL. Notably,Hrperiment #2, no significant main
effect of the factor Type of Lenses, or interacsionvolving it, were found, indicating
that adaptation to BRP generated the same effdwnd temperature as the exposure to a
non-deviating condition (i.e., adaptation to NLg,shown in figure 17B. As for the Time
by Hand interaction, multiple comparisons showedifeerence in temperature between
hands during the adaptation task, where the rightlhwas cooler than the left hand, in
the second and third adaptation blockgpgl-eo left handvs. Tapsi-60 right hand and

Tape1-00 left handvs. Tapsi-90 right hand bottp-values< 0.01).
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Figure 17. Mean (SE) skin temperature (°C) of thadsa Circles indicate temperature values for the taind (LH),
and triangles for the right hand (RH), before (prayring (AD1-30, AD31-60, AD61-90), and after (pasd follow-
up) the pointing adaptation tasks. Experiment #lafaptation to base-left prisms (BLP, solid line)dato neutral
lenses (NL, dashed line). Experiment #2 B: adaptatiobase-right prisms (BRP, solid line) and neutemses (NL,
dashed line).

Table 3. Experiment #1. Mean (SE) skin temperati€¢ of the hands (average of left and right hanefobbe, during
and after the prism adaptation tasks, by sessiasdHeft prisms, neutral lenses).

Type of Lenses Tore Tap1-30 Tap31-60 Tap61-90 Tpost Ttollow-up
BLP 32.22+0.36 32.23+0.38 32.23+0.40 32.27+0.40 32.11+0.41 31.58+0.45
NL 32.26+0.29 32.44+0.26 32.55+0.27 32.71+0.28 32.55+0.30 32.02+0.37

BLP Base Left Prisms, NL Neutral Lenses

Table 4. Experiment #2. Mean (SE) skin tempergfi@g of the hands before, during and after the gomadaptation
(average of values of the two prism adaptation sessibase-right prisms and neutral lenses).

Hand Tore Tap1-30 Tap31-60 Taps1-90 Tpost Trollow-up

LEFT 33.05+0.25 33.25+0.23 33.38+0.21 33.50+0.193.28+0.18 32.97+0.25

RIGHT 33.08+0.26  33.15+0.24 33.25+0.23 33.37+0.283.21+0.21 32.94+0.28
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Adaptation: pointing error reduction
Experiment #1

Figure 18A (left panel) shows the deviation of tinst and last four pointing movements
of the two adaptation phases, with the first pogtmovements of adaptation to BLP
being more deviated toward the right than the pashting movements, that were more
accurate; no such effects were found with NL. Aegpd measures ANOVA showed that
the main effects of Type of Lensesi[k1)= 82.20,p < 0.001,7,> = 0.80], and Pointing
[Fa, 21y= 85.33,p < 0.001,7,> = 0.80], as well as their interaction{k1= 82,p < 0.001,
np? = 0.80] were significant. As shown by multiple qoamisons, the first pointing
movements of adaptation to BLP (6.01+2.91°) wereenteviated toward the righp €
0.001) than the last pointing movements, which, tunn, were more accurate (-
0.28+0.59°). Adaptation to NL did not show suchigndicant difference § = 0.93)
between the first (-0.67+1.21°) and the last pamptnovements (-0.36+0.43°). Moreover,
the first pointing movements executed while weaffid® were more shifted rightward
than the first pointing movements while wearing Kfltst pointing movements BLP
6.01+£2.91°s.first pointing movements NL -0.67+1.215 < 0.001). By contrast, the last
pointing movements did not differ between the twaditions (last pointing movements
BLP -0.28+0.59°s. last NL -0.36+0.43°p = 0.999). Accordingly, at the end of the
pointing task, participants pointed correctly t@ ttarget, demonstrating the adaptation
effect.

Experiment #2

Figure 18B (right panel) shows the deviation of fingt four and the last four pointing
movements of the two adaptation phases, with tisé fiour pointing movements during
the adaptation to BRP being more deviated towaedléft than the last four pointing

movements. The last four pointing movements wereena@curate. No such effect was
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found with NL. A repeated measures ANOVA showed tha main effects of Type of
Lenses [k, 21)= 103.45p < 0.001,4,> = 0.83], Pointing [k, 21)= 54.08,p < 0.001 ;5% =
0.72], as well as and the interaction between Tofdeenses and Pointing ff-21)= 97.68,

p < 0.001,5,> = 0.82] were significant. Multiple comparisons sleal that the first four
pointing movements during the adaptation to BRP3462.59°) were significantly more
deviated towards the leftp(< 0.001), than the last four pointing movements (-
0.47%0.42°). Adaptation to NL did not show suchiffedence p = 0.085) between the
first (1.20+1.87°) and the last pointing moveme(@09+0.48°). Moreover, the first
pointing movements executed while wearing BRP wsignificantly shifted more
leftward, as compared to those executed while wgaNL (BRP -6.34+2.59%s. NL
1.20+£1.87°,p < 0.001). By contrast, the last pointing movemehtsnot differ between
the two conditions (BRP -0.47+0.42%s. NL -0.09+0.48°,p = 0.88). This finding
indicates that, at the end of the pointing tasktigpants pointed correctly to the target,

showing that the adaptation had been obtained.
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Figure 18. Mean (SE) deviation of the first fouiniimg movements (beginning) and the last four pegnmovements
(end) of the right index finger from the visualdat in the pointing adaptation task, in degreewistial angle {);
positive values correspond to rightward deviatidnem the visual target, negative values to leftwaeliations.
Experiment #1 A: prism adaptation to base-left mss(BLP, solid line), and to neutral lenses (NL, haak line);

Experiment #2 B: prism adaptation to base-righspis (BRP, solid line), and to neutral lenses (Nishéd line). p <
0.001***, <0.01**, <0.05*.
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AEs: proprioceptive straight-ahead

Experiment #1

Figure 19A (left panel) shows the participants’ fpenance in the proprioceptive
straight-ahead task before (Pre), after (Post), kter after (Follow-up) the two
adaptation sessions. Exposure to NL was ineffectivigile that BLP brought about
leftward aftereffects. The ANOVA showed that theimeffects of Type of Lenses {1

= 1.21,p = 0.28], and Time [f21) = 2.26,p = 0.12] were not significant. The Type of
Lenses by Time interaction was significangiz) = 3.18,p = 0.05,5,2 = 0.13]. Multiple
comparisons showed that exposure to NL did notaadany shift of the subjective body
midline, both immediately after exposure (M£SD° FPoel2+2.62°vs. Post -0.45+2.75°,
p = 0.999), and in the follow-up (Pnes. Follow-up -0.16£2.01°p = 0.991, Posvs.
Follow-up p = 0.983). Exposure to BLP induced an immediatéwkefd shift in the
proprioceptive straight-ahead (Pre 0.01+2.¢86°Post -1.57+3.12% < 0.01); during the
Follow-up the shift was no longer present, and plaeicipants’ performance did not
differ from the Pre and Post-adaptation phasesv®ieollow-up -0.47+2.35°% = 0.873,

Postvs. Follow-up,p = 0.137).
Experiment #2

Figure 19B (right panel) shows the participantstf@enance in the proprioceptive
straight-ahead task before (Pre), after (Post), kter after (Follow-up) the two
adaptation sessions, with the first pointing movets®f adaptation to BRP being more
deviated toward the right than the last pointingszements, which were more accurate; no
such effect was found with NL. The ANOVA showedsttttee main effect of Time [E42)

= 4.42,p < 0.02,5:%> = 0.17] was significant, while that of Type of ls&s [F1.21)= 3.02,p

= 0.097] did not attain the significance level. Thge of Lenses by Time interaction was
significant [Rz42) = 4.64,p = 0.015,5,> = 0.18]. Multiple comparisons showed that
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exposure to NL induced no shift of the subjectieely midline, both immediately after
exposure (M+£SD° Pre -0.21+£3.0¥8. Post 0.21+3.73% = 0.92), and in the follow-up
(Prevs. Follow-up 0.38+2.40°% = 0.73, Posts. Follow-upp = 0.998). Exposure to BRP
induced a rightward shift in the proprioceptiveagiht-ahead (Pre -0.42+2.458. Post

1.82+3.82°p < 0.001; Prevs. Follow-up 1.10+2.27°p = 0.01). These findings are in line

with previous evidence (Striemer & Danckert, 2010).

@NL B
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2,5 -2,0 -1,5 -1,0 0,5 0,0 0,5 1,0 2,5 -1,5 0,5 0,5 1,5 25
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Figure 19. Mean (SE) deviation from body midlinettie proprioceptive straight-ahead pointing taskdoe (pre),
immediately after adaptation (post), and after tiest (follow- up), in degrees of visual angh; (positive values
correspond to rightward deviation from the objeetlvody midline, negative values to leftward devigidExperiment
#1 A: prism adaptation to base-left prisms (BLRidsblack bars), and to neutral lenses (NL, dotteds). Experiment
#2 B: prism adaptation to base-right prisms (BR#&ljcsbars), and to neutral lenses (NL, dotted bapsk 0.001***,
<0.01**, <0.05*.

2.2.5. Conclusion

This study assessed the hypothesis that the vigattak manipulation occurring during

PA, and its consequent aftereffects on body-spatiatesentations, can be effective in
modulating thermoregulatory control in healthy papants. Hands’ temperature was
measured before, during, and after PA to lensdSmghthe visual scene laterally (base-
left prisms, shifting to the right, with leftwardtereffects; base-right prisms, shifting to
the left, with rightward aftereffects), and to axttol condition, where no displacement of
the visual scene was induced (neutral lenses, uitb®nsorimotor aftereffects). The two
types of lenses worn by participants exert differeffects on hands’ temperature.

Namely, adaptation to both leftward deviating pssm@and neutral glasses, result into an
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increase of hands’ temperature, whereas adaptaiioightward deviating prisms does
not. Particularly, the evolution of the hands’ tesrgiure during adaptation to neutral
lenses (used as the control condition in both emxpmts), exhibits a gradual increase
during the pointing motor task, and a subsequemtirog back to baseline values 20 min
after the end of it. This might reflect the natunatrease in temperature caused by
metabolic heat production during the prolonged matffort done by participants
(Bleichert et al., 1973; Bonfiglioli et al., 201&chlader et al., 2010). Notably, this
evolution pattern was found in both experimentsl sndifferent groups of participants.
The main finding of this study is that the handsmperature evolution during the
adaptation to displacing prismatic lenses, as coeapt that occurring during the control
conditions (neutral lenses), shows a differencateel to the lateral direction of the prism-
induced displacement of the visual scene. Whencggaahts adapt to rightward displacing
prisms (Experiment #1) no increase of temperate@is during the adaptation motor
task, at variance from the control condition. Mareo 20 min after the end of the
pointing motor task, a drop in temperature folloBy. contrast, an increase in hands’
temperature (just as in the control condition), amnslibsequent return to baseline values,
was found in the condition in which participants revdeftward displacing prisms
(Experiment #2). Whereas, in spite of the differeahds’ temperature evolution exerted
during the visuo-motor adaptation to right-disptaciand left-displacing prisms, we
found a similar and symmetric pattern of pointingoe reduction and sensorimotor
proprioceptive aftereffect. In fact, participanpslinting performance was initially biased
toward the direction of the visual displacement] gradually corrected toward the target
at the end of the adaptation phase, and the paapive straight-ahead aftereffect was
biased in the opposite direction of the inducediaishift, namely: a leftward bias after

rightward displacing prisms, and a rightward bitierdeftward displacing prisms.
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2.3. Study #5: Optokinetic stimulation and ther mor egulation

2.3.1. Aim of the study

In two experiments we test the hypothesis thatemins directionally-specific effects on
bodily spatial reference frames, both in negletiepés (Karnath, 1996; Kerkhoff et al.,
2006; Pizzamiglio et al., 2004, 1990; Vallar et 4B93, 1995) and healthy participants
(Gallace et al., 2007; Pavlou et al., 2011), visastibular OKS can be effective in
modulating thermoregulatory control in healthy mapants. In particular, we tested the
hypothesis that left, but not right OKS, could affdbody temperature regulation.
Specifically, with respect to the control conditigne., static fixation to a hon-moving
background, which does not induce an optokinefiex® we expected a different pattern
of temperature change during left OKS, but notryright OKS. Such a finding would
strengthen the suggestion made in Study #4, aboetaaonship between bodily-spatial
processes and body temperature. Moreover, OKS tloeqaire body movements, thus
we can assess the presence of an effect on temger@ear from a metabolic heat
production resulting from a prolonged motor effeudstly, we assessed the occurrence of
a bodily and spatial remapping respectively onpifogrioceptive drift (performed before,
and after the stimulations), and on a line bisectask (performed before, during, and

after the stimulations).

2.3.2. Materials and methods

Participants

Forty-eight healthy right-handed (Oldfield, 197t)dents, recruited in the Department of
Psychology of the University of Milano-Bicocca, kopart in the study (24 for each

experiment; Experiment #1: 12 females, mean ag#2.26 years, range: 22-31; mean
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education: 16.96+1.65 years, range: 13-22; Experin#2: 12 females, mean age:
26.67+3.12 years, range: 21-33; mean educatiord211.79 years, range: 13-22).
Participants had normal or corrected-to-normalovisino history of diseases of the
central or peripheral nervous system, epilepsyrame, ongoing flu, or other concurrent
conditions that may alter body temperature (i.emdles were asked not to participate
during the menstruation phase of their cycle).

The study was approved by the local Ethical Consajtand performed according to the
ethical standards laid down in the 1991 DeclarabbrHelsinki. All participants gave
informed consent, after a brief session that oadlithe nature of the study. Students

received credits for their participation.

Temperature measurement

Skin temperature was measured during the whol@eftingle session by means of two
wireless digital thermometers (see Study #4 fothir details). The thermometers
sampled at a rate of 0.07 Hz (4 recordings per tejnu

Optokinetic and neutral visual stimulations

In each experiment, two experimental conditionsemeresented in a counterbalanced
order across participants: a visual optokinetimstation condition, and a no-movement
control condition. Both visual stimulations wereegented on a 22 in LCD screen under
control of a custom Matlab (Mathworks, Natick, MAgript. Participant were aligned
with the centre of the screen at a 40 cm distabDeeing the optokinetic stimulation, a
series of black vertical bars (27 cm long and 2 thitk) were superimposed on a white
background, at a distance of 3 cm from each otret,moved at a constant speed of 10
cm s-1, toward the left in Experiment #1 (LOK) awoevard the right in Experiment #2

(ROK). In the no-movement control condition a statihite background was presented.

90



Both stimulations lasted 10 min (see Gallace, Auv&Spence, 2007, Experiment 2, for
further details).

Line bisection task

A blue horizontal line (20 cm long, 2 mm wide) waesented aligned with the horizontal
midline of the screen. A red bar (2 mm long, 1 mide)was superimposed on the left or
on the right side of the blue line. The positiontleé red cursor along the blue line was
controlled by pressing two keyboard buttons, on@ingpthe cursor 1 mm toward the left
and one toward the right. In each trial, particiganwere asked to position the cursor in
the midpoint of the blue horizontal line, and theass the space bar. The distance of the
cursor from the objective line midpoint was autacsly registered, in mm. On each
trial, the cursor could appear in a random posiuithin the first 5 cm (on the left) or the
last 5 cm (on the right) of the line, in a randordes, 5 time on the left and 5 time on the
right of the line, for a total of 10 trials. Parfiants repeated the line bisection task 5
times throughout the experiment: during the baeglthe control stimulation condition
and the two post-stimulation phases, the blue limes presented over a plain white
background; during the optokinetic stimulation, thisection task was superimposed to
the vertical black bars moving over the white baokgd (Gallace et al., 2007).
Proprioceptive drift

Participant sat comfortably in front of the tabAath their eyes closed. THéarget hand"
was placed palm down on a board 10 cm below thie wloface, with the index finger
positioned by the experimenter on a specific laratinark. The Pointing hand"leant
palm down on the table surface in a starting pmsitaligned with participant shoulder.
On each trial, participants were asked to do atpgmmovement with the index finger of
the pointing hand on the table surface, in corredpace to the perceived position of the

tip of the index finger of the target hand. The exmpenter registered the position of the

91



index pointing finger relative to the target indenger, and asked the participants to bring
the pointing hand back at the starting positionn Tiéals were executed, paced by the
experimenter. On each experiment, half of the gigeints used their right hand as the
pointing hand and the left as the target hand;other half did the opposite. In order to
calculate the deviation from the actual locationtlod target finger, the pointing index
finger was slightly soaked with ink, and the paigtiwas done on a paper sheet,
previously aligned with the target position. Evetyo pointing movements the
experimenter changed the sheet. The coordinatesacii pointing movement and its
deviation along the X and Y axes from those ofttrget finger were then calculated, in
cm.
Procedure
The experiments were conducted in a semi dark roDoring the whole session
participants sat, in a comfortable position, imtrof the table, with the temperature of the
room being recorded during each phase. The selstad about 65 min and consisted of
five phases: 1) thermometer stabilization and l@sel2) stimulation 1, 3) post-
stimulation 1, 4) stimulation 2, 5) post-stimulati@. In each of these phases, the
experimenter recorded the initial and the finalgiof each activity, using the computer
clock, which was synchronized with the thermometers
1) Stabilization phase and baseline (15 miffle thermometers were activated and

applied to the back of each participants' hands. @roprioceptive drift and line

bisection tasks were then assessed. Lastly, paatits were asked to relax and

keep the hands leaning on the table until the émideol5 min period.

2) Stimulation 1 (10 min). According to the order of stimulation
(optokinetic/neutral or neutral/optokinetic), whicvas balanced across

participants, the first visual stimulation was defied. After the first 5 min of
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3)

4)

5)

stimulation, during the ongoing stimulation, theneli bisection task was
presented. In this phase, two temperature measuescomputed, by averaging
the four temperature samplings during the first ahé last minute of
stimulation. At the end of the stimulation partinis were instructed to close
their eyes.

Post-stimulation 1 (10 min)immediately after the stimulation, participant
underwent the proprioceptive drift and then thee linisection task. Lastly,
participants was asked to relax and keep the hi@atsng on the table until the
end of the 10 min period.

Stimulation 2 (10 min). According to the order of stimulation
(optokinetic/neutral or neutral/optokinetic), whiclvas balanced across
participants, the second visual stimulation wasvdetd. As in the previous
stimulation phase, after the first 5 min of stintigda, the line bisection task was
presented and other two temperature measures wenguted, by averaging the
four temperature samples during the first and #s¢ minute of stimulation. At
the end of the stimulation participants were ingid to close their eyes.
Post-stimulation 2 (10 min)As in the previous post-stimulation phase,
immediately after the stimulation, participant urvdent the proprioceptive drift
and then the line bisection task. Lastly, partioisavas asked to relax and keep

the hands leaning on the table until the end ofihenin period.
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2.3.3. Statistical analysis

The statistical analyses were carried out withsthitware Statistica (StatSoft, Tulsa, OK,
USA, version 6.0). In all ANOVAs, significant effiscand interactions were investigated
with Newman-Keuls tespost hocfor multiple comparisons. Partial eta squargs) (of
significant effects were also computed, in orderd&termine the effect sizes (Cohen,
1988). Significance was setat 0.05.

Temperature

In order to assess the presence of differencesaid skin temperature due to the
experimental visual stimulation, for each experitmenrepeated-measures ANOVA was
performed on the average of the four temperatunepbags in the first and the last
minute of stimulation. The ANOVAs were performediwthe within-subjects factors of
“Stimulation” (Experiment #1: Left Optokinetic - KO/ Control stimulation - CS;
Experiment #2: Right Optokinetic ROK / Control stilation - CS), “Hand” (left/right),

and “Time” (Beginning/ End).
Proprioceptive Drift

In order to establish the occurrence of a subjecperceptual deviation of the hand
location, for each experiment, four repeated-messNOVAs were performed on the
mean deviations of the pointing localization taskf the actual location of thgarget
hand”, expressed as the difference between post-stimnlaminus baseline
performances, separately for the deviation on then¥ the Y axes, and for tharget
hand" left or right, with the within-subjects factor t&€ondition" (Experiment #1: post-
LOK / post-CS; Experiment #2: post-ROK / post-CS).

Line Bisection Task

In order to establish the occurrence of a shithaline bisection task during and after the

stimulation conditions, a repeated measure ANOM#g for each experiment, was run on
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the mean deviation from the subjectively perceivadline, expressed as the difference
from the baseline performance, positive valuesciiig a shift of the perceived midline
toward the right, negative ones a leftward shihte TANOVA was run with a within-
subjects factor of "Condition" (Experiment #1. LOKpost-LOK / CS / post-CS;

Experiment #2: ROK / post-ROK / CS / post-CS).

2.3.4. Results
Temperature

In Experiment #1, the repeated-measures ANOVA perd on average of the four
temperature samplings in the first and the lastuteinof stimulations, showed a
significant effect of Time [f23 = 57.05,p < 0.001,;,> = 0.71], and of the interactions
Stimulation by Time [f,23 = 4.42,p < 0.05,7p> = 0.16], and Hand by Time {s) =
7.57,p < 0.05,7,? = 0.25]. The main effects of Stimulationgs = 0.12,p = 0.73], and

of Hand [k1,23) = 3.65,p = 0.07], and the interactions of Stimulation byndgFR1,23) =
0.01,p = 0.94], and of Stimulation by Hand by Timei[fz) = 1.42,p = 0.25] were not
significant. The main effect of Time showed thatemll, hands temperature generally
increased during both stimulation conditions (Begig M+SD° = 32.87+1.47°, end =
33.37£1.33°). Multiple comparisons exploring thenday Time interaction showed that
the hands temperature increased at the end ofithelations compared to the beginning,
with the left hand having overall a greater tempescompared to temperature values of
the right hand (left hand beginning = 33.01+1.36Ad = 33.45+1.29°; right hand
beginning = 32.72+1.59°, end = 33.29+1.44° pallalues< 0.001). Multiple comparisons
exploring the Stimulation by Time interaction shawat hands temperature increased
after both stimulation conditions (LOK beginning 32.82+1.53° vs. LOK end =

33.47+£1.21°p < 0.001; CS beginning = 32.91+1.57° vs. CS end32@&t1.54°,p <
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0.01); more interestingly, when comparing the atitand the final temperature values
between the two stimulation condition, multiple qmarisons showed equal temperature
values at the beginning of the stimulations (LOKgibheing = 32.82+1.53° vs. CS
beginning = 32.91+1.57°p = 0.38), but different end temperature values,sthu
demonstrating a greater increase of hands temperdtuwing LOK, rather than during the
control stimulation (LOK end = 33.47+£1.21° vs. C&de= 33.26+1.54°p < 0.05), as
shown in figure 20A (left panel).

In Experiment #2, the repeated-measures ANOVA perd on average of the four
temperature samplings in the first and the lastuteinof stimulations, showed a
significant effect of Time [f23 = 49.13,p < 0.001,,° = 0.68], and of the interaction
Hand by Time [k,23 = 8.89,p < 0.01,7p? = 0.28]. The main effects of Stimulation{ks)

= 0.01,p = 0.93], and of Hand [E23) = 1.78,p = 0.19], and the interactions of
Stimulation by Hand [f,23) = 0.05,p = 0.82], of Stimulation by Time [E23)= 0.03,p =
0.87], and of Stimulation by Hand by Time[ks)= 0.63,p = 0.43] were not significant.
The main effect of Time showed that, overall, hatelmperature generally increased
during both stimulation conditions (Beginning = B3t1.20°, end = 33.69%1.20°).
Multiple comparisons exploring the Hand by Timeenaiction showed that the hands
temperature increased at the end of the stimukwompared to the beginning, with the
left hand having overall a greater temperature @egto temperature values of the right
hand (left hand beginning = 33.32+1.31°, end = @81726°; right hand beginning =
33.07£1.24°, end = 33.68+1.17°, glvalues< 0.001), but at the end of the stimulation
the temperature of the hands was equal (left hadd=€33.70+1.26° vs. right hand end =
33.68+1.17°,p = 0.58). Notably, in Experiment #2, no significanain effect of the

factor Stimulation, or interactions involving it,ene found, indicating that rightward
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optokinetic stimulation generated the same effetiand temperature as the exposure to a

neutral condition, as shown in figure 20B (righheh.
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Figure 20. Mean (SE) skin temperature (°C) of thadsa Circles indicate temperature values for the taind (LH),
and triangles for the right hand (RH), at the bedirg, and at the end of the visual stimulation dbads. Experiment
#1 A: left optokinetic stimulation (LOK, solid linehd control stimulation (CS, dashed line). Experinvé2 B: right
optokinetic stimulation (ROK, solid line) and cortstimulation (CS, dashed line).

Proprioceptive Drift

The ANOVAs conducted on the mean deviations ofpbmting localization task from
the actual location of theight hand target; expressed as the difference between post-
stimulation minus baseline performances, showedraficant effect of condition on the
deviations on the X axis, just in Experiment #1thmthe deviations from baseline being
greater, and more shifted toward the midsagittah@] after LOK with respect to the
control stimulation [Experiment #1: drift on the ais k111 = 12.74,p < 0.01,7* =
0.54, M+SDcm post-LOK = -2.25+2.36, post-CS = -1D®2; Experiment #2: drift on
the X axis kz,11)= 0.01,p = 0.92, post-ROK = -1.69£3.04, post-CS = -1.628B.Both
ANOVAs on the deviations on the Y axes failed irowhng significant effects of
condition, in both experiments [Experiment #1: tdoifl the Y axis: f,11y= 0.06,p = 0.80,

post-LOK = -0.64+1.49, post-CS = -0.46+2.47; Expemt #2: drift on the Y axis:(f11)
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= 0.83,p = 0.38, post-ROK = -0.68+1.45, post-CS = -1.282P(figure 21, panel B for
Experiment #1, and panel D for Experiment #2).

The ANOVAs conducted on the mean deviations ofggbmting localization task from
the actual location of theéft hand target, expressed as the difference between post-
stimulation minus baseline performances, failedsiowing any significant effect of
condition, in both experiments [Experiment #1: tdoih the X axis f,11)= 0.10,p = 0.76,
M+SDcm post-LOK = 1.36+2.53, post-CS = 1.52+2.48ftdn the Y axis: k,11)= 0.19,

p = 0.89, post-LOK = -1.68£2.75, post-CS = -1.5782.Bxperiment #2: drift on the X
axis R1,11) = 0.43,p = 0.52, post-ROK = 1.20+2.16, post-CS = 1.59+2diff on the Y

axis: k1,11)= 0.94,p = 0.35, post-ROK = -0.76+1.49, post-CS = -1.288P (figure 21,

panel A for Experiment #1, and panel C for Expent#2).
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Figure 21. Proprioceptive drift. Mean (SE, on baikes) pointing deviation (mm) from the target infieger, at the
baseline (blue), post optokinetic stimulation (redpd post control stimulation (green). The origifi the axes
corresponds to the actual location of the indexydin Experiment #1: A (left upper panel) left haadyet; B (right
upper panel) right hand target. Experiment #2: Gt(lewer panel) left hand target; D (right lower pdheight hand
target. p < 0.001***, <0.01**, <0.05*.
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Line Bisection Task

In Experiment #1 (figure 22A), the repeated-measuk&lOVA showed a significant
effect of Condition [E,69 = 7.51,p < 0.001,5p? = 0.25]; multiple comparisons revealed
that during LOK stimulation, participants perceivédte line midline toward the left
(MzSDmm = -0.81+3.94), compared to all the othenditions, in which participants
bisected toward the right (vs. post-LOK = 1.76+2/5% 0.001; vs. CS = 0.40+2.38, and
vS. post-CS = 0.66%2.32, bophvalues< 0.05). Moreover, post-LOK differed from both
CS and post-CS (bottrvalues < 0.05). No difference was found between, CS moud-
CS p=0.63).

In Experiment #2 (figure 22B), the repeated-measWBIOVA showed a significant
effect of Condition [f69 = 4.29,p < 0.01,7,> = 0.16]; multiple comparisons revealed
that during ROK stimulation, participants perceivib@ line midline toward the right
(M£SDmm = 0.28£2.50), compared to the post-ROK28%1.86,p < 0.01) and the CS (-
0.80+1.57,p < 0.05) conditions, in which participants bisectedard the left. A trend
over significance could be found also between R@& @ost-CS (post-CS= -0.58+1.§6,

= 0.058). As in Experiment #1, no difference wasnid between CS and post-G$ <

0.61).
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Figure 22. Line bisection task. Mean (SE) bisecgmor (mm), expressed as difference from the lr@sglerformance.
Experiment #1 A: bisection error during (LOK) andeaf(post LOK) left optokinetic stimulation, and ohg (CS) and
after (post CS) the control stimulation. Experim#&@tB: bisection error during (ROK) and after (posDR) right

optokinetic stimulation, and during (CS) and aftgogt CS) the control stimulation. p < 0.001***, {I1**, <0.05*.
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2.3.5. Conclusion

This study assessed the hypothesis that visuobudsti OKS, and its directionally-
specific effects on bodily spatial reference framean be effective in modulating
thermoregulatory control in healthy participantsanes’ temperature was measured
during an OKS with a movement inducing an optokmeg¢flex with the slow phase
toward the left (LOK, Experiment #1), and toware tight (ROK, Experiment #2), and
during a control condition, where no optokinetiflene was induced. All the conditions
result into an increase of hands’ temperature atetid of the stimulation. However, the
hands’ temperature increase during OKSs, as comip@rehat occurring during the
control conditions, shows a difference related lte tateral direction of the OKS.
Specifically, at the end of the left OKS, the temgbare increase was greater compared to
that occurring at the end of the control conditi@y. contrast, the hands’ temperature
increase during right OKS was just as in the cdrdomdition. Moreover, just after left
OKS, but not right OKS, participants showed a drifthe localization of their right hand,
in the same direction of the OKS (i.e., left) (Kattm 1996). Whereas, in spite of both the
different hands’ temperature increase during leff aght OKS, and the induction of a
directional proprioceptive drift just after left (G we found a similar and symmetric
pattern in the line bisection task, during andrabieth the left and the right OKSs. In fact,
the moving background biased participants’ perforoeatoward the direction of the
OKS, that is, a leftward bisection bias during IBKS, and a rightward bias during right
OKS (Gallace et al., 2007; Pizzamiglio et al., 199%loreover, we found a novel
evidence about a line bisection bias occurringrédfte end of the OKS, in the opposite
direction of the previous OKS, in a similar fashioh negative aftereffects (Gibson,
1937). Namely: a rightward bisection bias aftet (8KS, and a leftward bias after right

OKS.

100



2.4. Study #6: Visual attention orientation and ther moregulation (preliminary data)

2.4.1. Aim of the study

On the basis of the results of Study #4 and Stuslywhich showed a directionally-
specific effect of both visuo-motor adaptation tghtward displacing prisms and left
OKS on thermoregulation, we run two experimentsomder to assess the possible
contribution of the sole visual spatial attenti@mponent, in temperature modulation. In
particular, we tested the hypothesis that an intptidentation of the visual attention
toward the left hemispace, but not toward the righé, could affect body temperature
regulation. To this aim, we made use of an adap#esion of the classical paradigm of
visual attention orientation (Posner, 1980), ineordo orient implicitly participants’
visual spatial attention toward the left (Experim#m), and toward the right (Experiment
#2) hemifield. In each experiment a control comditivas included (i.e., visual attention
was equally directed toward both hemifields). Siesly, with respect to the control
condition, we expected a greater temperature iserearing the implicit orientation of

visual spatial attention toward the left, but raward the right hemispace.

2.4.2. Materials and methods

Participants

Thirty-two healthy right-handed (Oldfield, 1971udents, recruited in the Department of
Psychology of the University of Milano-Bicocca, kogart in the study (16 for each
experiment; Experiment #1: 8 females, mean ag&522.05 years, range: 21-29; mean
education: 15.75+1.18 years, range: 13-18; Experim#2: 8 females, mean age:
24.69+2.73 years, range: 21-31; mean education561%.36 years, range: 13-18).

Participants had normal or corrected-to-normalovisino history of diseases of the
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central or peripheral nervous system, epilepsyrame, ongoing flu, or other concurrent
conditions that may alter body temperature (i.emdles were asked not to participate
during the menstruation phase of their cycle).

The study was approved by the local Ethical Consajtind performed according to the
ethical standards laid down in the 1991 DeclarabbrHelsinki. All participants gave
informed consent, after a brief session that oadlithe nature of the study. Students

received credits for their participation.

Temperature measurement

Skin temperature was measured during the whol@eftingle session by means of two
wireless digital thermometers (see Studies 4 afat further details). The thermometers
sampled at a rate of 0.07 Hz (4 recordings per tejnu

Implicit orientation of visual attention task

In each experiment, two experimental conditionsewmeresented in a counterbalanced
order across participants: a directional shiftistial attention toward an hemifield (left in
Experiment #1, and right in Experiment #2), andoatml| condition. Both visual tasks
were presented on a 22 in LCD screen by means oéRaime software program.
Participants were aligned with the centre of thee at a 40 cm distance. On each trial,
a dark grey fixation cross was presented in théreeasf the white screen; after a random
variable interval between 200 and 300ms, the tasgetulus (a dark grey equilateral
triangle, with an altitude of 1.5° of visual angbg)peared at 20° from the fixation cross,
on the left or on the right, for 83ms. In half béttrials the triangle vertex opposite to the
base pointed upward, in the other half downwarderAthe target disappearance, a visual
mask was presented in the same target locatiob5@0ms (a 2° diameter circumference,
filled with a grey scale random pattern) and pgénts had to give a verbal response,

judging the direction of the vertex of the previdasgyet stimulus, saying "up" or "down"
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in the microphone placed in front of them. Lasbgth the visual mask and the fixation
cross disappeared and the blank white backgroundined on the screen for 400ms. In
each session, 250 trials were presented. Accorttinhe experimental condition, the
target stimuli could appear to the left or to tight of the fixation cross, with a specific
probability of occurrence. Specifically, in the diions of a lateral implicit shift of
visual attention, the 80% of the trials appearedome side of the screen and the
remaining 20% on the other side (Experiment #1: 80%he left, and 20% to the right of
the fixation cross; Experiment #2: 20% to the kafid 80% to the right of the fixation
cross). In the control condition of both experinsetiie target appeared the 50% of the
trials to the left, and the 50% to the right of thetion cross. Within each condition, the
stimuli appeared in a random order. It is worthimgptthat participants were asked to
judge the direction of the vertex of the trianglghich pointed the 50% of the time
upward and the 50% downward, in a random ordero,Adarticipants were unaware of
the manipulation of the target location. Thus thektwas orthogonal to the crucial
experimental manipulation, which consisted in thi#ecdent proportion of the target
location on the right or on the left of the screacgording to the experimental condition.
For each trial, RT (time lapse between the targpearance and the verbal response) and
accuracy (correct "up" or "down" response to targfghuli when the vertex pointed
respectively upward or downward) were registeredoider to calculate the possible
costs and benefits of the implicit shift of viswgtention occurring in the lateral shift
conditions compared to the control conditions, elgis means were calculated for each
participant, in a 2x2x2 design: condition (cue is-cue) x trial (valid vs. invalid) x task
(up vs. down). Specifically:

e Condition (cue vs. no-cue): cue trials are all thels of the experimental

conditions where the proportion of the target spatiocation has been
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manipulated, in order to have the 80% of the treadsone side and the remaining
20% on the other; in other words, is the conditrdmere one side of the visual
space has been implicitly "cued" by means of a tgre#&arget occurrence,
compared to the other side. No-cue trials arehallttials of the control conditions,
where the 50% of the trials occurred on one sidethe remaining 50% on the
other side, and thus, no portion of the visual sges been implicitly cued.

e Trial (valid vs. invalid): in the Attention Left ffperiment #1) and Right
(Experiment #2) conditions, the valid trials copesd to those trials where the
target appeared on the cued spatial location (80%eototal number of trials),
and the invalid ones appeared on the not cuedidocé20% of the total number
of trials). In the control conditions the numbervaflid and invalid trials is the
same (50%); in the control condition of Experimgmi valid trials are those with
the target appearing on the left, and invalid o tight; in Experiment #2 the
opposite.

e Task (up vs. down): the direction of the targetterer which participants were
asked to perform the judgement about.

Inaccurate trials, and those with RTs < 100ms vesxduded from the calculation of the
means. If an implicit shift of the visual spatidfemtion occurred in the cued conditions
(with the proportion of 80-20 in Experiment #1, anfd20-80 in Experiment), one might
expect faster RTs of valid trials, compared to Rifgwvalid trials; whereas, in the no-cue
conditions (with a proportion of 50-50 in both exp®ents), no difference between RTs
of valid and invalid trials should occur. Also, mderaction with target vertex direction

should be expected.
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Procedure

The experiments were conducted in a semi dark roDoring the whole session
participants sat, in a comfortable position, imtrof the table, with the temperature of the
room being recorded during each phase. The selstad about 60 min and consisted of
five phases: 1) thermometer stabilization and lr@sePR) implicit orientation of visual
attention task 1, 3) rest 1 4) implicit orientatiohvisual attention task 2, 5) rest 2. In
each of these phases, the experimenter recordethittz¢ and the final time of each
activity, using the computer clock, which was sylectized with the thermometers.

1) Stabilization phase and baseline (13 miffle thermometers were activated and
applied to the back of each participants' handschwivere asked to relax and
keep the hands leaning on the table until the émioeol3 min period.

2) Implicit orientation of visual attention task 1 (b@in). According to the order of
the experimental condition (lateral shift of visadlention / control), which was
balanced across participants, the first visuahétia task was delivered. In this
phase, two temperature measures were computed,vesaging the four
temperature samplings registered during the firet the last minute of the
attentional task.

3) Rest 1 (10 min)Participants was asked to relax and keep the hiaagsng on
the table until the end of the 10 min period.

4) Implicit orientation of visual attention task 2 (h@in). According to the order of
the experimental condition, the second visual &tiartask was delivered. Two
temperature measures were computed, by averagiegfalr temperature
samples registered during the first and the lasuteiof the attentional task.

5) Rest 2 (10 min)Participants was asked to relax and keep the hiaagsng on

the table until the end of the 10 min period.
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2.4.3. Statistical analysis

The statistical analyses were carried out withsthitware Statistica (StatSoft, Tulsa, OK,
USA, version 6.0). In all ANOVAs, significant effiscand interactions were investigated
with Tukey's HSD (Honestly Significant Differencestpost hocmultiple comparisons.
Partial eta squared;£) of significant effects were also computed, inesrtb determine
the effect sizes (Cohen, 1988). Significance wastse= 0.05.

Temperature

In order to assess the presence of differencesaid skin temperature due to the
experimental visual attention tasks, for each arpamnt, a repeated-measures ANOVA
was performed on the average of the four temperaamplings in the last minuteénus
the average of the four temperature samplings dutire first minute of the visual
attention tasks. The ANOVAs were performed with twvéhin-subjects factors of
“Condition” (Experiment #1: Attention Left 80-20Control condition 50-50; Experiment

#2: Attention Right 20-80 / Control condition 50)58nd of “Hand” (left / right).
Implicit orientation of visual attention task

In order to assess the presence of costs and tsedafien by the implicit direction of
attention toward a hemifield, for each experimentiepeated-measures ANOVA was
performed on the mean RTs of the visual attentaskd. In Experiment #1, the ANOVA
included the within-subjects factors of “ConditiofCue left 80-20 / no-cue 50-50), of
“Trial” (valid / invalid), and of “Task” (up / down In Experiment #2, the ANOVA
included the within-subjects factors of “Conditio€ue right 20-80 / no-cue 50-50), of

“Trial” (valid / invalid), and of “Task” (up / down
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2.4.5. Results
Temperature

In both experiments, the repeated-measures ANOVAopeed on the difference
between the four averaged temperature samplingseitastminus the four sampling in
the first minute of the attention tasks, failed showing any significant effect or
interaction [Experiment #1: Handifs) = 0.07,p = 0.80, Condition f,15) = 1.68,p =
0.21, Hand by Conditionfis) = 0.45,p = 0.51; Experiment #2: Handifs) = 0.05,p =
0.82, Condition k,15= 0.07,p = 0.79, Hand by Condition#s) = 0.39,p = 0.54], thus
indicating that hand’s temperature increase dutiegtwo conditions was equal, in both

experiments (figure 23).
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Figure 23. Mean (SE) skin temperature increase (0€)the hands (expressed as difference from thelihase
temperature). Experiment #1 A: temperature valeedHe left hand (LH) and the right hand (RH), dwithe visual
task with attention shifted toward the left (80-28)d in the control condition (50-50). Experiment B2temperature
values for the left hand (LH) and the right handHjRduring the visual task with attention shiftesvéwd the right (20-
80), and in the control condition (50-50).

Implicit orientation of visual attention task

In Experiment #1, the repeated-measures ANOVA shoaveignificant effect of Task
[Fa,15 = 38.35,p < 0.001,7p? = 0.72], with RTs for stimuli pointing up been tisthan
those of the down targets (M+SDms up = 451.96+73db8vn = 487.42+73.15), and a

significant Condition by Trial interaction @)= 16.43,p = 0.001,,> = 0.52]. Post hoc
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comparisons showed an advantage of 12.98ms fod \&lmuli (i.e., left stimuli)
compared to invalid ones (i.e., right stimuli) iretcue condition (i.e., 80% stimuli on the
left and 20% on the right), but not in the no-coedition (cue valid = 463.92+64.10 vs.
cue invalid = 476.90+67.7 < 0.01; no-cue valid = 472.28+84.16 vs. no-cueliov=
465.67+86.78p = 0.26; figure 24A). Moreover, RTs of the cue iigdrials were slower
than the RTs of no-cue invalid trialp € 0.05). The other main effects and interactions
were not significant [Condition (£15) = 0.02,p = 0.90; Trial k1,15 = 0.83,p = 0.38;
Condition by Task fr,15)= 1.48,p = 0.24; Trial by Task {15 = 0.00,p = 0.97; Condition
by Trial by Task k.15 = 1.78,p = 0.20].

In Experiment #2, the repeated-measures ANOVA shoaveignificant effect of Task
[Fa1s) = 5.42,p < 0.05,5,> = 0.27], with RTs for stimuli pointing up been tasthan
those of the down targets (MtSDms up = 488.60+66d3vn = 508.38+68.89), a
significant effect of Trial [k.15 = 34.46,p < 0.001,7p> = 0.70], showing faster RTs of
valid stimuli (i.e., on the right) compared to Rdfgnvalid stimuli (valid = 486.74+65.76,
invalid = 510.24+65.82), and a significant Conditioy Trial interaction [k 15 = 7.17,p

< 0.05,5p? = 0.32]. Post hoc comparisons showed an advardf@8.93ms for valid
stimuli (i.e., right stimuli) compared to invalidhes (i.e., left stimuli) in the cue condition
(i.e., 80% stimuli on the right and 20% on the)lebut not in the no-cue condition (cue
valid = 476.861£64.95 vs. cue invalid = 510.79+76.80< 0.001; no-cue valid =
496.63+77.95 vs. no-cue invalid = 509.68+68.83; 0.13; figure 24B). Moreover, RTs
of the cue valid trials were faster than the RTsath no-cue validg < 0.05) and no-cue
invalid trials @ < 0.001). The other main effect and interactiorevevnot significant
[Condition K115 = 0.42,p = 0.53; Condition by Task#zs) = 0.97,p = 0.34; Trial by

Task ki1,15)= 0.88,p = 0.36; Condition by Trial by Taskis)= 0.36,p = 0.56].
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Figure 24. Mean (SE) reaction time responses (Esperiment #1 A: RTs for valid (black bars) andaiiit/ (dotted
bars) trials, in the left spatial cue condition (20), and in the control condition (50-50). Expeeimh #2 B: RTs for
valid (black bars) and invalid (dotted bars) trials1 the right spatial cue condition (20-80), and the control
condition (50-50). p < 0.001***, <0.01**, <0.05*.

2.4.6. Conclusion

This study assessed the possible contribution efirtiplicit orientation of visual spatial
attention component, in temperature modulation. ddatemperature was measured
during a visual task shifting implicitly participth attention toward the left (Experiment
#1), and toward the right (Experiment #2) hemispacel during a control condition,
where no spatial shift was induced. In each expamtmall the conditions result into an
increase of hands’ temperature at the end of th@avitask, with no directionally-specific
modulation occurring by means of the lateral shuft the attention. By contrast,
participants showed an implicit shift of the attenttoward the cued hemispace, in each
experiment, as assessed by showing the classicahtzdje (i.e., faster RTs) in judging
targets presented in the cued hemifield, in contaslower RTs for target presented in
the not-cued hemispace.

In spite of the small sample size of these prelanindata, nonetheless results seem to

suggest that the sole lateral shift of visual aibenis not sufficient to induce a specific

skin temperature modulation.
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2.5. Discussion

In this chapter, | tried to investigate the proessanderlying the relationship between
representations of the body and the space aroyndnd homeostatic regulation, in
healthy participants.

Study #4 demonstrated that hands’ skin temperatmebe altered, namely decreased, by
means of visuo-motor adaptation to right shiftibgt not left shifting, optical prisms, as
compared to visuo-motor adaptation to a conditionen® no visual displacement
occurred. Conversely, both the reduction of thentiog error and the sensorimotor AEs
occurred with adaptation to both optical prisms.

Study #5 demonstrated a similar directional effent skin temperature. That is: as
compared to the temperature increase found durgg fixation of a non-moving
background, a greater temperature increase occulwdgdg the fixation of a moving
background inducing an optokinetic reflex with 8mooth pursuit movement toward the
left (left OKS), but not toward the right (right GX. Moreover, whereas the expected
bias in the line bisection task was evident duang after both OKSs, a mislocalization
of the hand, as assessed by the proprioceptivetasit, was found only after left OKS.
Study #6 showed that the implicit lateral oriergatof spatial attention toward one side
of the space does not modulate temperature regnjas compared to a condition where
the attention was not directed toward a specifinispace.

To date, the modulation of skin temperature in thggbarticipants has been investigated
by means of perceptual illusions such as the Rubfzrd Illusion (Hohwy & Paton,
2010; Moseley et al., 2008), and different variasi@f the Full Body lllusion (Llobera et
al., 2013; Macauda et al., 2015; Salomon et all320The drops in skin temperature
reported in these studies were obtained applyimjlicong multisensory inputs, such as

visuo-tactile (Hohwy & Paton, 2010; Moseley et ab08; Salomon et al., 2013), visuo-
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vestibular (Macauda et al., 2015), and visuo-kimetst (Llobera et al., 2013) discordant
information about the appearance and location @sbody. The processes enable to
solve these multisensory conflicts are relatecheoghenomenon of embodiment (Longo,
Schudur, Kammers, Tsakiris, & Haggard, 2008), whieflects the sense of bodily self-
consciousness (Blanke et al., 2015) and is proptmseduse the drops in skin temperature
reported in these studies. For instance, in o@explain the cooling of the participant’s
arm after the induction of the Rubber Hand lllusibloseley and colleagues (Moseley et
al., 2008) suggest that such effect is likely to baused by an autonomic
thermoregulatory response to hand disembodimenmeSow similarly, the drop of
temperature observed after both a visuo-tactildo(Ban et al., 2013) and a visuo-
vestibular (Macauda et al., 2015) Full Body lllusibas been related to an alteration of
bodily self-consciousness, consequent to the imdluself-identification and self-
localization within, respectively, a virtual bodgdcha mannequin.

In Studies #4 and #5, we demonstrate that temperatgulation can be modulated by
means of two techniques, PA to rightward displagngms and left OKS, which affect
bodily spatial representations of healthy partioisa and are effective in the
rehabilitation of right-brain-damaged patients. Hoer, the pattern of results of our
studies suggest that the action of these stimustan thermoregulation is likely to be
based on different neurocognitive mechanisms, aspaced to those of the perceptual
illusion previously described.

Prismatic lenses have been successfully used taeethermal manifestation of CRPS
patients, by changing the perceived location of hed relative to the body midline
(Moseley et al., 2013). This evidence suggest tiade cortical mechanisms implied in
the processing of the perceived limb position iracgy on the basis of visual and

proprioceptive information, may also be involvedniodulating temperature regulation.
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The results of Study #4 corroborate Moseley easgumption, showing that the induction
and the subsequent resolution of the sensorimoisroiance between visual and
proprioceptive information induced by optical prsmisplacing the visual scene to the
right, causes a decrease of hands’ temperaturesilthly participants. Moreover, Study #5
indicates that those cortical mechanisms impliethen processing of the perceived limb
position in space, on the basis of visuo-vestibafaokinetic information, exert a
modulation of temperature regulation (cf. Macaudaale 2015 for thermoregulatory
effects exerted by means of a visuo-vestibularlapfin fact, left OKS brought about a
greater hands’ temperature increase during theukdtian, and a shift of the perceived
location of the right hand toward the left, aftee tstimulation. It is worth noting that the
proprioceptive drift was in the same direction lué previous left OKS, and this is in line
with previous findings on neglect patients showitingt the patients' horizontal rightward
displacement of the midsagittal plane, as assdsgedstraight-ahead task, was reduced
by left OKS (shifted toward the left) and worsertgg right OKS (shifted even more
rightward) (Karnath, 1996).

Thus, from these observations, one might suggesttiie effects found on temperature
regulation after right PA and during left OKS maflect a change in the sense of bodily
self-consciousness (Blanke & Metzinger, 2009; B&ardt al., 2015; Blanke, 2012);
specifically, the manipulation occurring during OKSght have affected the sense of
self-location (Macauda et al., 2015), and PA migine affected both the senses of self-
location and of agency. | refer you to our publdipaper for a more detailed discussion
about the possible effect of PA on the sense oh@gand about the possible factors
underlying the asymmetrical effect on hands’ terapge exerted by left- and right-

displacing prisms (Calzolari, Gallace, Moseley, &lNr, 2016).
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Another relevant finding of our results concerns dsymmetrical effects on temperature.
Critically, despite of the similarity and symmetoy the direct effects of sensorimotor
adaptation and the aftereffects in the propriosepttraight-ahead task with right-
displacing and left-displacing prisms in Study #Ad of the effects in line bisection task
during and after both left and right OKS in Study the skin temperature changes found
in the studies is asymmetrical and directionafalet, in Study #4, temperature decreased
only after adaptation to right displacing prismsheneas no differences between the
neutral condition and left displacing prisms wemurfd. Similarly, In Study #5,
temperature increased the most only after left OKlSereas no difference between the
neutral condition and right OKS was found. As fartlae asymmetry of the effects found
iIs concerned, evidence from brain-damaged patieagarding both sensorimotor
adaptation to right-displacing and left-displacipgsms, and effects of left and right
OKS, should be considered. Although there is nopieta agreement upon hemispheric
asymmetries in somatosensory processes (Dijkermda Blaan, 2007), there is evidence
from clinical populations that somatosensory andtiap processing deficits are more
frequent after right brain damage (Bisiach & Vall2000; Smania & Aglioti, 1995; Sterzi
et al.,, 1993; Vallar, 1997). Moreover, disturbancesbody representation and body
ownership are more frequent after right brain daan@gllace & Spence, 2014; Romano
et al., 2014; Vallar & Ronchi, 2009). Studies ight brain-damaged patients affected by
left spatial neglect show that adaptation to tlyhtward prismatic displacement of the
visual scene, positively modulates higher-leveltisp@rocessing, ameliorating the main
manifestations of this disorder (defective exploratof the left side of peri-personal
space, as assessed by target cancellation anddcapyng tasks; rightward bias in line
bisection), and results in a reduction of sensolmm@ostural disturbances, deficits of

tactile perception, and visual extinction to doubleultaneous stimulation (Maravita et
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al., 2003; Nijboer, Olthoff, Van der Stigchel, &3ser-Meily, 2014; Rossetti et al., 1998;
Tilikete et al., 2001). Conversely, adaptation eéfiward prismatic deviation (Luauté et
al., 2012) is ineffective in reducing the disprapmrate rightward bias of right-brain-
damaged patients with left neglect, and the otlbeve@mentioned manifestations of the
syndrome, ameliorated by adaptation to rightwardnpatic deviation (Rossetti et al.,
1998).

Analogously, studies in left spatial neglect paseshow that OKS modulates the
subjective midpoint, as assessed by the displaceafidime bisection in the direction of
the movement during OKS (Pizzamiglio et al., 1920)d the position sense deficit, both
vertical and horizontal (Vallar et al., 1995). Mover, OKS stimulation with a leftward
movement (contralateral to the side of the hemisplesion) improves both the position
sense deficit (Vallar et al., 1993) and the pasiemtorizontal displacement of the
midsagittal plane, as assessed by a straight-ahskdKarnath, 1996), while stimulation
with a rightward (ipsilateral) movement producesasening of the performance level of
both the position sense deficit, and the straigleid-task. Moreover, left OKS, as well as
right PA, has been successfully used in the reitaionn of neglect patients (Kerkhoff et
al., 2006; Pizzamiglio et al., 2004). Such direcigpecific effects of OKS on spatial
tasks have been found also in healthy participdnttact, the performance in haptic line
bisection can be modulated in the direction of @S motion (Gallace et al., 2007), as
well as occurs in postural control (Paviou et2011), and in the position sense (Post &
Lott, 1990; Revol et al., 2009). Among other sepsgimulation (Chokron et al., 2007),
left PA and right OKS are considered direction-#ipestimulations capable to displace
high-order, spatial (non-somatotopic) frames oérefice in right brain-damaged patients
with left hemineglect, reducing or increasing thdeat of the patients' ipsilesional

rightward directional error, and bringing about #am directional effects in healthy

114



participants (Vallar, 1997). The computation oftsgdadrames of reference involves the
continuous integration of signals from differenhsery modalities (visual, vestibular,
proprioceptive, tactile, and somatosensory) from lody and the space around it. The
neural basis of these spatial frames includes dlseepor parietal and the premotor frontal
regions (Blanke et al., 2015; Sereno & Huang, 20I4j)us, we suggest that the
directionally-specific effects found on hands’ tergture (that is, temperature is
modulated by right PA and left OKS only), may reflea change in high-order,
multisensory, spatial maps; moreover, cortical megdms implied in spatial processing,
through the integration of visual, proprioceptitagtile, and vestibular information, may
also be involved in modulating temperature regatfati

As far as the results of Study #6 are concerneagdalitional important consideration can
be made. The study showed that orientating viquatia attention toward one side of the
space does not bring about a modulation of hankisi &emperature. One possible
explanation may concern the nature of the task (ségpical unisensory visual attention
task), as compared to other manipulations thatgbabout effects on temperature
modulation. Even though the attention was dire¢tedard one or the other side of the
space, with respect of participants’ body midlittegre was a lack of incongruent and
conflicting information about the location of the@dy, and no input was signalling a
discordant location of the body (or of parts ofitthe space.

Moreover, the task did not require any reaching @neent or interaction with the target,
but only a verbal response. Thus, visual attemivais confined and oriented toward an
external object, located in extrapersonal spacen(@évough within the reaching distance),
rather than toward objects located in peri- andqmeal space, or even toward the body
itself. It has been shown that the vision of theyhceven when non-informative about

stimulation, produces limb-specific modulation d¢fetmal regulation (Sadibolova &
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Longo, 2014). In particular, skin temperature a tbft hand increased when participants
had the illusion of directly seeing their hand tigh a mirror, but not during the illusion

of seeing an object at the same location, or |lapkdimectly at their contralateral right

hand. Moreover, temperature increased in the vidveed but not the contralateral hand.
The authors of the study suggested that duringvidien of the body, an opposite (and
complementary) process to that acting during thédkbeu Hand and the Full Body

lllusions, could result in an enhanced ownershiprothe seen limb, thus increasing
temperature and homeostatic control (Sadibolovao&gdo, 2014).

So far, the experimental manipulations that, hagenbshown to exert a high-order
modulatory effect on thermoregulation comprisesdme extent, a “bodily component”.

Indeed, they usually encompass a combination afodignt inputs about location or

appearance of the body, bringing about informatamout changes occurring in the
personal and/or peri-personal space, such as w@uite in the Rubber Hand lllusion and

the Full Body lllusion (Hohwy & Paton, 2010; Mosglet al., 2008; Salomon et al.,

2013), visuo-vestibular (Macauda et al., 2015)ueikinesthetic (LIobera et al., 2013).

This kind of bodily information was present also $tudy #4, (visuo-proprioceptive

conflict) and Study #5 (visuo-optokinetic).

Moreover, these multisensory manipulation exerangnodulation of body temperature,
such as the Rubber Hand lllusion and the Full Bddgion, are typically associated with

changes in the perception of the appearance anddagon of the body, or body part, as
assessed by both subjective (i.e., questionnased to investigate ownership, location
and agency, as main subcomponents of embodiment) ddmective measures of

mislocalization of body parts (i.e., proprioceptideift). In fact, both measures are
necessary in order to assess the presence of emdrudiover the fake hand, and

disownership over the real one (Longo et al., 2008)eed, it has been shown that the
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temperature’s drop observed in the real ‘disowneahd during the induction of the
Rubber Hand lllusion is positively correlated witte vividness of the illusion (Moseley
et al., 2008). In line with this evidence, it ismonoting that in Study #5, only left OKS
brought about a shift in the proprioceptive dnifhereas right OKS did not. Instead, both
OKSs induced a symmetric and directional bias élite bisection task, which involve a
greater extrapersonal spatial component (Gambe3griaglia, & Priftis, 2008; Vallar et
al., 1993), as compared to the proprioceptive .drift

On the basis of these observations, one might éxpat by orienting the attention in
other sensory modalities more linked to the bodghsas, for instance, tactile attention,
may to exert a modulation of temperature regulateith a directional effect, such as
those found in our study.

Finally, our results do not provide evidence ofaamdhto-hand difference in the effect on
temperature regulation. That is, in Study #4, aalagt to a rightward deviation of the
visual field results in skin temperature reduction both hands, and adaptation to a
leftward deviation in skin temperature increase doth hands (cf. Gallace et al., 2014,
where a temperature drop in both hands followed $Tikterference over the activity of
the PPCs). Prism exposure brings about a unifoifh agfthe visual field, manipulating
the body-space interface in egocentric coording®asardi, Mcintosh, Michel, Vallar, &
Rossetti, 2004); thus, sensorimotor AEs reflecingea in the whole of the egocentric
space, as indexed by the proprioceptive straigagdlshift. Also in line with this view,
after a PA session, the proprioceptive drift ceedenn the hand is in the same direction
for both hands (Scarpina, Van der Stigchel, Nijp&Dijkerman, 2013), namely: after
PA with the left hand to left deviating prisms, tfedt position of both hands is shifted
leftward. Thus, the process of spatial realignmeitiiin egocentric space, which occurs

during sensorimotor adaptation to both rightwardd ateftward prism-induced
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displacement of the visual scene, may bring abdubdy-space remapping centered on
the body midline. Accordingly, bodily space, indligl hands’ position, is shifted
coherently with the prism-induced displacement fué visual scene, but the relative
position of the hands remains the same, with neguliilateral symmetric effects, as far
as the two hands are concerned. In this studylattkeof hands’ specific effects indicates
that the mechanisms involved in the prism-inducextimhation of thermoregulation are
likely to be related to the activity of higher-ordeather than more sensory-specific, brain
networks. Similarly, the modulatory effects of diien-specific sensory stimulations,
such as OKS, occur at the level of a spatial, rmmagotopic, egocentric representation of
the body (Vallar et al., 1993; Vallar, 1997), adared by the bias in the line bisection
task and the proprioceptive straight-ahead shifts Thay explain the same lack of hand-
to-hand difference in the effect on temperaturailia@gn exerted by both left and right
OKS in our study.

Thus, in the light of these observations, and ensis of the novel findings presented in
this Chapter, we may suggest that the directiorsicific effects that we found on
hands’ temperature, may reflect a change in higlerpmultisensory maps, encoding and
integrating information from different sensory mbikes within personal and peri-
personal space, in an egocentric reference frana@kB et al., 2015).

This proposal is line with the concept of a coltitedy matrix’ (Moseley, Gallace, &

Spence, 2012), which will be outlined in the gehdrscussion of this Thesis.
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CHAPTER 3

The space on the body:

Tactile distance perception

In this Chapter we address the issue about howaspealkationship between objects that
come in contact with the body are processed. Iriquderr, we tried to answer the

question: at which level of the somatosensory @siog is the spatial distance between
two simultaneous tactile events that passively pau the skin elaborated? In other

words, is tactile distance a basic attribute ottoperception?

3.1. Introduction

In order to estimate the metric properties of afedb like its shape and size, that
passively touches the skin, we need to refer tortb&ic properties of the body part being
touched, and thus to a representation of the badiky (Longo et al., 2010). There are two
intrinsic problems in using our body as a rulerdarobject size estimation task. The first

relates to the highly distorted topographic orgatian of somatosensory neurons in the
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brain, that provides a map of skin receptors dgn$tenfield & Boldrey, 1937). For
instance, in the classic Weber’s illusion, the pared distance between two points
touching the skin decrease as the tactile poirgsnaved from a high receptor density
skin region, such as the hand, to a low-densitioreguch as the forearm (Weber, 1996).
Another example of the mental body representatistodions is the anisotropy of tactile
distance perception on the hand: a tactile distaletigered along the width of the hand
dorsum is systematically perceived bigger than dame distance delivered along the
dorsum length (Longo & Haggard, 2011).

Secondly, in tactile processing, there is no ewdeaf direct afferent information that
specify the actual size and shape of our body. ,Tinusrder to compute a tactile size
estimation task, the tactile inputs must be rescait a pre-existent body representation.
Some properties of touch can be evoked by stinpduameters that activate selectively a
particular set or sets of primary afferent fibersl aare specified by a single firing of
population of modality specific neurons (DoetscQ@). This is the case of those basic
properties of touch, such as pressure, frequemmmatibn and orientation (Bensmaia,
Denchev, Dammann, Craig, & Hsiao, 2008; Chiu, Tomdakl, Whitsel, & Favorov,
2005; Fitzgerald, Lane, Thakur, & Hsiao, 2004, 20806b; Pruszynski & Johansson,
2014), which are coded at early stages of the smsmasory system. Some of these
properties have been shown to be processed evarsabcortical level (Jorntell et al.,
2014). Importantly, these basic tactile attribiaes susceptible to sensory adaptation, i.e.
the change of neural activity during sustained skation, which produces a change in the
perception of a subsequent stimulus (Gescheidainkr & Verrillo, 1979; Solomon &
Kohn, 2014; Verrillo, 1985; Yang & O’Connor, 2014yonversely, secondary tactile
properties cannot be immediately encoded at thss Ievel of somatosensory processing,

and require an additional processing (Spitoni, tgadatonucci, Haggard, & Pizzamiglio,
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2010). This is the case of the estimation of thatiapdistance between two touches on
the skin, which may require an additional compotatias individual sensory events must
be integrated and referred to high-order mentalybpresentations comprising the
metric properties of the body part being touchedaridini, Steinitz, Steckelmacher,
lannetti, & Haggard, 2015; Spitoni et al., 2010yidence in support of this view comes
from studies showing that tactile distance peroeptis affected by higher-level
alterations of the metric properties of the bodyr knstance, Taylor-Clarke and
colleagues (Taylor-Clarke, Jacobsen, & Haggard4p8Aowed that modifying the visual
experience of the body through visual magnificatwdrihe limb, alters the perception of
tactile distances delivered on it. A study by dgnémont and colleagues, showed a
modulation of tactile distance perception on timgdir during a proprioceptive illusion of
elongation or shrinking of it (de Vignemont, Ehnssé& Haggard, 2005). Specifically,
tactile distances were perceived bigger when thehed body part felt elongated.
Similarly, it has been shown that tactile distanaese perceived bigger when the arm
was illusorily felt elongated, by means of the npahtion of auditory feedback during an
action with the limb (Tajadura-Jiménez et al., 2012 distortion of tactile size
perception occurs also during the vision of theyh@en when non-informative about
the stimulation (Longo & Sadibolova, 2013). Takegdther, this evidence suggests that
the brain attempts to preserve tactile size coongtény rescaling the primary, distorted
somatosensory representation into a secondaryctatgatered representation, which
contains information on the perceived size and shafpbody parts, according to the
experience of the body. This entails that tactdecpption of distance occurs at later stage
of tactile processing, and that is mediated by seéan/ rather than primary
somatosensory areas (de Vignemont, Ehrsson, eR@05; Medina & Coslett, 2010;

Spitoni et al., 2010; Taylor-Clarke et al., 2004).
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Size perception has been widely studied in othes@y modalities with adaptation
paradigms. For instance, in vision it has been shihat after prolonged observation of a
stripped pattern, when looking at a grid of the samentation with narrower bars, these
are perceived thinner than they are physically, laad in a grid with broader bars, are
perceived broader than they actually are (Blaken®r8utton, 1969). These findings
argue for the presence of neurons selectively semso a circumscribed range of spatial
frequencies, thus suggesting that spatial frequé&naybasic attribute, coded centrally, at
a low level of the visual system. Analogously, inwall-known haptic size-contrast
illusion, participants are asked to simultaneoustyl repeatedly grasp two spheres of
different size. After adaptation, a large percep#fi@reffect is experienced when the two
spheres are replaced by spheres of identical thieesphere placed in the hand previously
adapted to the smallest one, is perceived as brgdgive to the other (Uznadze, 1966).
Such adaptation-aftereffects paradigms have be#ensxely used, especially in the
visual domain, because they can provide an oppoytim order to comprehend how
information about different dimensions (such as emognt, orientation, and size) is
processed by specific neuronal population. Undedsty how the brain adapts may
provide insight into its computational goals, arite tconstraints on its functional
organization. Adaptation is also of interest beeatiss widely used in human functional
imaging and perceptual studies to infer the sel#gtof neurons and brain areas, and to
deduce the computations involved in sensory pracg¢Solomon & Kohn, 2014).

For instance, adaptation studies in the visual dlonsowed that in the human visual
system there are neuron selectively sensitiveaotientation (as well as the size) of the
retinal image (Blakemore & Campbell, 1969; Maffétjorentini, & Bisti, 1973).
Moreover, adaptation to a specific size shows atigiar transfer. That is, adaptation is

effective in elicit an aftereffect, although weakdnwhen the adapter and test stimulus
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are presented to different eyes (Blakemore & Camhpld®69). The orientation-
specificity and interocular transfer of the aftéeef, suggest a cortical locus for the
perceptual effect in primary visual cortex (V1), agentation tuning and binocular
responses first occur in V1 (Kohn, 2007). These atiter characteristics of visual
aftereffects, led to a distinction between low-leaed high-level aftereffects, reflecting
selective adaptation of neurons respectively in bagond the earliest cortical visual
areas, according to the size and the hierarchiganization of the receptive fields. In
fact, cortical sensory processing is hierarchi¢dalléeman & Van Essen, 1991), with
neurons in lower areas (like V1) having spatialyadier receptive fields and responding
to simpler features of the stimulus than thoseighdr areas, with larger receptive fields.
Another characteristic of low-level visual afteesfts is that they are coded in a
retinotopic, rather than spatiotopic frame of refere. That is, the crucial factor in order
to obtain these visual aftereffects, is the comwesience between the adaptation and test
locations on the retina. For instance, the motkbmapen, Rolfs, & Cavanagh, 2009), the
direction (Wenderoth & Wiese, 2008), and tilt (Ghs& Radner, 1937; Hubel & Wiesel,
1968; Knapen, Rolfs, Wexler, & Cavanagh, 2010; Nath Theeuwes, 2013) aftereffects
have been shown to be retinotopic, thus suggeshiag the adaptation occurs in V1,
where receptive fields are small and retinotopjcaliganized. On the other hand, high-
level visual aftereffects related to latent profeie of an object, such as its squishiness
(Arnold, Petrie, Gallagher, & Yarrow, 2015), andapbk (Suzuki, 2001), and visual
aftereffects occurring during the perception ofcefa identity (Benton, Jennings, &
Chatting, 2006; Leopold, O'Toole, Vetter, & Blan2001; Melcher, 2005), and
expression (Butler, Oruc, Fox, & Barton, 2008)yralore on non-retinotopic viewpoint

dependent neural mechanisms, and are generally noloust to changes in size and even
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position between the adapting and test stimuli toanlevel aftereffects (Benton et al.,

2006).

3.2. Study #7: Tactile distance aftereffects. Aim of the study and experiment
overview

This study explored how a prolonged experience, (adaptation) to a tactile distance
delivered on the dorsum of the hands affects tleegpéion of subsequent distances (i.e.,
aftereffect). We implemented a new adaptation-aftect paradigm, adapted from the
abovementioned haptic size-contrast illusion (Uzeadl966). In the haptic illusion
participants adapt to a combination of tactile,ppi@ceptive and kinaesthetic afference.
In the present task participants are passivelyhedon the dorsum of the hands, so that
only tactile information is provided. Secondly, the haptic illusion the stimuli are
spheres, consisting in a continuous surface togchinegion of the skin; instead in our
study participants process a gap between two samedius but separated tactile events;
thus, they are adapted to a spatial relationshipd®n two points, namely to a distance.

In Experiment #1 (A and B) we examined if a passactile adaptation of the dorsum of
both hands, to two stimuli different in distancadaconsisting, respectively, of a larger
and of a smaller distance, could induce a distafiegeffect, when a pair of subsequent
stimuli are applied to the hands. That is, thetinedasize perception of a following couple
of distances would be altered as a consequend®girevious adaptor size: we expected
participants to perceive as larger the test stisiajpplied on the hand previously adapted
to the smallest distance, and vice versa.

In Experiment #2 we assessed whether the aftetdfiand in the previous experiments
is driven necessarily by a direct comparison betwibe distances delivered on the hands

during the adaptation phase, or if it could be setlwithout the exposure to a contrast
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between distances during adaptation. To this enthis experiment, only one hand was
adapted, while the test stimuli were delivered othlhands.

In Experiment #3 the orientation specificity of thistance aftereffect was investigated.
We tested the hypothesis that the adaptation ttardies processed along a specific
dimension of the hand (i.e., width) could not afféde subsequent processing of distance
perception oriented along its orthogonal dimendic®, length). Thus, we expected a
lack of distance aftereffect with test stimuli delied with a 90° rotation compared to the
adaptors orientation.

In Experiment #4 the location specificity of thestdince tactile aftereffect was
investigated. We tested the hypothesis that thiamte aftereffect may be distinctive to
the specific adapted region of the skin, analogotslithe visual retinotopic aftereffects
described above (Knapen et al., 2009, 2010; Wetlu&oWiese, 2008). To this end,
both the adaptors and the test stimuli were dedv@ver two different, but close regions
of the same hand. Were adaptation location-spedifie induction of the distance
aftereffect would have been the expected result.

In Experiment #5 we investigated the presence tefnmanual transfer of the adaptation,
assessing the occurrence of the aftereffect whaptex) one hand and testing the other
not-adapted hand. In order to test the bilatemisier we made use of the anisotropy
effect found by Longo and Haggard (2011): thatlistances delivered along the width of
the dorsum of the hand are consistently perceigddrger than distances delivered along
the length of the hand (the effect is absent ohrglas skin areas, such as the palm). After
adapting the hand to a big stimulus along its widta delivered the two test stimuli one
along the width and one along the length of thedhaha tactile distance aftereffect
occurred, we expected a modulation (namely, a temhjcof the anisotropy effect,

compared to a no-adaptation control condition wheeeexpected the occurrence of the
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classic anisotropy effect. Crucially, the adapta@aswdelivered only on one hand, whereas
the test stimuli were delivered both to the adated to not adapted hand, on different
trials; so that, if a bilateral transfer of the ptddion occurred, we expected a reduction of
the anisotropy effect even on the not adapted hand.

In Experiment #6 we investigated the frame of mfiee (somatotopic vs. external space)
of the distance aftereffect. Specifically, we exaad whether the adaptation to a tactile
distance is coded in a skin frame of referencen dihe external space. As in Experiment
#5, the hand was adapted to a big stimulus alengidth, and then tested with two test
stimuli one along the width and one along the Iergftthe hand. Crucially during the test
phase the hand orientation could vary: it couldbented as during the adaptation phase
(canonical), or rotated 90deg to the right (rotatédthe adaptation is somatotopically
coded we expected a reduction of the anisotropgcefirregardless of the hand
orientation during the test phase. Whereas, ifatteptation is coded in an external space
frame of reference, we expected a reduction ofathisotropy effect only when, during

the test phase, the hand is canonically orientated.

3.2.1. Materials and methods

Participants

Eighty four, healthy volunteers participated in g®/en experiments: Experiment #1A
(n=12; mean age=31 years; SD=6.7; 4 female), Exygari #1B (n=12; mean age=26.5
years; SD=5.9; 4 female), Experiment #2 (n=12; mege=24.5 years; SD=5.9; 9
female), Experiment #3 (n=12; mean age=27 years;631) 8 female), Experiment #4
(n=12; mean age=32 years; SD=7.7; 6 female), Expari #5 (n=12; mean age=33
years; SD=9.2; 8 female), and Experiment #6 (n=h2an age=26 years; SD=6.7; 6

female). Data from one participant in ExperimenA#bne participant in Experiment
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#1B, one participant in Experiment #4, and two ipgrants in Experiment #6 were
excluded from analyses based on poor fit of tha (&< 0.5 in one or more conditions).
Remaining sample: Experiment #1A: n=11; mean agey&3@rs; SD=6.6; 4 female;
Experiment #1B: n=11; mean age=26 years; SD=5.sndale; Experiment #4: n=11,
mean age=32 years; SD=7.9; 5 female; Experiment i#@:0; mean age=24years;
SD=4.3; 5 female. Overall, participants were righttded, except one left-handed
participant (handedness mean across groups = 8aurige = -100 to 100), as assessed by
the by the Edinburgh Inventory (Oldfield, 1971), thwino history of tactile or
somatosensory difficulties or of neurological oygsatric illness. They gave written
informed consent and were paid or given courseitsréal their participation. The study
was approved by the local Ethics Committee.

Procedure

Since the procedure used in the seven experimentuite similar, with only little
variations, firstly we provide a general and comndescription of it, followed by a brief
stimuli terminology section and by a concise dedimn of the procedure of each
experiment.

The tactile stimuli were pairs of pointed, woodéicks, separated by 2, 3 or 4 cm, fixed
to a foam board (Longo & Haggard, 2011). The tippath post was rounded off (figure

25).

el »
3cm 2cm

Figure 25. The stimuli used in Study #7. Fromtieftight: the 4cm (yellow), the 3cm (blue) and tleenred) distance
between the two rod comprising each stimulus.
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In all the experiments, participants were blindéaldand sat with their palms resting on
the table, and their hands with the digits orierttmslard the experimenter, which sat in
front of them. On each trial they were exposedrntadaptation phase and a test phase.
All the stimuli of both the adaptation and the telsases, were delivered manually by the
experimenter. During the adaptation phase, paantg were touched repeatedly and in
succession, on the dorsum of the hands, with ote®tactile stimuli (depending on the
experiment) comprising different distances. Theatlan of each touch, and the interval
between stimuli, were approximately of one secamall the experiments the adaptation
phase was presented in two conditions. In eactkpfmarticipants were adapted with one
of the two adaptation conditions using an ABBA des(the starting condition was
counterbalanced across participants, thus, halthef participants in each experiment
adapted with the ABBA order of adaptation, the othalf with the BAAB order). The
adaptation period of the first trial of each cormmditlasted 60s, while the rest of trials
consisted on 10s. Given that, after every 20 tns”icipants had a little rest, a long
adaptation trial (60s) was repeated again aftertri#f)s, in order to reinforce the
adaptation after the break. Importantly, during #uaptation phase, the stimuli were
delivered along the whole length or width of thetisgant’'s hands (depending on the
experiment), so that the stimulation was neveriaeg@ystematically to the same bits of
skin. In the test phase of each trial, two stinwaire always delivered, one time each
only, in succession, with the same frequency of ddaptation phase (1 stimulus per
second), one on each hand, or on different portoyrdifferent orientations of the same
hand (depending on the experiment). For each t@st pnmediately after the second
touch, participants were asked to make untimed alternative forced choice verbal
judgments about which of the two stimuli was peredias having the two rods farther

apart: the stimulus delivered first, or the sec(iigiire 26).
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Trial 1 Trial 2
Adaptation phase Test phase Adaptation phase Test phase

Untimed
2AFC

Figure 26. Schematic representation of the first trials of each block of Experiment #1A.

The experimenter collected manually the responlsegach experiment, five pairs of
tactile stimuli were used as the test stimuli (s€2/4 cm, 2/3 cm, 3/3 cm, 3/2 cm, and 4/2
cm, used in Experiment #1A, #1B, #3, #5 and #62s&/3 cm, 3/4 cm, 3/3 cm, 4/3 cm,
and 3/2 cm, used in Experiment #2 and #4). Therasti¢he pairs, and which stimulus
was applied first, were randomised and balancediinviblocks. In Experiments #1A,
#1B, #2, #3 and #4, each pairs of test stimuli delssered 16 times, for each condition
of adaptation, for a total of 160 trials, divided # blocks of 40 trials each. In
Experiments #5 and #6, each pairs of test stimals wlelivered 12 times, for each
condition of adaptation, and for each hand tedi@da total of 240 trials, divided in 4
blocks of 60 trials each.

We refer to amcrossstimulus, when the two rods are oriented alongamallel to the
mediolateral axis of the hand, and toaang stimulus, when the two rods are oriented
along or parallel to the proximodistal axis of tmend. Drawing an imaginary line from
the adjacent surfaces of the thumb and index mgtalsato the lateral part of the dorsum
of the hand, so that we can arbitrarily delimit Haad in two regions: distal and proximal

to the wrist. Adistal stimulus is an across stimulus delivered withiis imaginary line
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and the metacarpophalangeal jointspraximal stimulus is an across stimulus delivered

within the line and the wrist (figure 27).

1

1
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Across stimulus Along stimulus

Figure 27. Schematic representation of a 2cm agr@$cm along, a 4 cm distal, and a 2cm proximiahsh.

Experiment #1A: Tactile distance after effect (across stimuli)

All the stimuli in both the adaptation and the tphiases were across stimuli. In one
condition of adaptation, the 2 and the 4 cm stimuie delivered respectively to the right
and to the left hand; in the other condition, thmpasite pattern was applied: the right
hand was touched with the 4 cm and the left han thie 2 cm stimulus. The five test
pairs of tactile stimuli, according to the lengiiphed respectively to the right and to the
left hand were: 2/4 cm, 2/3 cm, 3/3 cm, 3/2 cm &2l cm (right/left hand stimulus)
(figure 28, E1A).

Experiment #1B: Tactile distance after effect (along stimuli)

The procedure, the combination of stimuli usedhia two adaptation conditions and the
test stimuli pairs were identical to that used ¥p&iment #1A, with the exception of the
orientation of the tactile stimuli during both thdaptation and the test phases, which in
this experiment were applied along the proximodtiiatas of the hands (along stimuli)

(figure 28, E1B).
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Experiment #2: One hand adapted

All the stimuli in both the adaptation and the tphses were across stimuli. In both
conditions of adaptation only the left hand waspaekh to a tactile stimulus (4 cm in the
first condition, 2 cm in the second condition ofapthtion), while the right hand was
never adapted. In the test phase both hands weckdd instead. The five test pairs of
tactile stimuli, according to the length appliedpectively to the right and to the left hand
were: 2/3 cm, 3/4 cm, 3/3 cm, 4/3 cm, and 3/2 aghtfleft hand stimulus) (figure 28,
E2).

Experiment #3: Orientation specificity

All the stimuli in the adaptation phase were acrsgsuli, and delivered in the same
conditions of Experiment #1A (in one condition adflaptation, the 2 and the 4 cm stimuli
were delivered respectively to the right and to lgfe hand; in the other condition, the
opposite pattern was applied). All the stimulilre test phase were along stimuli instead,
and, according to the length applied respectivelthe right and to the left hand were 2/4
cm, 2/3 cm, 3/3 cm, 3/2 cm and 4/2 cm (right/lefhd stimulus) (figure 28, E3).
Experiment #4: L ocation specificity

All the stimuli in both the adaptation and the tphises were across stimuli, and were
delivered to the left hand only, on two differeagions: on the distal and on the proximal
part of the hand. These two regions were identified marked by the experimenter, who
drew a line from the adjacent surfaces of the thamb index metacarpals, to the lateral
part of the dorsum of the hand; the distal surfaees delimited by the line and the
metacarpophalangeal joints, and the proximal h&mdssirface was delimited by the line
to the wrist (figure 27, third illustration). In encondition, the 2 and the 4 cm stimuli
were delivered respectively to the distal and & ghoximal surfaces of the left hand; in

the other condition, the opposite occurred. The fast pairs of tactile stimuli, according
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to the length applied respectively to the distal smthe proximal part of the hand were:
2/3 cm, 3/4 cm, 3/3 cm, 4/3 cm, and 3/2 cm (digtakimal stimulus) (figure 28, E4).
Experiment #5: Bilateral transfer

In the adaptation phase only the left hand was tadapn one condition of adaptation
participants were adapted to the 4 cm across sisnuh the control condition, no
stimulus was applied, so that no adaptation ocduire the test phase, both of the two
test stimuli were delivered, one across, one alertger to the left, or to the right hand.
The order of the tested hand was counterbalanagdsamlomised within trials and blocks
(figure 28, ES).

Experiment #6: Hand orientation

In both the adaptation and the test phase onlyetidhand was stimulated. During the
adaptation the hand rested in the canonical otientapalm down and digits toward the
experimenter, who sat in front of the participahi. one condition of adaptation
participants were adapted to the 4 cm across sisnin the other condition, any stimulus
was applied, so that no adaptation occurred. Ingbephase, both of the two test stimuli
were delivered to the left hand, one in the acoygmtation, and one in the along, either
with the hand oriented in the canonical positionwidh the hand oriented rotated 90deg
toward the right (digits toward the midsagittalrpl&figure 28, E6). The order of the hand
orientation was counterbalanced and randomisedmittals and blocks. In the rotated
trials, after the adaptation phase, before thevesliof the test stimuli, participants were
asked to rotate the left hand 90deg toward théd,rggid lean it on the table. At the end of
the trial, after the response was given, partidipavere asked to bring back the hand in
the canonical position, for the next trial. In tenonical trials, after the adaptation phase,
before the delivery of the test stimuli, participawere first asked to rotate the left hand

90deg toward the right and bring it back to theoraral position, and then to lean it on
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the table. We took this precaution in order to dva have trials in which a movement

was necessarily present and others where no movercemred.

Adaptation conditions Five test pairs (ratio Right/Left hand stimulus)
RIGHT <LEFT RIGHT > LEFT 2/ 2/3 3/3 312 12
A L.6JM LI Todu] LW 1.6 T600 (L6
RIGHT < LEFT RIGHT > LEFT 2/ 2/3 3/3 3/2 12
LEFTBIG LEFT SMALL 2/3 3/ 3/3 13 312
RIGHT < LEFT RIGHT > LEFT 2/ 2/3 3/3 312 12
E3 WVin ";_.“_ \Vin V] Wy V) Wy oVl W oV WU ofVV] o
Five test pairs (ratio Distal/Proximal stimulus)
DIST<PROX  DIST>PROX 23 3 313 I3 312
ea o L/ W,
Five test pairs (ratio Across/Along stimulus)
LEFTBIG NOTHING 2/ 2/3 3/3 312 12
LEFTBIG NOTHING 2/ 213 313 3/2 12
E6 .an ans A afA i i V1]
}: ':: E 3: 7'} >:

Figure 28. Schematic representation of the two aalagrt conditions, and the five pairs of test stimédr each
experiment. The red, blue and yellow couples of ggesent, respectively, the 2cm, the 3cm and¢hedistance.
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3.2.2. Statistical analysis

In Experiment #1A, #1B, #2, and #3, the proportidririals in which the test stimulus
delivered to the right hand was judged as haviegtwo rods farther apart (bigger), was
analysed as a function of the ratio of the lendtthe stimuli delivered to the right and to
the left hand, for each adaptation condition. Ip&xment #4, the proportion of responses
in which the test stimulus delivered to the dig@it of the left hand was judged as having
the two rods farther apart was analysed as a fuamaif the ratio of the length of the
stimuli delivered to the distal and proximal ponsoof the hand, for each adaptation
condition. In Experiment #5, the proportion of r@spes in which the across test stimulus
was judged as having the two rods farther apartamasysed as a function of the ratio of
the length of the across and along stimuli, forheadaptation condition, both for the left
and the right hand test conditions. In Experiméd)tthe proportion of responses in which
the across test stimulus was judged as havingrtbedds farther apart was analysed as a
function of the ratio of the length of the acrosal along stimuli, for each adaptation
condition, both for the canonical and the rotat@shch position condition. It is worth
noting that participants responded to the ordehefstimulus that was felt as having the
two rods farther apart (i.e., the first or the s&bo and responses were therefore
orthogonal to the right or left (Experiments #1A,B% #2, and #3), distal or proximal
(Experiment #4), across or along (Experiments #8 &6) dimension. Cumulative
Gaussian functions were fit to each participantitadvith least-squares regression, using
MATLAB. Points-of-Subjective-Equality (PSEs), foa&h condition of adaptation, were
calculated as the ratio of the length of the stindelivered to the right and left hand
(Experiments #1A, #1B, #2, and #3), to the distal ppoximal part of the hand
(Experiment #4), in the across and along oriematse@parately for the left and the right

hand (Experiments #5), and in the across and aboegtation, separately for each hand
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orientation (Experiment #6), at which the psychormetunction crossed 50%. For
statistical analysis the ratios were transformeghatihmically, in order to produce a
symmetrical distribution around the point of acteguality. In Experiments #1A, #1B,
#2, and #3, negative PSE values indicate a tendenpgrceive a distance delivered on
the right hand as smaller than those deliveredcheridft hand, while positive PSE values
indicate the opposite. In Experiment #4, negati&E Rralues indicate a tendency to
perceive a distance delivered on the distal pathh@hand as smaller than those delivered
on the proximal part of the hand, while positiveEP@lues indicate the opposite. In
Experiments #5 and #6, negative PSE values inded&ndency to perceive a distance
delivered across as smaller than those delivetyahe hand, while positive PSE values
indicate the opposite. The slopes of the psychamaéinctions, for each condition of
adaptation, were also computed (expressed in uetite range). R-squared values were
also calculated for each condition of adaptatiartipipants with R-squared < 0.5 in one
or more conditions were excluded from the analybe&xperiments #1A, #1B, #2, #3,
and #4, the PSEs of the two adaptation conditiogi®wompared against each other with
a two-tailed paired-sample t-test. In Experiments the PSEs of the two adaptation
conditions, both of the left and the right handyasately, were compared against each
other with a two-tailed paired-sample t-test. InpEsiments #6, the PSEs of the two
adaptation conditions, both of the hand in the o&ra and in the rotated orientation,
separately, were compared against each other wittpdailed paired-sample t-test. In
addition to the analyses abovementioned, a mixgetated measure ANOVA was
performed on the mean PSEs values of Experimeramé3Experiment #1B, with the
within-subjects factor of “Adaptation condition” :(Xight hand small/left hand big

adaptor; 2: right hand big/left hand small adaptmyl the between-subjects factor of
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“Adaptors orientation” (1: across - Experiment 23along - Experiment #1B), to directly

compare the effect of the adaptors orientatiorherpssibility to induce an aftereffect.

3.2.3. Results

Experiment #1: Tactile distance after effect

In Experiment #1A, one participant was excluded tudow R-squared scores in the
adaptation condition “right hand small adaptor/léind big adaptor” (0.11). The
remaining R-squared scores averaged across partisighowed a good fit to the data
(R?=0.98 for both conditions of adaptation). As shoinrfigure 29, after participants
were adapted with a small adaptor to the right arldg adaptor to the left hand, they
perceived the test distance stimulus deliveredhenright hand as bigger than the one
delivered on the left hand (mean PSE = -.07; SD73..The opposite occurred after the
adaptation condition where the right hand was ahpi a big adaptor and the left hand
to a small one (mean PSE = .08; SD = .05). The nir&las between conditions were
different ¢10 = 8.11,p < .0001, Cohen’'sl, = 2.44), thus indicating the presence of a
different aftereffect in the two conditions.

In Experiment #1B, one participant was excluded tuédow R-squared scores in the
adaptation condition “right hand small adaptor/léind big adaptor” (0.14). The
remaining R-squared scores averaged across paritsishowed a good fit to the dat& (R
> 0.93 for both conditions of adaptation). The m&S8E for the two conditions were
equal to -.11 (SD = .09) in the right hand smdtifend big adaptor, and equal to .04 (SD
=.09) in the opposite condition, and were statadly different {10 = 5.27,p < .001,d; =
1.59), indicating that the two conditions of ada&pta induced a different aftereffect

(figure 30).
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Tactile Distance Aftereffect - Across stimuli

= Right small - Left big
* Rightbig- Left small /
/
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Proportion Right Hand Stimulus Judged Larger
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Figure 29. Experiment #1A. Tactile distance afte@f- Across stimuli. Psychometric functions ofheadaptation

condition. The curves are cumulative Gaussian fanstfit with least-squares regression. Error barg standard

error. The vertical lines represent the point obgetive equality for each condition (i.e., where tturve crosses
50%). In orange the adaptation condition with thendstimulus delivered to the left and the 2cm toritjiet hand; in

blue the adaptation condition with the 2cm stimuligdivered to the left and the 4cm to the right dhafihe dots
represent the proportion of judgments in which tbst tstimulus delivered on the right hand was peszkilarger

compared to the test stimulus delivered to thehiafid, for each adaptation condition. On the alsziare reported the
5 pairs of test stimuli delivered respectivelyhe tight and left hand.

Tactile Distance Aftereffect - Along stimuli

= Right small - Left big
* Rightbig-Leftsmall
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Proportion Right Hand Stimulus Judged Larger
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Figure 30. Tactile distance aftereffect - Alongnstli. In orange the adaptation condition with them#stimulus
delivered to the left and the 2cm to the right haindblue the adaptation condition with the 2cm stius delivered to
the left and the 4cm to the right hand. The dofwasent the proportion of judgments in which th&t &imulus
delivered on the right hand was perceived largempared to the test stimulus delivered to the lefidh for each
adaptation condition. On the abscissa are repottesl5 pairs of test stimuli delivered respectivelyhe right and left
hand.
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Experiment #2: One hand adapted

R-squared scores averaged across participants dreoweod fit to the data €R0.95 for
both conditions of adaptation). The mean PSE ferttto conditions were equal to -.07
(SD= .05) in the “big adaptor condition”, and equal.001 (SD= .03) in the “small
adaptor condition”, and were statistically differdh, = 7.79,p < .00001,d; = 2.25),
indicating the presence of an opposite aftereffethe two conditions. That is, when the
left hand was previously adapted to the biggemladist, participants tended to perceive as
larger the test stimulus delivered on the right pared to the one delivered to the left

hand (figure 31).
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Figure 31. Experiment #2. One hand adapted. In geathe adaptation condition with the 4cm stimulug/de=d to the
left hand; in blue the adaptation condition with tdem stimulus delivered to the left hand. The rigdmid was never
adapted. The dots represent the proportion of juglgi in which the test stimulus delivered on thétritand was
perceived larger compared to the test stimulusveedid to the left hand, for each adaptation conditiOn the abscissa
are reported the 5 pairs of test stimuli deliveredpectively to the right and left hand.
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Experiment #3: Orientation specificity

R-squared scores averaged across participants dreogeod fit to the data (R 0.87 for
both conditions of adaptation). The mean PSE ferttto conditions were equal to -.03
(SD = .09) in the right hand small/left hand bigapthr, and equal to -.02 (SD = .09) in
the opposite condition, and were not statisticdifferent ¢ = 0.30,p = .77), indicating
the absence of an opposite aftereffect in the tamditions (figure 32). That is, after
adaptation to the across orientation, the percepifodistances on the along orientation

was not affected.

Orientation Specificity

®  Rightsmall - Left big
®  Rightbig - Left small
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Proportion Right Hand Stimulus Judged Larger
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Figure 32. Experiment #3. Orientation specificily.orange the adaptation condition with the acrossndand 2cm
stimuli delivered respectively to the left andhe tight hand; in blue the adaptation condition witle across 4cm and
2cm stimuli delivered respectively to the right dadhe left hand. The dots represent the proportd judgments in
which the along test stimulus delivered on the rigand was perceived larger compared to the alorsg $6mulus

delivered to the left hand, for each adaptationditaon. On the abscissa are reported the 5 pairglofg test stimuli

delivered respectively to the right and left hand.
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Moreover, given the results of Experiment 1B, we ogasonably exclude the possibility
that the lack of transfer in the opposite orientattould be explained by a general lack of
aftereffect in the along orientation. Indeed, thdGVA showed a significant effect of
Adaptation condition [F21) = 13.10,p = .002, 5,2 = .38], and of the interaction
Adaptation condition by Adaptors orientationa[fz) = 10.02,p = .005,7,> = .32]. The
effect of Adaptors orientation was not signific@iit 21) = 0.24,p = .88]. The inspection
of the means of the interaction showed a signifiadifference between the PSEs in
Experiment 1B f§ < .001), confirming the presence of an oppositeraffect in the two
conditions, whereas no difference between the RPSEgperiment 3 was foungh & .75).
Overall, this analysis corroborates the findingt ttiee aftereffect is orientation specific:
ascertain that the distance aftereffect with stirdalivered along the length of the hands
does exist, as well as in the across orientatfamme is adapted to across stimuli, there is

no distance aftereffect when the test stimuli alevdred in the along orientation.
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Experiment #4: L ocation specificity

One patrticipant was excluded due to low R-squapedes in the adaptation condition
“distal small adaptor/proximal big adaptor” (0.49)he remaining R-squared scores
averaged across participants showed a good fitetalata R> 0.87 for both conditions of
adaptation). The mean PSE for the two conditionsevegual to -.02 (SD = .04) in the
distal small/proximal big adaptor, and .05 (SD 3).th the distal big/proximal small
adaptor, and were statistically differetib & 8.61,p < .00001,d; = 2.60), indicating the
presence of an opposite aftereffect in the two tmmd. That is, participants tended to
perceive as larger the test stimulus delivered fwn portion of the hand that was

previously adapted to the smaller distance (fi@8k

Location Specificity
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Figure 33. Experiment #4. Location specificity. drange the adaptation condition with the 4cm and Ztimuli
delivered respectively to the proximal and to thstadl part of the left hand; in blue the adaptaticondition with the
4cm and 2cm stimuli delivered respectively to tistatiand to the proximal region of the hand. Tlwsdrepresent the
proportion of judgments in which the distal tesimstius was perceived larger compared to the proximest stimulus,
for each adaptation condition. On the abscissaraported the 5 pairs of test stimuli delivered mdpvely to the distal
and to the proximal part of the hand.
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Experiment #5: Bilateral transfer

R-squared scores averaged across participants dreogeod fit to the data R 0.89 for

all the four conditions). When testing the leftgtbne that could be adapted), the mean
PSE in the non-adaptation condition was equal 1® {SD = .10), confirming the
presence of the original anisotropy effect. In lthg across adaptor condition, the mean
PSE was equal to .03 (SD = .09). The mean PSHsedino conditions were statistically
different t11 = 3.54,p < .01,d; = 1.02), indicating the presence of an afterefied¢erms

of a modulation (specifically, a reduction) of taeisotropy effect, when the hand was
adapted to the big across stimulus, compared tmdneadaptation condition (figure 34,
left panel). By contrast, when test stimuli werdivd#ed to the right hand (never
adapted), the mean PESs did not differ betweernvibeconditions i1 = 0.43,p= .68),
and both showed the presence of the anisotropygtgtidaptation condition, mean PSE =
-.14, SD = .09; non-adaptation condition, mean RSEL3, SD = .13; figure 34, right

panel). This indicates that no bilateral transiszwred.
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Figure 34. Experiment #5. Bilateral transfer. Inapge the adaptation condition with the 4cm stimadlelvered to the
left hand; in blue the control adaptation conditiavhen no stimulus were delivered. The right handea®r adapted.
The dots represent the proportion of judgments iithvthe across test stimulus was perceived largenpared to the
along test stimulus, for each adaptation condition,each hand. Left panel: test stimuli deliveredtioe left hand.
Right panel: test stimuli delivered on the righndaOn the abscissa are reported the 5 pairs dfsgsuli delivered
respectively across and along the hand.
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Experiment #6: Hand orientation

Two participants were excluded due to low R-squaseares in three (0.06, 0.07 and
0.16) and all the four conditions (0.01, 0.42, Oatfl 0.41).The remaining R-squared
scores averaged across participants showed a gdodHe data R-0.92 for all the four
conditions). When testing the left hand in the cacal position, the mean PSE in the
non-adaptation condition was equal to -.10 (SD 9,.@onfirming the presence of the
anisotropy effect(Longo & Haggard, 2011). In thg btross adaptor condition, the mean
PSE was equal t0.-03 (SD = .09). The mean PSHteado conditions were statistically
different o = 3.84,p < .01, d; = 1.21), indicating the presence of an aftereftaud
replicating the results of Experiment 5 (when tegtthe left hand). In fact, the same
reduction of the anisotropy effect was found, whtenhand was adapted to the big across
stimulus, compared to the non-adaptation condiffigure 35, left panel). When test
stimuli were delivered to the left hand rotated &§dthe same pattern of results was
found: the mean PSE in the non-adaptation condivas equal to -.14 (SD = .15),
confirming the presence of the anisotropy effettilevin the big across adaptor condition
the mean PSE was equal to .-02 (SD = .14). The rR&ks of the two conditions were
statistically differenttgp = 4.81,p < .001,d, = 1.52). Thus, indicating the presence of the
same aftereffect even when the hand is rotated regpect to the adapting phase, and

suggesting that the adaptation is somatotopicaltied (figure 35, right panel).
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Figure 35. Experiment #6. Hand rotation. In orarthe adaptation condition with the 4cm stimulus detd to the left
hand; in blue the control adaptation condition, whemstimulus were delivered. The right hand was naslapted or
tested. The dots represent the proportion of juddsim which the across test stimulus was percdaeggr compared
to the along test stimulus, for each adaptationditton, for each orientation of the hand. Left partest stimuli
delivered on the left hand in the canonical ori¢ita. Right panel: test stimuli delivered on thé land rotated 90°.
On the abscissa are reported the 5 pairs of téstudt delivered respectively across and along thad
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3.3. Discussion

The results of Experiments #1A and #1B demonstréhtedl it is possible to induce a
tactile distance aftereffect with passive touchitdorsum of the hands, in the same way
of the haptic size contrast illusion (Uznadze, )96#fter participants’ hands were
adapted to two different in size distances, thestesyatically perceived as bigger the
subsequent stimulus delivered to the hand adaptdoktsmallest distance. The aftereffect
Is induced with tactile distances delivered botloss (#1A) and along (#1B) the hand.
This evidence suggest that the processing of $paékationship between two
simultaneous tactile events occurring passivelytlma skin, is an attribute of touch
perception susceptible to sensory adaptation, whrihgs about negative aftereffects
(i.e., a constant application of an appropriatenslius will diminish the quality of that
stimulus, and therewith the quality evoked by assgjoent stimulus for that dimension
will be shifted temporarily toward the opposite lijfyaGibson, 1937) in the perception of
subsequent distances. The first novel finding af m@sults is that we induced a size
aftereffect trough passive touch, so that only il&acinformation are available to
participants. By contrast, in the haptic size afifects, in addition to tactile input,
information about the position of the fingers ahd joints, muscle tension and movement
are available to participants, so that the natf@ithe adaptation could in this case be not
only tactile, but also proprioceptive and kinaestheA second important difference of
our distance aftereffect with previous visual andptic size aftereffects, is that
participants adapted to two simultaneous but disdmiches on the skin; thus, they were
adapted to a gap, rather than to a continuous Blgad have to compute and estimate a

judgment on a distance, rather than on a length.
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Experiment #2 showed that the aftereffect is notetir by the adaptation to a contrast in
distances. In fact, even if weaker, a distanceeffect could be obtained by adapting one
hand only (cf. in haptic, Walker, 1978).

Importantly, in Experiments #3 and #4, we demomstrahat the distance aftereffect is
respectively orientation and location specific. dad, adapting the hand to a distance
delivered along its width, did not affect the presiag of subsequent distances delivered
along its length. And moreover, delivering two aap different in size both along the
same dimension (i.e., the width), but on differeegions of the hand, brought about the
distance aftereffect. Orientation specificity afesiand length aftereffects can be found in
vision (Blakemore & Campbell, 1969; Maffei et dl973) and in haptic (Walker, 1977).

In Experiment #5 we further investigated the distaraftereffect, showing that no
intermanual transfer of the adaptation occurredatist the adaptation to a distance of
one hand does not affect the processing of distamegivered on the other hand,
suggesting that no interhemispheric transfer ofileanformation occurred. In haptic,
there is some evidence showing that size aftertsffée not transfer to the not adapted
hand (Walker & Shea, 1974). However, another s{udy der Horst et al., 2008) showed
that the curvature aftereffect exhibit a partiait significant, intramanual (i.e., transfer of
adaptation between fingers of the same hand) aedmianual transfer (i.e., transfer of
adaptation between fingers of both the hands). Alicg to their findings, the Authors
suggest that curvature information is not only espnted at a level that is directly
connected to the mechanoreceptors of individugelfia but is also represented at a stage
in the somatosensory cortex shared by the fingkeksoth the hands. Thus, the lack of
intermanual transfer of the distance aftereffeafygests that spatial relation between

touches is represented unilaterally in the somatxsg cortex.
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Finally, in Experiment #6, we showed that tactilstahces are coded in a somatotopic
frame of reference, rather than in the externataspdhis evidence is similar to those
found in the haptic domain, where it has been shthah kinesthetic figural aftereffects
are localized in the hand itself, rather than ref@rto that part of phenomenal space in
which the felt widths are located (Cameron & Weirttex, 1965).

In vision, it has been shown that nearly all theels of visual processing are affected by
adaptation (for a review on visual adaptation sel®r8on & Kohn, 2014), as well as
different properties of visual stimuli, both basand high-order, are susceptible to
adaptation (cf. introduction low-level vs. high##wisual aftereffects, pp. 122-123).
Thus, it might be important understand whetherreftects observed in higher stages
generated locally, or are affected by earlier saafeprocessing. A suggested method in
order to disentangle this issue is to measure paéiad specificity of adaptation effects
(Solomon & Kohn, 2014). In fact, the spatial siZereceptive fields (RFsS) increases
along the visual hierarchy; thus, if an adapterfio@a to one sub-region of a receptive
field does not influence responses to stimuli prese to another sub-region, this might
suggest that the effects are induced at an eafage of the visual hierarchy, where
receptive fields are smaller.

Analogously, we can apply the concept of receptiidd to touch and to the
somatosensory system. Tactile RFs are hierarchidaifined within the somatosensory
stream. Indeed, neurons in the primary somatosgreswtex (SI) show relatively small
RFs and are tuned for the orientation of statimsli (DiCarlo, Johnson, & Hsiao, 1998;
DiCarlo & Johnson, 2000; Hsiao, Lane, & Fitzger&@02; Mountcastle, 1997), and they
seem comparable with neurons in V1 (Hubel & Wie&8l{7). Neurons in the secondary
somatosensory cortex (Sll) have larger, even bdgt&Fs (lwamura, 2000), and receive

inputs directly from Sl (Disbrow, Litinas, RecanepnPadberg, & Krubitzer, 2003;
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Friedman, Jones, & Burton, 1980; Pons, Garraghigdfman, & Mishkin, 1987). These
properties of Sl RFs suggest that this brain anegnt underlie integration of information
from multiple skin locations. This suggestion ispgarted by evidence in primates
showing that many SlI neurons responded to stiaaininistered on several finger pads,
thus indicating that Sl RFs extend to multiplerskocations (Fitzgerald et al., 2006a).
Moreover, they showed that the RF location oftemfed a line across multiple digits and
finger pads, and when neurons had multiple padwisigotuning for particular stimulus
orientations, the preferred orientation was simalaross different tuned pads (Fitzgerald
et al., 2006b). Taken together, these findings esigthat Sl neurons have the potential
both to integrate information from different skiocations and to represent larger-scale
spatial features of tactile stimuli with commomatius properties across skin locations.
On the basis of this evidence, it has been sugie¢btd the secondary somatosensory
cortex may provide the neural mechanism respongtrentegrating and structuring
multiple stimuli in passive touch (Serino, Giovaiinde Vignemont, & Haggard, 2008).
Importantly, the Authors proposed that SI could vide conscious detection and
localization for single tactile stimuli, whereadl &light be the first representation of a
tactile field underpinning spatial organizationtattile events. An analogous suggestion
comes from a study by Haggard & Giovagnoli (201h)ich investigated the existence of
a tactile field supporting computation of spatialations between discrete stimulus
locations. In four experiments they have studieel plerception of large-scale spatial
patterns (i.e., stimulus patterns extending over skgions larger than the degree of local
receptive field overlap) delivered on differenttgsasf the body (the hand, arm and back).
Importantly, one of those experiments explored riature of the spatial representation
underlying the tactile fields, showing that tactiattern perception makes reference to

structural representations of the body, such ay Ipadts separated by joints, and that

148



tactile field may depend on a mental representaiidarge-scale body structure, as well
as on the spatial information provided by tactdeaptors in each skin region. (Haggard
& Giovagnoli, 2011). It has been proposed that, ielae the skin constitutes a continuous
receptor surface covering the body, at a cognlavel, body representations segment the
body into discrete parts, on the basis of theiucstral, motor, and physical
characteristics, so that the body part structweficonstrains a categorical perception of
tactile processing (de Vignemont, Tsakiris, & Haglga2005). For instance, a tactile
distance is overestimated when the two touchesrsaouwo structurally separated body
parts (one on the hand, and one on the forearmssicig the wrist), relative to the same
distance delivered within the same segment (batbhes on the hand or on the forearm),
with joints being the landmarks which segregate Hwely into distinct parts (de
Vignemont, Majid, Jola, & Haggard, 2009). Consistesth this view of a categorical
distortion of tactile space across body part botiedaare the results by Knight and
colleagues (2014), who showed a reduction of theotmopy effect (Longo & Haggard,
2011) at the wrist. This evidence, rather thaneatfhg a sole increase in acuity in the
vicinity of anatomical landmarks such as the w(Bholewiak & Collins, 2003; Cody,
Garside, Lloyd, & Poliakoff, 2008; Weber, 1996),eses to reflect a perceptual
segmentation of the body, with the joints formihg boundaries of body-part categories
(Knight et al., 2014). It is worth noting that, aur study, tactile distances were delivered
always within the same body part (i.e., the dorsafmhe hand, specifically a region
delimited by the wrist and the metacarpophalang®ats), thus, presumably involving
the body representation of a specific body-pagaty.

Taylor-Clarke and colleagues (2004) showed tharialy the visual experience of the
body alters perceived tactile distances. Speclficalfter a training in which participant

received a visual magnification of a low receptensity body part (the forearm) and a
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concomitant visual miniaturization of a high reaptensity (the hand), the classic
Weber’s illusion was reduced. Thus, Authors suggkshat judging a tactile distance
requires a rescaling of neural signals, from aodistl, primary representation based on
receptor density, to an object-centered space.reigcahey suggested that this rescaling
process requires a representation of the physioalaf the stimulated body part. Finally,
they postulate that size estimation imply an ineohent of secondary, interpretative brain
regions of the parietal cortex (Taylor-Clarke ef 2004).

The neural basis of what Haggard & Giovagnoli (20thalled large-scale tactile
judgement has rarely been studied. However, Spandicolleagues (Spitoni et al., 2010)
reported a brain region specialized for represgntire distance between two tactile
stimuli. They found that a region in the right alagugyrus was more activated when
participants judged whether a tactile distance el to the right arm was greater or
smaller than another distance presented to thet tigigh, relative to judgements
comparing the intensity of the same stimuli. Mor@wn a recent tDCS study (Spitoni et
al., 2013), they reported that right but not lefigalar gyrus modulates the metric
component of the mental body representation.

However, on the basis of the results of our stutdgight be worth to reconsider some
aspects of the tactile distance processing, sucheasature and the extent of the body
representations comprising the metric propertiegh®tody part touched and the concept
of tactile receptive field. Firstly, the orientati@nd location specificity of the aftereffect
reveal that in order to process a tactile distatelevered on the dorsum of the hand, we
do not need a representation comprising the menoperties of the entire hand as a
whole. From Experiment #1A (across stimuli) and #aBng stimuli) we demonstrated
that it is possible to adapt both the dimensionghef hand that we have taken into

account (the mediolateral and proximodistal axethefdorsum). If we assume that the
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presence of the negative aftereffect reflects #regptual consequences of an alteration
(or of a rescaling, using the terminology by Tay@arke et al. 2004) of the mental body
representation, by means of the previous sens@ptation to a certain distance, we can
reasonably say that both the mental representadioie width (Experiment #1A), and of
the length (Experiment #1B) of the dorsum of thachean be altered (or rescaled) by the
adaptation. Now, if we presume that the rescalirmggss occurs through a sophisticated
bodily map, which takes into account all the metpiperties of the object-hand
comprised between joints, as a whole, we might hexymected that the adaptation to a
distance delivered along one dimension of the heowdld affect the perception of
distances delivered along the other dimension.eftst as shown by the orientation
specificity of the adaptation (Experiment #3), thental ruler we use for the distance
judgement is highly contingent to the dimensionttd hand that has been adapted. In
other words, rescaling the width of the hand’s dorgloes not produce a corresponding
rescaling of its length. And even more surprisinghg found that it is possible to adapt
specific sub-regions of the dorsum, along the sdmension (Experiment #4). So that,
the rescaling is specific not only for a particutimension of the body part, but, even
more, it is specific to sub-portions of the bodytghat are not distinctly enclosed by
defined body boundaries or joints. Moreover, theults of the control Experiments #5
and #6 corroborate the evidence of a low-levelogffsince the lack of interhemispheric
transfer and the somatotopic frame of referenda@fidaptation.

Thus, we first suggest that the estimation of gpagilation between two tactile events on
the skin does not require to refer, at first, tmental body representation comprising the
metric properties of the body part as a whole, aéserete object. On the basis of our
results, it seems unlikely that tactile distancecpssing relies at first instance on high-

level and multisensory representations sustaindadiy-order parietal areas, where other
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sensory information (proprioceptive, visual, audifoetc.) are integrated with tactile
input in order to build elaborated and multimodgbresentation of the body (Ehrsson,
Kito, Sadato, Passingham, & Naito, 2005; Longolgt2®10; Medina & Coslett, 2010).
Rather, it is likely to occur at earlier stagestlod somatosensory system, where more
basic properties of touch are elaborated and ealiyintegrated in tactile patterns.

The second aspect that is worth taking into accatithe light of our results, which is
strictly linked to the conclusion above mentionedthe concept of tactile receptive field
(Haggard & Giovagnoli, 2011; Serino et al., 200Bjawing a parallel with the visual
RFs hierarchy mentioned above (Solomon & Kohn, 20-dven the spatial and
orientation specificity of the aftereffect, we migirgue that the adaptation occurs at a
low-level along the tactile hierarchy, where reosptfields are small. It has been
suggested that the key information for computirgile distance may be the number of
receptive fields between the two stimulated locatigLongo & Haggard, 2011). The
Authors proposed a model of how RFs geometry ceulabe the body representation
used for tactile size and distance perception:“fineel model”. The model takes into
account several aspects of somatosensation, sudatestor density (i.e., the number of
receptors per unit area in the skin), tactile acuite., spatial resolution of touch
perception), cortical magnification (i.e., the tela proportion of cortical territory coding
a specific skin surface) and RF size, and madeotisee anisotropy effect (i.e., across
distances are perceived systematically larger #iang ones; the effect is present only
when stimuli are delivered on hairy skin regions,the hand dorsum, but not on the
palm) for addressing the relative contribution @fcle of these factor in producing
Weber’s lllusion. Particularly, they underlined thevhereas cortical magnification and
receptor density are fundamentally areal measumdsch, by definition, cannot be

anisotropic, the geometry of RFs is anisotropidalet, RFs on the hairy skin of the limbs
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are generally oval-shaped, with the long axis rmgmroximo-distally, both in the spinal
cord (Brown, Fuchs, & Tapper, 1975) and in SI (A&y, Rosenthal, & Burton, 1989;
Brown et al., 1975), while RFs on the glabrous skie generally smaller and more
circular (Powell & Mountcastle, 1959). Moreovere thattern of anisotropy of RFs on the
hand reflected the anisotropy effect found in thetike distance judgements. Thus,
Authors suggest that the Weber’s illusion betwedfiergnt orientations on a single skin
surface may arise as a consequence of RF geomattyspecifically, the size of objects
touching the skin would be inversely proportiorathe size of RFs along the orientation
of the stimulus. And also, given that RF size igensely correlated with tactile acuity
(Paul, Brown, Koerber, & Millecchia, 2004), thisutd be an explanation for the classical
Weber’s illusion. Importantly, the Authors proposé#uht, given the lack of direct
afference that specifies RFs geometry, the somagosg system could assume the RFs to
be uniform, rather than anisotropic, and then r&gmeed into a body mental map as
uniform and isotropic shaped. The body represantanay then be composed of distinct
“pixels”, each one corresponding to a single RRaton on the skin, and the pixel would
be erroneously represented as uniform, even if thgt have an anisotropic form. So
that, during a tactile distance judgement, countirgnumber of “pixel” without regard
to their actual shape, could bring about the aroepgteffect when stimuli are delivered in
the two different dimension of the hand dorsum @lhihas oval-shaped RFs, with the
long axis running proximodistally), but not whemstli are delivered on the palm (where
the RFs are more circular and smaller).

In our study we demonstrated that it is possiblentmlulate the anisotropy effect on the
dorsum of the hand (specifically by reducing thesatmopy in judgments between across

and along stimuli) after adaptation to a tactilgtahnce (Experiments #5 and #6). Thus, we
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might argue that the adaptation operates at thed thvthis mosaic representation of body

surface, presumably altering the RFs mental bodpaiof SI.
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GENERAL DISCUSSION

This Thesis includes several studies aimed to eepldifferent body mental

representations, such as those involved in theegedeg of body orientation and location
in the external space, and those that represerdelnabout the metric properties of the
body. | believe that this work, although not as poshensive as the many facets of body
representations, brings some novel findings andcatidns for future research to each

corresponding debate.

In the first Chapter | have studied the processeslved in the remapping of bodily and

spatial representations occurring during prism tatagn, the factors that may affect these

processes, and the neural correlates of spatiabppimg of proprioceptive maps

occurring during PA.

Overall the results suggest that some bodily amdiaprepresentations are susceptible to

multisensory stimulations, especially those undenpig the sense of location of the

body, sustained by high-order, multisensory areashe posterior parietal cortex. In

particular, the main findings are the following:

* The spatial remapping among sensorimotor systerpiadin PA is affected by

multisensory conflicts, in a somehow different exxtand manner, according to

the visuomotor exposure condition employed.
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* The ecological PA procedure is more effective complete concurrent condition,
where the limb and the movement are visible dutiegentire action; this may be
caused by the nature of the procedure itself, whiglght imply a greater
involvement of more complex internal models of firedicted action. Results
confirm previous findings that the repeated powmsinPA procedure is more
effective in a terminal condition, where the hamd #he movement are available
at the end of the pointing only.

« PA processes are sustained by multisensory spatiaps that integrate
proprioceptive, visual and acoustic information @tbtive location of the body in
the space, as assessed by novel findings showatgthie recalibration of the
pointing error is enhanced by the multisensorygragon of inputs in different
modalities during the pointing toward visuo-acouidtrgets; and visuo-motor
adaptation is obtained and sensorimotor AEs araced when pointing to an
acoustic stimulus, although its localization appeaaore erratic;

« The integrity of the left parieto-cerebellar circis required for an appropriate
spatial remapping of proprioceptive maps to ocamd that the modulation
through transcranial Direct Current Stimulatiorttugse cortical areas temporarily
restores the aftereffects. Indeed, the spatialgralent of proprioceptive maps
may be impaired by unilateral cerebellar lesiong tdirectionally altered
proprioceptive AEs may be restored by the excijatdCS delivered over the
spread left posterior parietal cortex, and improbgdanodal tDCS over the left
damaged cerebellum.

Other studies should be encouraged to better gldré factors influencing PA and its

underlying processes in the remapping of sensoondily and spatial representations.
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Also, more work is needed to further evaluate thenwal conditions for the application
of prism adaptation in the rehabilitation of rigihain-damaged patients with left spatial
neglect (Jacquin-Courtois et al., 2013; Newport ééhk, 2012). Some implications to
these purposes come from the findings of the Gistipter. A study by Fortis et al. (2013)
evaluated the level of satisfaction in performihg tepeated pointing and the ecological
adaptation procedures, and the possible difficulfparticipants had encountered in
executing them, showing that participants rated d#woelogical procedure as more
pleasant, less monotonous, and more sustainaliightbaointing procedure. This finding
has an important implication for rehabilitation pase. In fact, increasing the patients’
compliance to the therapy may allow a higher nundfdorain-damaged patients to go
through the whole training, as a result of a greatel active participation in the activities
aimed at inducing adaptation and aftereffects. @nght suggest that reducing the
duration of the repeated pointing procedure maylres a more sustainable and less
tedious procedure, increasing patient's compliaiocthe treatment. Our results showed
that participants were more accurate in the payntamd fewer trials were needed in order
to point correctly to visuo-acoustic stimuli, sugtieg that the number of trials of a single
training session may be reduced by the employmetiteobimodal visuo-acoustic PA
procedure.

Moreover, the results of the third study suggesat tBCS may be a possible therapeutic
adjuvant to the PA treatment of spatial neglectight-brain-damaged patients. Anodal
tDCS over the PPC of the right hemisphere duringcBAld up-regulate the activity of
the right hemispheric side of the parieto-cerebelitwork underlying the PA process of
spatial realignment, as well as decreasing the lanioa of neural activity with the left
hemispheric side of the network (Rossi & Rossifi04#), resulting in an increase of the

beneficial effects of visuo-motor PA on left sphhaglect.
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In the second Chapter, | have investigated thetioaship between bodily spatial
representations and homeostatic regulation. Inetistadies we examined if and how a
change in spatial bodily maps affects skin tempeeatregulation in unimpaired
participants, by means of different techniquesuamag direction-specific and lateralized
effects: prims adaptation, optokinetic stimulatiand shift of visual attention. Results
showed that temperature regulation of healthy @agnts can be modulated by means of
adaptation to rightward displacing prisms and [@KS, two techniques which show
directional-specific effects on bodily spatial repentations of healthy participants, and
are effective in the rehabilitation of right-bradamaged patients (Chokron et al., 2007).
Overall the results suggest that the directiongfigeific effects that we found on hands’
temperature, may reflect a change in high-order|tisemsory maps, encoding and
integrating information from different sensory mbitikes (such as visual, proprioceptive
and vestibular inputs) within personal and perispaal space, in an egocentric reference
frame (Blanke et al., 2015).

So far, in the studies investigating the modulatéskin temperature (Hohwy & Paton,
2010; Llobera et al., 2013; Moseley et al., 201&]iBolova & Longo, 2014), results have
been explained in the light of the “body matrix'hi$ neuro-functional model, proposed
by Moseley, Gallace and Spence (2012) is a mukmsnrepresentation of peri-personal
space, and, in particular, of the space directiyuad the body. This representation
comprises a network of brain regions that recenet @mbines information from vision,
proprioception, and touch. Interestingly, Moseleyl @olleagues suggest that a peculiar
characteristic of the body matrix, which differenés it from other representations of
peri-personal space, is that it is aligned withodybcentered frame of reference, rather
than being centered over specific body parts. Msahd colleagues propose that the

main function of the body matrix is to maintain tpsychological and homeostatic
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integrity of the body. The body matrix also accondiates for changes in a person’s body
structure and orientation, by integrating multisegsnputs. By incorporating regulatory
functions such as temperature control and the psoeg of proprioceptive, visual and
tactile inputs, the body matrix is proposed to be substrate that directly inter-relates
cognitive representations such as ownership ovaody part and homeostatic function
such as thermoregulation. Moreover, they suggesttttat many cortical representations
contribute to this interrelationship. One fundanaénble is given to the connections
between the PPC, which elaborates peri-personabadg-centered spatial information
(Blanke et al., 2015; Sereno & Huang, 2014), aredahtonomic centers in the insular
cortex and their projections to the brainstem, thaght be the possible neural substrate
by which body-centered spatial representationsmadulate limb-specific blood flow,
and, thus, thermoregulation. In fact, thermoreguoiats strongly mediated by the insula
(Diwadkar, Murphy, & Freedman, 2014), which genlgras involved in interoceptive
signalling (Craig, 2002, 2009; Critchley et al.,02). Interestingly, vestibular and
interoceptive systems have strong neuroanatomrchfianctional links, based on shared
representation in the insula (see Balaban, 1998 feview). Thus, it is possible that the
vestibular system may play a role on thermoregutafMacauda et al., 2015).

Following on from the body matrix, the suggestiam e made that the remapping of the
spatial frames of reference occurring during PAigbtward displacing lenses and visuo-
vestibular left OKS, signals and exerts some chamgehis multisensory body-centered
cortical representation of the body, resultinglterations of homeostatic control.

Moseley and colleagues (Moseley, Gallace, & Spe2@#?) also propose that this body-
centered multisensory representation might beeatéry abnormal feedback from other
brain areas, as it occurs after brain damage. fample, a malfunctioning in the part of

this representation responsible for mapping one sfdhe space around the body might,
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be caused by altered input from the side of theylibdt more often occupies that part of
space. Thus, we suggest that this physiologicameater may be employed as an implicit
index of modifications of the body representatiansthose pathological conditions
showing an altered sense of body ownership (Roretiah, 2014), as well as in patients
with directional-specific and egocentric-centereefiats, predominantly caused by
unilateral cerebral lesions, such as left hemiragatients. For instance, the modulation
of skin temperature can be taken as an additiorexindf the effectiveness of a
rehabilitation treatment.

Finally, in the third Chapter | have explored amottype of mental body representations,
in particular those providing information about thetric properties of body parts, which
are used as a ruler in order to process the spalsionship between tactile events on the
skin.

We implemented a new adaptation-aftereffect pamdigdapted from a haptic size-
contrast illusion (Uznadze, 1966), and we appligtbr the first time to passive touch, in
order to study how a sustained exposure to a oetliatance between two touches could
affect the perception of a subsequent one.

Our results support the existence of tactile distaaftereffect with passive touch, i.e.,
independent of proprioceptive and kinaesthetic rimftion from the hands. Unlike
previous haptic aftereffects in the modality of cdbuwhere the stimulus consisted in a
continuous surface, we induced the aftereffectgu¢éwo simultaneous, but separated
points touching the skin. This demonstrates tiw aftereffects are also induced through
the calculation of distance between two edges shgle object. And more interestingly,
we provide some novel evidence that this tactiktatice aftereffect shares numerous
characteristics with the lower-level visual and ti@pftereffects, such as orientation and

location specificity, lack of bilateral transfendiit is coded in somatotopic coordinates,
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rather than in the external space. Thus suggeshiayy although being susceptible to
higher-order body representation modulations (dgn&mont, Ehrsson, et al.,, 2005;
Tajadura-Jiménez et al., 2012; Taylor-Clarke et 2004) the perception of tactile
distance is a more basic property of touch thangestgd by previous evidence.
Moreover, our results suggest that a possible carsite of the body representation
underlying tactile distance processing might beftlued in Sl. Indeed, the characteristics
of our tactile distance aftereffect, and particiyldhe orientation and location specificity
of the adaptation, and the modulation of the aroggt effect (Longo & Haggard, 2011),
provide further evidence that the mental body regméations underlying tactile distance
processing, retain anisotropies of the geometrslofeceptive fields (Alloway et al.,
1989; Brown et al., 1975), adding new converginglevce in support of a model of
Weber’s illusion, which links tactile distance peption to low-level properties of Sl, the
“pixel model” (Longo & Haggard, 2011).

However, further studies are needed to evaluatepitted model, and to investigate the
brain regions sustaining tactile distance percepticcording to the pixel model, some
predictions can be made about the distance aféeteffhen adapting other body parts or
other regions of the skin (i.e., glabrous versugyhakin) that present a different
geometry of their RFs. Finally, it would be worth implement our tactile distance
aftereffect paradigm in an electrophysiologicaldgtuin order to investigate the neural
substrate of the adaptation, and at which levethef somatosensory processing the

computation of tactile distance occurs.
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