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Vibrotactile Stimulation Promotes Embodiment
of an Alien Hand in Amputees with Phantom
Sensations
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Abstract— Tactile feedback is essential to intuitive controand
to promote the sense of self-attribution of a prosietic limb.
Recent findings showed that amputees can be trickedo
experience this embodiment, when synchronous and mality-
matched stimuli are delivered to biological affereh structures
and to an alien rubber hand. Hence it was suggested exploit
this effect by coupling touch sensors in a prosthissto an array of
haptic tactile stimulators in the prosthetic socket However, this
approach is not clinically viable due to physicalimits of current
haptic devices. To address this issue we have praaal modality-
mismatched stimulation and demonstrated that this pmotes
self-attribution of an alien hand on normally-limbed subjects. In
this work we investigated whether similar effects @uld be
induced in transradial amputees with referred phanbm
sensations in a series of experiments fashioned eftthe Rubber
Hand lllusion using vibrotactile stimulators. Resuts from three
independent measures of embodiment demonstrated tha
vibrotactile sensory substitution elicits body-owneship of a
rubber hand in transradial amputees. These resultsopen up
promising possibilities in this field; indeed minidure, safe and
inexpensive vibrators could be fitted into commerdilly available
prostheses and sockets to induce the illusion everyme the
prosthesis manipulates an object.

Index Terms — Cognitive neuroscience, rubber hand illusion,
sensory substitution, tactile perception, upper lirb prosthetics.

I. INTRODUCTION

key goal in rehabilitation engineering is to restonotor

and sensory function of a lost arm with an aitfic
substitute that feels and acts like the biologiitab. Since the
sensorimotor control of grasping and manipulatagély relies
on tactile feedback [1], a complete restoratiothefupper limb
is only possible when the individual can sensedheh and the
movement of his/her prosthesis, thus feeling ibgsrt of the
body. The lack of this sensory feedback is citearaes of the
reasons for rejection of myoelectric prosthesequaees often
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opt for body-powered limbs, which besides beinghtbg,
provide position and force information to the bodjrectly
through the harness and the Bowden-cable trangmifj.

The sense of body ownership refers to the particula
perceptual status that identifies a part of the bedy as self.
The self-attribution is mediated by multi-sensomlrgeptual
correlations [3], [4], [5]; for example, the attition of a
visible hand to the self depends on a match betwhen
afferent somatic signals and visual feedback frbm hand.
The Rubber Hand lllusion (RHI) is a perceptualsian which
elicits a feeling of ownership of an alien rubband [3]; this
effect can be induced in an individual when a falerealistic
hand, placed in full view, is stroked while synamoasly
stroking the person’s own hand, which is hiddemfraiew.
Specifically it was shown that after synchronousueitactile
stimulations, the perceived location of participenhand
shifted towards the rubber hand. This illusion does occur
when the rubber hand and the participant’'s own hared
stroked asynchronously, i.e. when temporal delagslanger
than 300 ms [6].

Amputation causes sensory reorganizations thathareght
to be attributable to functional changes in cerebmtical
maps of the body [7]. The result of these reorgaions is
that neighbouring areas in the central body-mapaedpover
the former hand area [8]. Therefore, it is frequerfind in the
amputation stump a mapping of the phantom handpairs
corresponding to the phantom digits can be idextifi8].
Ramachandran has called this remapping of referred
sensations (also known as referred phantom sensa{®]. A
recent study by Ehrsson and colleagues demonstithid
possibility of eliciting the RHI on upper limb antges by
simultaneously stroking an alien hand and suchipgoints
on their residual limbs [10]. The study suggesteat similar
effects can be achieved by replacing the rubbed heith a
prosthesis with artificial sensors providing syraious and
physiologically relevant cutaneous touch feedbackugh an
array of tactile stimulators on the stump (as ia #tudy by
Antfolk and colleagues [11]). The envisioned presik,
besides providing tactile feedback that could enbariosed-
loop volitional control, holds the potential to beasily
incorporated within one’s body scheme because itildvo
reproduce the perceptual illusion every time thesfiresis
touches something.
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TABLE 1
DETAILS OF PARTICIPANTS

Original

Subject (gender, dominant Stump length Type of Years since Phantom Stimulated referred
age) hand (laterality) prosthesis amputation digits phantom digit$
FF (m, 48) R Mid third (R) Myo 28 -V 11, 1l (Dol part)
PG (m, 50) R Upper third (R) Myo 17 -V | (Dorsan)
IP (f, 43) R Lower third (R) Myo 18 -V 11,IV (Palar part)
FM (m, 43) R Lower third (R) Cosm 18 1L,(1I-1V),V V (Dorsal part)
CM (m, 54) R Upper third (R) Myo 13 I-1ILV I, KDorsal part)
SP (m, 76) R Mid third (L) Myo 32 -V I, Il (Dorsadart)
PD (f, 24) L Mid third (L) Myo 3 I-11 Il (Dorsal pet)
DV (m, 73) R Mid third (R) Cosm 50 1LILV 1,1l (Deal part)
LA (m, 73) R Mid third (L) Myo 63 LIV Il (Dorsapart)

2 Myoelectric or cosmetic®.I: thumb, II: index, IlI: middle, IV: ring, V: lie. Digits that were perceived fused togethergaoeiped within brackets.

The approach is exceptionally promising: even thoitg
relies on non-invasive technology and stimulatiechhiques
(as opposed to direct neural stimulation), it woaltbw for
rudimentary recovery of reorganized physiologichhrnels
because a pressure on the prosthetic thumb woulditbas a
pressure on the thumb of the phantom hand [10].

In order to deliver physiologically relevant toufdedback,
tactile stimulators that display stimuli in the samodality of
the sensory events on the artificial fingers, neodality-
matched (e.g. pressure to pressure) are necedsarythis
reason Marasco and colleagues used a robotic fmesisure
interface coupled with a prosthetic limb and testesith two
targeted reinnervation amputees in a series of rerpats
fashioned after the RHI [12]. They were able touicelin their
participants a vivid illusion of body ownership dhe
prosthesis, thus demonstrating the viability of then-
invasive, perceptual-tricking approach proposedHBbysson
and colleagues [10].

However, the translation to the clinical practice tbis
method is tied to non-trivial technological issu€urrent
haptic devices cannot be exploited in portablessystbecause
they are heavy, bulky and energy-inefficient [112], [13],
[14]. Indeed, it is worth to note that, in orderpmvide self-
attribution of the whole hand (i.e. of all indiviated digits),
an array of devices capable to stimulate diffetecations on
the skin should be applied on the residual limthefamputee.
Such a device would require enough space on thdueds
limb in order to host the actuators, and a large/fiebattery
pack because of the large power consumption. I faen
the state of art multifunction haptic stimulator fgpper limb
prosthetics [13] used by Marasco and colleaguetheir lab
experiments [12], would be excessively large iresia be
applied to the forearm of transradial amputees rinagray
fashion and in general inappropriate for clinicpplécation.
Hence, in our previous study we proposed to useosgn
substitution, i.e. modality-mismatched feedback,onder to
translate Ehrsson’s original idea from the labhi® ¢linic [15].
Indeed miniature, inexpensive and safe arrays bfators
(e.g. mobile-phone vibrators) can be easily andnpeently
fitted into a prosthesis equipped with tactile seag11], [16].
These can create an artificial sense of touch bghar@cally
stimulating reorganized afferent channels like mefé
phantom digits in transradial amputees [9], [10]redirected
cutaneous sensory nerves following targeted reuation in

transhumeral amputees [12].
demonstrated that vibrotactile sensory substitutioan
promote self-attribution of an alien hand on notyniimbed
subjects when synchronous but
stimulations were delivered to the fingers of abeibhand and
of their own hand [15].

In the present work we have investigated whethieilai
effects could be induced in transradial amputeds wiferred
phantom sensations. We employed the RHI experirbgnt
Botvinick and Cohen [3] and manipulated visuo-tacti
stimulations combining modality-matched and mogtalit

mismatched feedback with synchronous or asynchnou

stimulations on referred phantom digits on thechesi limb or

on the contralateral healthy hand. One could atha¢ the
spreading of mechanical vibrations across the sionold

partly inhibit the illusion in amputees, with respeto a

mechanical stimulation precisely confined on thén séite

(e.g. a pressure). This could not be the case,useci our
previous study with transradial amputees we showed

similar multi-site tactile discrimination betweenepsure and
vibrotactile stimulation can be achieved when ttiegus is

applied onto the phantom hand map [11]. Thereforehis

work we expected to achieve similar illusion levelfien

stimulating the residual limb using modality-misetzd and
modality-matched paradigms. As described
literature [10], [12], [15], we employed three ipdadent
measures of embodiment (questionnaires, pointists tand
skin conductance response test) to determine ttemteaf the
illusion. Our results provided evidence that vibaile
sensory substitution can promote the embodimerat mibber
hand in transradial amputees.

Il. METHODS

A. Participants

Nine transradial amputees (amputation level betwiben
elbow and wrist) participated in the study (sevealas; aged
between 24 and 76 years old). All participants géveir
written consent and the study was approved by tuall
ethical committee. The experiments were conducted
accordance with the declaration of Helsinki. Albgcts had
their amputation after a traumatic accident (sid tizeir right
arm amputated). The participants were recruitedpbgne,
practically at random, from a list of upper-limb pumees who

In our previous study w

modality-mismatched

in previou
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were 20-80 years old at the time of the experinregfistered
at the Italian national association of injured warsk(ANMIL,

http://www.anmil.it) and that lived in Tuscany. Thanly

inclusion criterion were: experiencing referred mioan

sensations of the missing hand and not taking asdgication.
The time after amputation and referred phantom aens
were factors that varied greatly across subjeaig @ the
minimal inclusion criterions (clinical data in Tabl).

B. Evaluation Conducted Prior to the Experiments

Before the RHI experiments commenced, all partitipa
were interviewed to establish: (i) the existencepbfintom
limb pain and (ii) the existence and type/significa of
referred phantom sensations. None of the partitspaaported
phantom limb pain at the time of the experimentfeRed
phantom sensations on the residual limb were exygetally
verified and the corresponding skin sites wereftitled [10].
The subjects were asked if they felt that theirmpba digits
or another part of their phantom hand was beingtted when
different parts of the residual limb were touchBdch subject
was then asked to indicate which part of the phanband
(divided into digits |-V, palmar or dorsal side thie digits)
corresponded to each part of the residual limb.sTthe sites

on the stump were marked with a pen. Finally, thgetronome aided a well-trained experimenter).

experimenter re-assessed the mapping while theciparit
had his/her eyes closed. A subset of these sites sedected
as stimulation sites (Table I, last column), faugrthose ones
that could be easily reached by the experimentémgua
paintbrush and that allowed the subject to maintain

D. Skin Conductance Sensor

Humans usually display a strong skin conductansparse
(SCR) to a threat stimulus on the rubber hand whenRHI
occurs [18]. As in our previous work we recordedRSC
(sampling rate 32 Hz) using a device worn by pgudicts on
the palm of their healthy hand (Q sensor palm syshs
Affectiva Inc.). The sensor was worn five minutefdre the
experiments began in order to achieve stable hbeuirede
contact impedance.

E. Experimental Session: General Procedure

In this study we evaluated thresimulation conditions:
Phantom Hand Incongruent (PHI), Phantom Hand Congruent
(PHC) andntact Hand Congruent (IHC).

PHI: Phantom hand incongruent. The vibrotactile
stimulators were carefully placed on the referrdshrmiom
digits on the amputation stump (Table I, last calynirhe
experimenter hold a small soft paintbrush and uisexstroke
the digits of a rubber, life-size cosmetic prosthdbereafter
called rubber hand) in full view and activated thigrotactile
units to stimulate the referred phantom digits be hidden
stump (Fig. 1 and Fig. 2 A). The brushstrokes wisgkvered
manually at a frequency of about 1 Hz (earphonagipy a
Each
brushstroke was about 1 to 2 cm long and its duratvas
around 0.6-0.7 s. The duration of the vibrationttos referred
phantom digit matched the duration of the bruslkstron the
equivalent digit of the rubber hand.

PHC: Phantom Hand Congruent. The experimenter used

comfortable posture throughout the experiment. Wheg\o identical paintbrushes to stroke the fingershaf rubber
possible two sites were selected (this happenedséen hand (in full view) and the corresponding referggtantom
subjects) and frequently (in seven subjects) orteexe points gijgits on the hidden stump (Fig. 2 B). Brushstrokeguency,

corresponded to the phantom index (digit II).

C. Vibrotactile Matrix Simulator

Vibrotactile stimulation was provided by means of
custom-built system [17] comprising two distinct niaiture
vibrators (310-101 series, Precision Microdrives)UEach
vibrator could be independently activated to vierat a pre-
defined vibration frequency (160 Hz) and force atoge
(0.86 N, i.e. largely supra-threshold). These patans were
selected because they allowed for a correct paorepf the
stimulus, as shown in our previous works [11], [N&prators
were triggered off through a keypad: as soon agyawkas
pressed the corresponding unit would start vibgafifibration
was maintained as long as the key was kept preasdd
switched-off simultaneously with key release. Timeet delay
between the pressure of a key and the beginning
perceivable vibration was negligible (i.e. <10 nWwhen used,
vibrators were attached with tape on the selectddrned
phantom digits (Table 1, last column). Using thigup the
experimenter was allowed to stimulate the rubbedha full
view with one hand and to press keys to producetidns on
the hidden residual limb with the other hand (Fiyy. When
two stimulation sites were selected the experimmentaild
stimulate the rubber digits and the correspondiefgrred
phantom digits in an alternative fashion (e.g-IHl).

length and duration were identical to the PHI ctiodi
IHC: Intact Hand Congruent. The experimenter used two
identical paintbrushes to stroke the fingers ofrilfgber hand

a{in full view) and the corresponding fingers on ttidden real

hand (Fig. 2 C), exactly like in the original rulbbkeand
experiment by Botvinick and Cohen [3]. Brushstrokes
frequency, length and duration were identical te BHI and
PHC conditions.

It is known that when the visuo-tactile stimulatios
asynchronous there is no illusion [3]. Hence weestigated
the PHI, PHC, and IHC conditions both wilynchronous
and asynchronous stimulation timing in order to compare
the outcomes and to assess whether such condifions
particular the PHI) were able to elicit the illusioln the
synchronous case the stimulations on the rubbed had on
the body part were delivered synchronously. In the
asynchronous case a small temporal delay (aboutsp.5
between stimulations was added. PHC and IHC camditi
were included to verify that the participants coabperience
the RHI when either the stump or the intact hancereh
stimulated and to compare the strength of the RHthie
different experimental conditions. All combinationsf
stimulation and timing conditions (six in total) meetested
twice, making a total of 12 trials for each subjdBetween
each trial participants had a 1-2 min long breakdiax (in
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Fig. 1. Experimental set-up. Experimental spteduring the incongruent stimulation of the reaidimb (PHI condition). Participants wore earplugsblock
out any noise arising from the vibration and a sionductance sensor on the palm of their intactd. Participants were instructed to fix theithsign the
rubber hand, throughout the experiment. The exparier provided incongruent visuaetile stimuli by brush stroking the rubber hargitd and activatin
vibrations on the correspondent reéefrphantom digits. Vibrotactile stimuli were triggd off by the experimenter using a keypad. Througtthe
experiment the rubber hand was in full view, wherés& stump was hidden by a screen.

addition to the time needed to perform the testsbarhange
the experimental set-up). Each trial lasted 90 is#€0The
order of trials was randomized across the partitgpand the
overall experimental session lasted around 1 hour.

During the experiments, the participants sat witte t
residual limb and their contralateral arm resting a table
(Fig. 1). The rubber hand was placed on the taliierev it
could be seen throughout the stimulation trial. Thbber
hand was oriented in an anatomically correct peste.
parallel to the hidden arm/stump) and with a primsmagngle
matching the hidden arm/stump. The rubber hand ngis-
handed or left-handed depending on the stimulat@mdition.
During phantom hand stimulation conditions (PHC &idl)
the rubber hand had the same laterality of theduasilimb
(Fig. 2 A-B). In the case of the intact hand stiatigin
condition (IHC) the laterality was the same of thi&act hand
(Fig. 2 A). In all cases the residual limb (or tttdand) was
hidden by a screen from the participant’s view. Hsance
between the rubber hand and the participants’ waesidnb (or
intact hand) was 10-20 cm. The participant wasruiestd to
relax and fix his/her sight on the rubber hand &ir the
duration of the stimulation trial, while he/she wasaring the
SCR sensor on the intact hand and earplugs to ldatlany
sound arising from the vibrators (in fact no audibbund was
produced).

Before each PHI and PHC stimulation trial the ggrtints
were asked to close their eyes and to indicate thigfr intact
hand the felt position of their finger by means afpre-
stimulation pointing task [3]. A ruler mounted dmetscreen

(and not apparent to the participant) was usededasure the
end point of the movement. Immediately after eaich ¢ither
one or two of the following tests of embodiment evearried
out: (i) subjective data collection in the form df
questionnaire; (ii) proprioceptive drift by meant a post-
stimulation pointing task; and (iii) SCR test. \Wd tests were
presented then the priority order was the followilBCR,
pointing task, questionnaire (following the protbdescribed
in [15]). This order was chosen as the SCR testlwia$ (~12
s) and required the participant to simply keep aliswwntact of
the rubber hand, hence preserving the illusion fioe
following test. The three tests were presenteddpertd in a
pseudo-randomized order (also across subjects)der do
collect at the end of the session one measure &ach test
and each experimental condition, from each indiaidwbject.
Pre-stimulation and post-stimulation pointing tasksre not
performed before/after the IHC stimulation triatensidering
the difficulty to point on the ruler by the stump 6ome cases
the residual limb was so short that it would havecéd the
subject to stand up the chair, in order to touehrtiter).

F. Post-Simulation Skin Questionnaire

Each patrticipant filled-in the questionnaire (o €&ach
stimulation condition after the trial) which comged of the
nine statements designed by Botvinick and Coherif3he
original experiment and translated into Italian.ff@&ent
versions of the questionnaire were delivered dfterdifferent
trials in order to take into account the differenaef the
stimulation conditions (i.e. intact hand versusngi). The
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Fig. 2. Experimental conditions. Schematic diagratmswing the three stimulation conditions usedhtiuce the Rubber Handusion (RHI). A) Phantot
Hand Incongruent stimulation (PHI) was our experitaé(modalitymismatched) condition: brushstrokes and vibratiwese delivered on the rubber h:
and on the phantom hand, respectively. B) PhantamdHCongruent stimulation (PHC): brushstroke statioh was deliveed on rubber hand and on
phantom hand map on the stump. C) Intact Hand Cemgrstimulation (IHC) was the classic RHI experiimas designed by Botvick and Cohen (199t
We investigated the PHI, PHC, and IHC conditionthheith synchronous and asshronous stimulation timing. In the latter a smethporal delay (abo

0.5 s) between stimulations was added.

questionnaires required the participants to ragesthength of
their agreement or disagreement with nine percégtfiects.
Three statements (i.e. illusion statements) refer® the
extent of sensory transfer into the rubber hand thedself-
attribution of it during the trial. The other sitatements (i.e.

H. Post-Simulation Point Task and Proprioceptive Drift

After PHI or PHC stimulation trials new pointingste were
performed and the measures of where the stimulatas felt
were noted. The proprioceptive drift was calculated the

control statements) served as controls for comedian difference between the pre-stimulation and postdgttion

suggestibility, and “placebo effect” [3]. The orderwhich the
nine statements were presented was randomizedsatials
and participants. Participants were asked to taeektent to
which these statements did or did not apply, usingeven-
point scale. On this scale, -3 meant “absolutelyade that it
did not apply,” 0 meant “uncertain whether it apdlior not,”
and +3 meant “absolutely certain that it applied”.

G. Post-Simulation Skin Conductance Response Test

pointing task measurements and provided behavioural
evidence of the occurrence of the RHI [19]. A pwsit
proprioceptive drift represented a mislocalizatiof the
participant's stump toward the rubber hand, whereas
negative drift represented a mislocalization ofheticipant’s
stump away from the rubber hand.

I. Data Analysis
All measures from the tests of embodiment wereectdid

Before the experiments started the participants ewefd aranged based on the stimulation conditione Th

informed that they would never be stabbed with edfee and
that they would not experience any painful sengatioen, the
experimenter informed and showed the participaotiy he
would stab the rubber hand with a needle (threatuttis)
attached to a syringe (100 ml), later on.

Kolgomorov-Smirnov test (p > 0.05) was used to fyetiat
the data were normally distributed. If so, for eaest a two-
way repeated measures ANOVA ([factors: stimulation
condition (IHC, PHC, PHI), timing of stimulation
(synchronous and asynchronous)] was performed dercio

This test was performed once for each stimulatiofighlight differences among conditions and timind o

condition, by each participant. After the stimuatithe rubber
hand was suddenly stabbed with the needle followtimg
procedure adopted in our previous study [15]. Nigtathe

participant could not guess/predict if he/she waduwde been
stabbed or not, given the randomized order of #&sést For
each trial we identified a peak value in the SCEini1-10 s
of the onset of the threat stimuli. As a baseliree wged the
value registered 1 s before the threat stimulus pvasented.
The magnitude of the SCR was used to measure teatef

the illusion [18].

stimulation and possible significant interaction. the
ANOVA suggested that there was a difference in iition
condition, the groups were compared pair-wise using
Bonferroni adjustment. If the ANOVA showed a diffece in
stimulation timing, the data from synchronous and
asynchronous conditions were compared using thealeel,
paired t-test, for each condition in order to ass#sthe
illusion was promoted [20], [21]. If the ANOVA didot show
significant difference the groups were compared-piése
using Bonferroni adjustment as in Tsakidsal. [20]. A p-
value less than 0.05 was considered statisticaghjifecant.
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Fig. 3. Results of questionnaire for different ctinds. lllusion statements: 1) It seemed as ifasvieeling the stimuln in the location where | saw 1
rubber hand touched; 2) It seemed as though treasen | felt was caused by the paintbrush toucttiegrubber hand; 3)félt as if the rubber hand was
hand). Control statements: 4) It felt as if my ploam hand (or intact hand) was drifting towathe rubber hand; 5) It seemed as if | might haveentioa!
two arms; 6) It seemed as if the touch | was fgetiame from somewhere between my own stump (octiti@and) and the rubbéand; 7) It felt as if m
stump (or intact hand) was turning ‘rubber8) It appeared (visually) as if the rubber harabswirifting towards my stump (or intact hand); ®eTubbe
hand began to resemble my stump (or intact handgrins of shape, skin tone, freckles or some ofiserl feature. * indicates a p-value €8. ** indicate:

a p-value < 0.01.

For the questionnaire only, prior to the two-way @A
we compared the mean score of the illusion statésraegainst
the mean score of the control statements usingoatailed
paired t-test; this was necessary in order to yetifat the
subjects were not suggestible. The a priori hypotheas that
the illusion statements would be rated higher tthencontrol
statements.

our analysis on illusion statements, as suggestgurévious
studies [10], [15]. Larger ratings were given whéme
stimulations were synchronous, in each modalitg.(B). The
two-way ANOVA showed that the effect of synchrotyci
produced significant differences [F(1,8) = 5.9 p0<05],
whereas different stimulation conditions did notoguce
significant  differences. The interaction between e th

Finally, the data from the three measurements wesgnchronicity and stimulation conditions was nan#icant.

combined for analysis using a three-way repeatedsores
ANOVA [factors: stimulation condition (PHC, PHIjnting of
stimulation (synchronous and asynchronous),
(questionnaire, SCR, proprioceptive drift)], as gesgted by
the work by Ehrsson and colleagues (2008) [10]. frfean
rating from the three illusion statements was erygdioas the
measure from the questionnaires. From the poirttisg and
the SCR tests we used the proprioceptive drift dred SCR
value from each condition and individual subjeespectively.

lll. RESULTS

The Kolgomorov-Smirnov test demonstrated that hé t
data were normally distributed.

A. Questionnaire

The graph in Fig. 3 presents the mean ratings ddstrd
error) to the illusion and control statements foe tthree
stimulation conditions: phantom hand incongruentlIjP
phantom hand congruent (PHC) and intact hand imcemg
(IHC). The illusion statements were rated higheantithe
control statements in all stimulation conditions<{j®.05), in
agreement with previous studies [3], [18], thusiéating that
the subjects were not suggestible. Because ofwladpcused

The post hoc analysis demonstrated statisticaleriffces
between synchronous and asynchronous stimulationslf

measuwenditions (p < 0.01, p < 0.05 and p < 0.05 for |HREIC and

PHI, respectively), whereas multiple comparisonsthwi
Bonferroni correction (three comparison tests: I PHC,
PHC vs. PHI, IHC vs. PHI) showed a significant eiffnce
only between the PHC and PHI conditions (p < 0(@%. 3).
Taken collectively the outcomes from the questidnmesa(self-
evaluation of the illusion) showed that vibrotaetdensory
substitution on referred phantom digits (PHI) wddeato
promote embodiment of the alien hand, however ithision
was weaker when compared to the one elicited wlih t
congruent paradigm (PHC).

B. Skin Conductance Response Test

The SCR was greater in the synchronous cases ifthée
asynchronous ones) for all the tested modalitiég. @). The
two-way ANOVA showed that the effect of synchrotyaoivas
significant [F(1,8) = 10.0, p < 0.05] and that tbfect of
stimulation condition was not. The interaction betw the
synchronicity and stimulation conditions was ngndicant.
The post hoc analysis showed significant differenoetween
synchronous and asynchronous stimulations foraititions
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Fig. 4. Physiological induced sweating. Mean psiagioally induce:
sweating, as measured by the skin conductancenesg&CR) after tl
threat stimuli on the rubber hand recorded in thearfom Han
Incongruent (PHI), Phantom Hand Congruent (PHC) tedintact Han
Congruent (IHC) conditions. * indicates a p-valu@.85.

(p < 0.05). Multiple comparisons with Bonferronirgction
(three comparison tests: IHC vs. PHC, PHC vs. PHIC vs.
PHI) did not demonstrate statistical differencesross
conditions (statistical power of the analysis < 40%

C. Proprioceptive Drift

In agreement with previous studies and as expetied
mean proprioceptive drift was greater in the syanbus case
than in asynchronous one for the two tested maesl{PHI
and PHC) (Fig. 5). The two-way ANOVA showed a sttal
difference between the synchronous and asynchrotr@is
[F(1,8) = 12.8, p < 0.01] and non-significant diffaces
between the two stimulation conditions. The intgoac
between the synchronicity and stimulation condgievas not
significant. Post hoc paired t-tests demonstratidistical
differences between synchronous and
stimulations for both the PHI (p < 0.01) and PHC<(j9.05)
conditions. The proprioceptive drift provided beiloasl
evidence that incongruent vibrotactile stimulatigRPHI)
promoted embodiment of the alien hand at levelslairto the
congruent paradigm (PHC).

D. Results across the Three Measures

1
The three-way repeated measured ANOVA demonstrat%

statistically significant differences only betwestimulations
timing [synchronous vs. asynchronous, F(1,8) = 16.8<
0.01] and not between the other factors. The oiggificant
interaction [F(2,58) = 5.0, p < 0.05] was the oetneen type
of measure and timing of stimulation. Post hoc quhit-tests
demonstrated statistical differences between symdus and
asynchronous stimulations for both the PHI (p <1p.@nd
PHC (p < 0.05) conditions.

evidence that: i) vibrotactile sensory substituti¢@HI
condition) elicits feeling of body ownership of atien hand

in transradial amputees, when the vibration is iagpbnto
referred phantom digits, and ii) that this illusignsimilar to
that achieved with a congruent paradig (i.e. PH&) o
statistical power). In particular we demonstrateat &after just

a short exposure (90 seconds) to modality-mismdtche
stimulation using seen brushstrokes and felt vidnat
participants felt a vivid RHI.

IV. DISCUSSION

The illusion was assessed by means of three indepén
measures of embodiment. Through the questionnaires
participants self-evaluated the illusion by ratipgrceptual
statements and control statements which allowedotdirm
they were not suggestible. The behavioural misipatibn of
the proper hand towards the rubber hand was eealuat
through the pointing task. Finally, the SCR proddan
objective physiological evidence of autonomic syserousal.
As the three measures converged in closely matcbsdlts
we can consider them as robust. Another methodwbgisset
of this study is that the subjects performed theslves
stimulation trials and the measurements in a ranzEtorder
so that our results are virtually free from anyafi@ng” effect
or bias due to eventual carry-over effects (thdfects were
limited by the long breaks between trials).

In this work a statistical difference in the measuoent of
embodiment, between synchronous and asynchronous
stimulation was considered as the proof of thesitio in that
condition. This difference was statistically relevéor the PHI
condition (as well as PHC) both across and witleists; the
analysis across the three measures also showethénatwas
no significant difference between PHI and PHC ahd t
congruent and incongruent conditions elicited samliévels of
illusion. However, the results from the questionaa@nd SCR
(Fig. 3-4) suggest that the strength of the illasio the
congruent conditions (IHC, PHC) seemed larger timathe
experimental condition. In other words it was pblsito
promote body-ownership in transradial amputees gusin

asynchronovi$rotactile substitution but this illusion couldtihmatch the

one elicited with congruent stimulation. This isdgreement
with our previous study [15] and supports the hipsis that
the vividness of the illusion seem to be modulabgdthe
specificity of visuo-tactile conflict and on howetimatching of
the concurrent inputs is perceived as realistietbam a pre-
existing representation of one’s own body (cf. d&sion in
]). One should also consider that in the phanteand
nditions tactile stimulations reach the deaffegdrprimary
sensorimotor cortex through reorganized pathwayd @ot
through the physiological ones. Hence it seems aalsvito
elicit a weaker illusion on the amputated side. &ttheless,
the illusion seemed to be vivid in our group oftipants. It
is worth mentioning that the participants had atre¢ly old
amputation: eight (out of nine) had their hand atatmd more
than 10 years before the experiments took placas,Tsince
the time after amputation seems to influence thength of

Taken across the three measures our results provﬁﬂﬁsion [10], we can expect to achieve a more psive RHI
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Fig. 5. Results of proprioceptive drift. Mean priopeptive drift (in cm
measured as a difference between pre-stimulatiah goststimulatior
pointing task for the Phantom Hand Congruent (PBI®) Phantom Hat
Incongruent (PHI) conditions. * indicates a p-vat@®05, ** indicates a p-
value < 0.01.

with people with a more recent amputation.

In this first exploratory study with amputees weedis
vibration stimuli which were known to elicit RHI imormally
limbed individuals [15] and to be correctly perasvon

referred phantom fingers [11], based on our pres/ioq

experience. However, it is still unknown how thdraition
parameters (amplitude and frequency) can affecesttent of
the illusion; a vibration stimulus that better ntas the visual
input in terms of tactile encoding and pre-existibgdy
representation could enhance the illusion. Conlgrsa
reduced matching could inhibit the illusion as viwasly
observed in normally limbed individuals when usirg
modified RHI paradigm (i.e. tapping with the tip af
chopstick on the finger pads rather than brushstgpkhem)
[15]. This work invites further studies in whichighissue is
explored.

In general we achieved results -in absolute vallugas-
agreement with previous studies. This was true tfoe
traditional RHI condition (i.e. IHC) [18] and foh¢ PHC,
which provided results similar to the equivalenindition
investigated by Ehrsson and colleagues [10] irr tirsit work
on amputees (which they referred to as stump domjlitTo
our knowledge, the latter, is the only study abthé RHI
involving transradial amputees (Marasco and colleag
investigated the RHI with transhumeral amputeest th
underwent targeted muscular reinnervation [12]ysEbn and
colleagues found a large difference between PHC Ia
(which they referred to stump and finger condition
respectively) [10]. In our case the general trerad that PHC
and IHC elicited similar levels of illusion (Fig.-8. The
difference between the two studies might be explaiby the
fact that when our participants exhibited indistiisipable
phantom digits (i.e. two or more digits felt on th@me skin

S

site) we targeted (for stimulation) the other dighat instead
could be clearly distinguished. Ehrsson and colleagalways
targeted the index finger regardless its percepivas fused
with other fingers or not.

The vividness of the illusion greatly varied across
participants as verbally reported after the expenits. For
example FF reported stronger levels of illusiomhi@ phantom
hand conditions (especially PHC) than in the tradal RHI
condition (i.e. IHC). Subject PD did not experiencieid
referred phantom sensations and thus did not e
strong embodiment of the alien hand. Overall, tiféernt
levels of body ownership verbally claimed by thetijggants
could be verified by analyzing the data on a suljasis. The
variability across subjects could be explained oy flact that
we used a group of amputees, which were heterogengith
respect to many factors such as referred phantoisadens,
time since amputation, age and level of amputattoremains
to be shown how much these factors affect the Rhitrwthe
stimuli (congruent or incongruent) are applied lo@ phantom
map.

Many transradial amputees experience tactile plmanto
sensations when their residual limb is touched. eRec
imaging studies have shown that amputees activateoF
parietal multisensory areas when they embody atipetis
limb [22], just as fully limbed individuals do whethey
experience the rubber hand illusion [23]. It iselik that the
present ‘sensory-substitution’ version of the RHkoa
nvolves integration of visual and tactile signaghese areas.
n particular, the tactile stimulation of phantongits in the
residual limb is capable to activate the missingdcharea of
the primary somatosensory cortex [24]. In this wtagctile
signals from the residual limb can reach the hasxtien of
the primary somatosensory cortex, and from there be
conveyed to the multisensory association cortex revhe
integration with visual signals takes place.

This study shows that it is possible to promote edifinent
of a prosthetic alien hand in such clinical popolat by using
a sensory substitution paradigm. The achieved tgsifl
exploited in the clinical practice, could producgraat impact
in the field of prosthetic systems; indeed arrafdow-cost,
miniaturized and low power consumption tactile sessand
vibrators could be easily incorporated into prosthé@ands
and sockets, so to induce the illusion every tiheegrosthesis
touches something. In addition to transradial amgsitwith
referred phantom sensations, our results could hane
important impact on transhumeral or shoulder disalgtion
patients that underwent targeted muscular reintiervg25],
([36]. It is known that after this surgery, distin¢tand
sensations can be restored in the cutaneous aeglying the
reinnervated muscles because sensory afferents fiwen
transposed nerves reinnervate the denervated ZKjnHence,

specific sites on this area could be used as stioul points
for the miniaturized vibrators in order to provisematotopic,
thus physiologically relevant stimulation. This tie@ could
improve the controllability of the prosthesis byowiding

intuitive feedback to individual [12] but could aldbe an
important asset in itself; in fact if the prosttsesould induce a
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feeling of ownership it is predictable that theigabf
unsatisfied patients will reduce, as hypothesizgdviurray
[28]. This alone could pay off the research effepent in the
past decades for developing hand prosthetics wattsary
feedback.
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