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Highlights
» Seeing your embodied virtual body in virtual rgaincreases pain threshold.

* To increase pain threshold your virtual and bealy should be co-located.

* For the arm, this analgesic effect diminishesmtiere are 30 cm between virtual and real arm.

Abstract

Seeing one’s own body has been reported to havgemmaproperties. Analgesia has also been
described when seeing an embodied virtual bodycatéd with the real one. However, there is a
controversy regarding whether this effect holds tunen seeing an illusory-owned body patrt,
such as during the rubber-hand illusion. A critiddderence between these paradigms is the
distance between real and surrogate body parto€aiibn of real arm and surrogate is possible
in an immersive virtual environment, but not durithgsory ownership of a rubber arm. The
present study aimed at testing whether the disthatveeen real and virtual arm can explain such
differences in terms of pain modulation. Employagaradigm of embodiment of a virtual body
allowed us to evaluate heat pain thresholds (HPTy-docation and at 30-cm distance between
real and virtual arm. We observed significantlyf@gHPT at co-location than at 30-cm distance.
The analgesic effects of seeing a virtual co-lataten are eliminated when increasing the
distance between real and virtual arm which explaihy seeing an illusorily owned rubber arm
does not consistently result in analgesia. Thesbrfgs are relevant for the use of virtual reality

in pain management.



Per spective
Looking at a virtual body has analgesic propewieslar to looking at one’s real body. We
identify the importance of co-location between @ad surrogate body for this to occur and

thereby respond to a scientific controversy. Thisrimation is useful for immersive virtual

reality in pain management.
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I ntroduction

Looking at one’s own body has been reported to laaatgesic effects. When looking at one’s
own hand, painful stimuli applied to that hand med as being less paimftf®3'and heat pain
thresholds (HTP) increa¥e Coupled with such behavioral insights, theseistudiso revealed
reduced activity in primary and secondary somate@gncortices (SI1 and Sll) during the
processing of painful stimuli while looking at osedwn body: for example, a reduced Blood-
Oxygen-Level Dependent (BOLD) signal was reporied| and the operculoinsular cortex in
functional Magnetic Resonance Imaging (fM&I)and reduced power of event-related beta
oscillations® as well as reduced laser-evoked poterfiiatgre reported in Sl and SlI.
Nonetheless, the representation of one’s own b®dpt stable but can be experimentally
manipulated. It is possible to induce an illusiérownership over a surrogate body part by
means of congruent multisensory stimulation. Fa@meple, to evoke the rubber hand illusien
rubber hand and one’s real hand are stroked simadtssly with (e.g.) a paint brush, while the
real hand is hidden from view. Similarly, throughiltisensory stimulatiott or sensorimotor
correlationg® it is possible to induce the illusion of ownershifthe arm of a virtual body, also
referred to as virtual "embodiment".

These bodily illusions have been recently appleethe study of pain perception leading to
results that are disputed. Mohan and cowofRetsowed no changes in pain perception during
the rubber hand illusion , so that the analgesaxes of looking at one’s own body would not
hold true when the body part is fake, even thoaghattributed to oneself. In contrast, other
studies showed that during the rubber hand illugioa vision of the "owned" rubber hand leads
to an increase in HTPand higher resistance to painfully cold stiffiif. This held true for a

virtual arm, since Martini and coworké&t$ound increased HTP when participants looked at an



embodied virtual arm compared to two different cointonditions (looking at a non-corporeal
object in a virtual environment or at a fixationiqgdn the real world).

To understand these different findings we looked the methodological differences between
these studies. Since some studies were using heatther cold stimuli we focused on three
studies with different findings that used all he@nuli****“° However, there are two studies that
reported modulation of HTP by body ownersfiify, whereas in the study by Mohan et%the
position of the rubber hand during synchronousasyhchronous stimulation conditions was
kept the same. Hegediis etlotated the rubber hand during the asynchronausikttion
condition in order to reduce the strength of tluetool condition. A major difference between
the studies involving a rubber arm versus a virtual illusion is the relative location of the real
with respect to the illusory-owned arm. While awal arm can be co-located or not with the real
arm, a rubber arm can never be co-located withehlearm for obvious reasons. The distance
between real and fake limb has been identifiediéisat factor for body ownership, in the
verticaf” and in the horizontal plaffe On the other hand, body ownership over a fakey ipaat
seems to affect pain percepttdfr:>¢>*

In the present experiment we aimed at testing vénatte distance between real and virtual hand
can play a major role on pain perception. In faffecent conditions participants reported their
HPT and rated their feeling of ownership over thieual body. Conditions differed in

visuotactile stimulation (VTS) — synchronous orragyonous — and in distance between real and
virtual arm, which could be either 0 cm (co-locgted30 cm apart. We hypothesized that during
co-location there is an analgesic effect and thgisén HPT than when there is distance between

the real and the virtual arm.



M ethods

Participants

Although the current experiment took into accouniitain-subjects experimental design, in
order to take account of variability among partifs, we decided to control for factors that
contribute to variation in pain sensitivity suchsast® and menstrual cycfé Therefore, only
male participants were considered in this studgialty, 24 right-handed healthy males with
normal or corrected-to-normal vision, no historychfonic pain, no neurological or
psychological disorders, and no medication forléis¢ 24 hours participated in this experiment.
All participants were naive to the research quastiod gave written informed consent before
starting the experiment. Five participants wereaesd from further analysis due to either
technical problems (two participants), extremelyghthHPT (one participant who reached the
maximum temperature of 51° without indicating a HiRsktremely low HPT (one participant
with HPT below 38.9 °&), or because they were identified as outlier (oaricipant, see also
results section), which lead to a final sample siiz&9 participantsNlean age 24.15D: + 5.1;
laterality quotient of the Edinburgh Handedness<fiaenairé> Mean: 65.8,SD: + 25.3,Range:
12.5 — 100). Participants received five Euros li@irt participation. The experiment was
approved by the local ethics committee (Comitédztie Investigacion Clinica de la Corporacion
Sanitaria Hospital Clinic de Barcelona).

Virtual reality system

We used a head-mounted display (Rift Developmeh2KDculus, Menlo Park, CA, USA) with
a resolution of 960 x 1080 pixels per eye and ainahmorizontal field of view of 100°,
displayed at 75 Hz to show the virtual environmaritich was programmed in Unity 4.5.3
(Unity Technologies, San Francisco). The virtualenteody was taken from the Rocketbox

library (Rocketbox Studios GmbH, Hannover). A vatueplica of the thermode used for heat
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stimulation was attached to the dorsum of the alrtight hand. The virtual environment was the

same during all conditions and is shown in Figukeahd B.

[insert Figure 1 about here]

Thermal stimulation

Heat stimuli were applied with a 25 x 50 mm theren¢8omedic Thermotest, Stockholm,
Sweden) that was tied to the dorsum of the rightth&PT were measured by the method of
limits®% temperature was increased from a constant baselinperature of 32 °C at 2 °C/s.
When pressing the button the temperature of thenthee rapidly decreased to baseline (6 °C/s).
Maximal temperature was set to 51 °C for safetgaaa. An NI-6008 card (National Instruments
Corporation, Austin, TX, USA) was used for datalasgjion via MatLab Simulink (The
MathWorks Inc., Natick, MA, USA), which was run arseparate computer.

Tactile stimulation

For tactile stimulation we used two vibrators colied by Unity through an Arduino MEGA
microcontroller board. Vibrations had a duratioridd seconds.

Experimental procedure

Participants were sitting comfortably in a chaithwboth arms resting on a table in front of them.
The thermode was attached to the dorsum of ttgt hiand with Velcro strap. Two vibrators
were attached to the dorsal distal phalanges aftiigat index and middle fingers for the
delivery of tactile stimuli. Noise isolation wassemed by administration of pink noise.
Familiarization phase. Participants were first familiarized with thetuial body illusion: they
donned the head-mounted display through which slagya virtual male body located at the

same place of their own body. When they looked dthely saw this virtual body sitting on a
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chair with its arms resting on a table in fronttiBweirtual arms were at the same position as the
real arms — the left elbow was positioned undetefieshoulder and the right elbow/forearm was
lying at the body midline. Like the real body, thigual body was holding a button in its left
hand and a virtual thermode attached to the dowuire right hand. Participants were instructed
to look around in the virtual room, to describe wihey saw and to look down at the virtual
body. After this initial exploration of the virtuatenario, participants were asked to concentrate
on their right virtual hand. They saw a ball tagpin random order the virtual right index and
middle fingers and felt synchronous tactile feedi@tration) on their real right index and
middle fingers (synchronous visuotactile stimulatid TS)). They were also instructed that they
should report out loud when they saw a letter appg@n the virtual thermode. This was to
ensure participants kept their attention towaresright hand. The letter appeared at the end of
the 30-second-stimulation period for 1 seconde(étl in a time window of 5 seconds). The level
of attention was defined as sufficient when paptiaits correctly reported the displayed letter. In
case the letter was not reported correctly thee®@sd visual tactile stimulation period was
repeated (including the display of another letteha end). In the 360 trials that were presented
to the 19 subjects included in the analysis, onlfour cases (1.1% of the trials) we repeated the
stimulation, which we consider can rule out thesgmsty of this having affected our results.

This happened maximum once during one conditiomnimg that there were still four other
trials—which happened to be equally distributedrafie four experimental conditions—taken
into account in our statistics. Then the screentwtack and they were asked to answer a
questionnaire.

Next, participants were familiarized with the HPEasurement and the baseline for their HPT
was taken. During this part they did not wear adhm@unted display. Participants were

instructed to look during the whole procedure atrthight hand. When the thermode heated up
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they had to press a button in their left hand as s the heat stimulation started to become
painful. Seven heat stimuli were delivered durimig phase, the first two were for the participant
to become familiar with the task and the mean effttlowing five stimuli was later used as
baseline. We specifically did not randomize thecomf the two familiarization tasks because it
has been shown that strength of the rubber hamiah increases linearly with tiffeand we
wanted to account for possible carry-over effegisfthe familiarization phase of the illusion to
the first experimental condition.

Experimental phase. The experiment had a two-by-two factorial witlparticipants design, with
one factor “distance” (co-location vs. 30 cm disebetween the real and the virtual arm) and a
second factor “VTS” (synchronous vs. asynchronolisgrefore we had four conditions:
synchronous VTS at 0 cm distance, synchronous BB am distance, asynchronous VTS at 0
cm distance, and asynchronous VTS at 30 cm distdingeorder of conditions was balanced
among participants. We decided to use balancirtgandsof randomization because we wanted to
have the same number of participants for each Iplessider of conditions. The fact that we
excluded participants from the analysis did notarmine the balancing since the four
participants we removed due to technical problexn® had extremely high, or extremely low
heat pain thresholds were already identified dutirgdata acquisition phase and we replaced
them with four other participants maintaining tredamce. Therefore we had only one participant
who we removed from analysis due to being an aufliee position of the virtual body was the
same for all conditions and the same as descrirethé familiarization period. Depending on
the experimental condition, the real right arm whthe body midline, the same position as the
virtual arm, (co-location condition) or 30 cm teethght of the body midline (30cm distance
condition; see Figure 1). To make sure that pgdicis were able to keep their trunk straight in

all conditions, we elevated the arm in the distasa@litions by 4 cm. This ensured that



participants with shorter arms were able to coratuit keep their forearm at the indicated
position. At the beginning of each condition papants donned the head-mounted display and
were asked to look around in the virtual room antbbk down the virtual body. Participants
were then asked to concentrate during the wholdition on their right hand only. Each
condition consisted in five trials (one heat stigauper trial): Each trial started with 30 seconds
of VTS during which participants had to report tieame of the letter they saw, then there was a
pause of 2 to 4 seconds, the thermode heated upaaticipants press the button in their left
hand when the increasing heat reached their ind&/iHlPT. The left virtual arm was occluded
from sight during the heat stimulation to make gheeright arm was the only focus of
participants’ attention. At the end of each comditihe screen turned black and participants were
asked to answer the same questionnaire as mentatnoee (a description of the questionnaire
can be found in the section “response variabled’iarmable 1), which took about 2 — 3 minutes.
Response variables

Heat pain threshold (HPT). It was carefully explained to participants tha HPT is the
temperature where the sensation of a raising hieatlss changes from a hot to painful percept.
They were further instructed to look at their r@ghlring the baseline) or the virtual (during the
experimental conditions) right hand and press thdbcated in their left hand as soon as they
perceived the stimulus to be painful. The initiabtstimulations allowed the experimenters and
the participants to confirm whether the task haghbeell understood. The baseline and all four
experimental conditions consisted each of five s&atulations.

Questionnaire. A questionnaire was administered after the fam#ation phase and after each
condition of the experimental phase. The items\fieted from Spanish) are shown in Table 1.
The first 6 items were presented in random orddrparticipants were asked to report their

degree of agreement with each statement on a g®ehLikert scale (1= absolutely disagree,
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7= absolutely agree). Question 7 was asked atrithéceget participant’s overall rating of the
illusion. It is important to note that while questi3 is meant to assess the presence of the body
ownership illusion, question 7 assesses the stiasfgt. Questionnaire items were adapted ftom
and the additional question fr8fParticipants were wearing the head-mounted dispith the
screen black while the experimenter read the iteintise questionnaire out loud and they gave

oral response, during which time pink noise wasedroff.

[insert Table 1 about here]

Data handling

All statistical tests were performed in Stata 1&(&Corp LP, College Station, TX, USA). Mean
values of the five HPT measured during each exparial condition and five HPT during
baseline, were used for subsequent analysis. Tielaof interest waaHPT = HP &xperimentar—
HPThaseline Each participant carried out 4 different expentaéconditions. This is therefore a
mixed-effects design, with fixed-effects “distan@aid “VTS”, and random effects over the
“individual subjects”, and is appropriately analgizey a Multilevel Mixed-Effects Linear
Regression (the ‘mixed’ function in Stata). Quastiaire data were analyzed with a Multilevel
Mixed-Effects Ordered Logistic Regression (the ‘togd’ function in Stata) with fixed-effects
“distance” and “VTS”, and random effects “individsabject”. Due to the ordinal nature of
questionnaire data a mixed-effects Gaussian limeatel design as used for the HPT data would
not be appropriate, plus non-parametric statistests do not allow testing for multiple factors
and their interaction effects. We measured theadvetrength of ownership illusion in two ways
— with the question OwnershipStrength and withiagiple component analysis. The latter

constructed a single variable (V) as the highesaxae linear combination of the 4 original body
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ownership questions. A mixed effects regressiongiie Stata 'mixed' function, with fixed
effects over the two factors (distance and VTS) @ndriate OwnershipStrength or V, and
random effects over the individuals, showed thatrésponse variableHPT is linearly

associated with OwnershipStrength (or V).

Results

Heat pain threshold analysis

Figure 2 shows the means and standard errorsHRT by distance and VTS. There is an
apparent large effect of distance, with the heat fraeshold lower for the 30cm distance. The
mixed effects ANOVA shows that this differenceignsficant, with main effect for distance €
-2.24,P = 0.025; see supplementary material | for theyammsalof normal distribution of
residuals). The analgesic effect of seeing thei@irarm was therefore lower when the virtual
hand was located at 30 cm from the real hand tHamwo-located. Table 2 shows mean and
standard error of mean (SE) of the raw HPT. A Ih@bd ratio test comparing the full model
including the interaction term (distance + VTS stdnce.VTS) with the model that only includes
distance shows no difference at all between thegg, P > 0.9,AIC = 232 for the full model and
236 for the reduced model). Hence there is cleaolgffect of VTS. One extreme outlier was
removed for all analysis above based on visuakicspn of HPT during baseline plotted against

HPT during the experimental conditions.

[insert Figure 2 about here]

Analysis of questionnaire responses
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Ownership related questions. From Figure 3 and Table 2 regarding the ownerséigded
questions, OwnershipPresence (Q3) and OwnershiggdtréQ7) showed similar response
patterns. They were both negatively influenced isjatice, meaning that during co-location
ratings were significantly higher than during 30-distance (OwnershipPresenee: —3.98,P <
0.001; OwnershipStrength= —3.96,P < 0.001). Further both were positively influendsd
synchrony of VTS, meaning that during synchronoti§Vatings were higher than during
asynchronous VTS (OwnershipPreserze:3.03,P = 0.002; OwnershipStrength= 4.10,P <
0.001). Moreover, both showed no significant intéom between distance and synchrony of
VTS (OwnershipPresence= —0.06, n.s); OwnershipStrengiy —0.88, n.s).
[llusion-induction related questions. The two questions related to illusion induction,
TappingLocation (Q1) and BallCausesTouch (Q2), sitbavsimilar response pattern. Both were
positively influenced by synchrony of VTS — synamwas VTS led to higher ratings than
asynchronous VTS (TappingLocatia 5.02,P < 0.001; BallCausesTouch= 5.94,P <
0.001). Distance had no influence on neither ofrtii@appingLocationz=-0.73, n.s.;
BallCausesTouclz = —-0.78, n.s.), but in both was a significantiattion between distance and
VTS (TappingLocationz = —2.09,P = 0.037; BallCausesTouch= -2.04,P = 0.041). During
co-location there was a bigger difference betwsm@clsronous and asynchronous VTS than
during 30-cm distance conditions.

[llusion-perception related questions. MultipleHands (Q4) was positively influenced hgtdnce
— during 30-cm distance ratings were significahilyher than during co-locatioa € 2.22,P <
0.026); further MultipleHands was negatively infieed by synchrony of VT-Stimulation,
meaning during asynchronous VTS ratings were hitiaar during synchronous VT3« -2.12,
P = 0.034); there was no significant interaction kew synchrony of VTS and distance on

MultipleHands £=1.19, n.s).
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VibrationBetweenRealAndVirtualHand (Q5) was neitlrdluenced by distance € —0.10, n.s.)
nor by synchrony of VTSz(= —0.14, n.s.); there was no significant intexacthetween
synchrony of VTS and distance< 0.10, n.s).

RealHandTurnsVirtual (Q6) was negatively influentgddistance, meaning that during co-
location ratings were significantly higher thanidgr30-cm distancez(= —3.64,P < 0.001);
further RealHandTurnsVirtual was positively infleead by synchrony of VTS, meaning that
during synchronous VTS ratings were higher thamnduaisynchronous VTS € 3.66,P <
0.001); there was no significant interaction betwsgnchrony of VTS and distance< 1.33,

n.s).

[insert Figure 3 about here]

[insert Table 2 about here]

The score OwnershipStrength is an overall indicatibownership. A mixed effects regression of
AHPT on OwnershipStrength reveals a significanttpasrelationship (z = 2.52, P = 0.012).

The coefficient of OwnershipStrength in the lineadel has 95% confidence interval 0.03 to
.22. In contrast if we take the scores of the squestion for the baseline then there is no
relationship at all (z = 0.10, P > 0.90).

If we take all of the questions indicating a redaghip (TappingLocation, BallCausesTouch,
OwnershipPresence, OwnershipStrength) then a pahcomponents factor analysis yields one
variable accounting for 72% of the variance givahgnost equal weight to all four scores. We
refer to this variable as OwnershipPCA. The mix#eots regression of HPT on OwnershipPCA
similarly shows a positive associatian=2.2,P = 0.028). In the baseline conditiar 0.68,P =

0.5. Hence greater levels of ownership are as®mtigith higheAHPT. This is independent of
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VTS or distance. It could be that since distance@$fiave seen is also associated with ownership
that this relationship reflects the impact of dis@rather than ownership. Indeed this is likely to
be the case since when these regressions arerraado level of distance separately then the
relationship between ownership andPT is not found. However, this does suggest that
ownership modulates the effect of distance\&iPT, that it is not ‘distance’ in itself respongbl

for the effect but the effect of distance via ovaep.

Discussion

In this study we investigatéd?®"*awhether the distance between real and virtualtachan
impact on pain perception, thus explaining disptitedings in the literaturg 6936374034
analysis confirmed that the threshold to perceitieat pain stimulus as painful is modulated by
seeing virtual embodied arm and that the pain tiolesis higher when the virtual arm is co-
located with the real arm than when the virtual &130 cm away from the real arm. The latter
30-cm distant condition is a similar arrangemerth®one in a rubber arm illusion experiment.
We further find that participants who report strengwnership illusion over the virtual arm tend
to have higher pain thresholds. Below we discussipte interpretations of the obtained results.
I ntroducing a distance eliminates the analgesic effect of co-location

Our data show similar HPT when looking at the amated virtual body compared to looking at
the real hand during the baseline measurement{gaee 2), which was conducted outside
virtual reality. This is consistent with the whdiedy of literature showing an analgesic effect of
looking at one’s own haid?®3'32 Specifically, in an earlier experiment we showeat looking

at a virtual hand that is perceived as one’s owrdha analgesic compared to looking at a virtual

non-corporeal object or compared to not seeinglimabs®. Building on this finding the
15



responses during co-location conditions could berjpmeted as analgesic. However when
introducing a distance between real and virtuadhanr data show significant differences
between the baseline and the distance conditiorbatvdeen the co-location and the distance
condition. In other words, our results show thakiag at a surrogate hand that is attributed to
the self when surrogate and real hand are co-ldd¢ws similar analgesic effects as looking at
one’s real hand. This effect diminishes when int@adg a distance between real and surrogate
hand.

Baseline levels were always takagfore the conditions in virtual reality, thus the effeft
habituation would not affect the baseline values.the four conditions the potential effect of
habituation should have been removed by balanbieig order. On the other hand, it is
interesting to note that, without the potentiaketfof habituation, the vision of the real hand
brought about the highest average HPT, equalizgdbynthe synchronous co-located VR
condition.

A significant body of literature shows an analgesffect of looking at one’s own both?***(see
for a review"). However, in the present study we did not mariguthe vision of the embodied
virtual body versus for example a non-corporeagcobyvhich would have allowed us to replicate
the analgesic effect of looking at one’s embodietlial arnt®. Therefore we cannot show that
this effect is in our data, however we think that @an build on this known effect.

Distance alters multisensory remapping into common reference frame

The analgesic effect of seeing one’s own body leas lexplained by two mechanisms: (1) an
increase in intracortical inhibition and (2) reangaation of somatotopic maps in terms of
sharpening receptive fields in primary somatosgnaoeas. Several pieces of evidence support
this view: for instance, it has been shown thatik®n of one’s own hand increases intracortical

inhibition compared to seeing an obfedurthermore, several forms of chronic pain are
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x026:533nd treatments that foster this

associated with reduced inhibition in sensorimetuote
inhibition, like GABA-agonistic drugs or TMS, arsed as effective treatments for chronic
pair?>. These findings can be related to the effect oB&&rgic inhibition sharpening the size
of tactile perceptive fields in primary somatosegysareas Studies of chronic pain typically

report reduced tactile sensitivity on the painfotlip parf' 32

and disorganization of
somatotopic mapé2*2°48>">%studies on chronic pain show further that thatrehship between
chronic pain and body representation seems to lve awnplex. Chronic pain is connected to
changes in the central nervous system and reog@mzprocesses in the brain are assumed to
contribute to its chronificatidA** Pain has a multifactorial natdrend the conscious perception
of pain is even more disconnected from the actssilite damage in chronic pain than in acute
pair’*®L Further cognitive, affective, and behavioral éastplay an important role in the
development and maintenance of chronic PalBody representation has been shown to be
distorted in chronic pairt®11742435758t the extend of this distortion seems to vargfifferent
chronic pain syndromésWhen surrogate limbs are used to modify suctodisd body
representations, the ability of the patient to pttee surrogate limb as his/her own limb seems
to play an important role. A recent study by Feeltl colleagues in chronic phantom limb pain
patients showed that perceived co-location of Ipbidmtom and surrogate arm plays a crucial
role to have analgesic effects in mirror therdpin this study two groups of chronic phantom
limb pain patients were compared — one group hadetlescopic phenomenon where the
phantom arm is perceived as if it was pulled il $tump while the other group did not have
this phenomenon. Importantly, they show that oh&/group without telescopic phantom gained
from the mirror therapy (i.e. showed the analgeffiect) indicating that co-location of phantom

arm and surrogate arm is an important factor.re With these findings our results show that co-

location of real and surrogate arm is also impdritaacute pain.
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Reduced embodiment mediated through distance reduces predictability of heat stimulus

The perception of our own body is a flexible ma@tisory constructidfi. This construction is
based on principles of multisensory integratjavhich in the case of conflicting sensory
information result in a compromise. Such confligtinformation is for example present during
asynchronous visuotactile stimulation of real amdagate body part, or for example when there
is a distance between the two. Both, asynchronimsilstior? > and distancdé?’, have been
shown to reduce the feeling of body ownership drersurrogate body, a finding that we
replicate in the present study (see questionnagelts, Figure 3A and B). Interestingly, although
asynchronous stimulation is associated with redboety ownership, the analgesic effect of
looking at one’s embodied surrogate arm persistiserasynchronous condition under co-
location. This is probably due to the fact thatyiiual reality, the co-location of the virtualnar
together with being immersed in the first-persorspective are strong enough input to induce
ownership. This induces a large tolerance towardssynchronous stimtfij which can still
induce ownership and analgesia albeit to a (nonifggnt) lesser extent than synchronous
stimuli. Indeed, non-significant differences in Eyesia between synchronous and asynchronous
conditions was already reported in previous stddi8s

Non co-location (i.e. distance) as opposed to @wsymous visuotactile stimulation could be
potentially perceived as stronger multisensory mststency. Such mismatching multisensory
information might lead to blurry receptive fieldsdabody boundaries. The predictability of
potential harm would be decreased when body boiegdare blurry. In order to cope for this
uncertainty, the brain might lower the general H&§trengthen the body’s protective
mechanisms. A recent study showed for examplepixaieiving strong ownership over a
transparent body (i.e. a body with blurry body bdanies) results in lower HBT This would

negatively add up to the reduced embodiment effegiain in the distance conditions.
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Ownership and viewpoint of the virtual body affect pain processing

Pain perception is highly subjective and it camimelulated by different bodily representations.
This relation between body representations angtbeessing of painful stimuli was recently
investigated by Romano and colleagiie their study they used changes in skin condaeta

as indirect physiological measure of pain and folemeer physiological responses when the
virtual body was co-located with the real body canggl to when the virtual body was spatially
misaligned. Our results are in line with the phimiical results of this study, and we further
provide evidence that can be directly linked tangaerception (see Figure 2). Furthermore, we
find that people who perceive stronger ownershigr dre virtual arm have also higher pain
thresholds, in other words, the more people peecie illusion that the virtual hand is theirs the
more analgesic is the effect of looking at it. Tees in line with a previous finding that looking
at a virtual body reduces the skin conductanceorespto painful stimuli compared to looking at
a virtual object. Similarly to our findings thisusly found a negative correlation between reported
body ownership and skin conductance response.

Synchronity of visuotactile stimulation does not affect heat pain thresholds

Body ownership over a surrogate body can be indtlredigh visuotacti&®, visuomotof*>2

or like in the case of co-location through visugpioceptive contingencid$®®. While the
rubber-hand illusion is limited to visuotactileasuomotor contingencies, all three induction
methods can be executed in a virtual environmeat.fiddings confirm that both visuotactile as
well as visuoproprioceptive contingencies inducdifgs of body ownership, reflected in high
ratings of body ownership related statements irgtrestionnaire (see Figures 3A and B).
Synchronous visuotactile stimulation versus asymobus did not result in different HPT;
however there was an effect of virtual body ownigrsim HPT. Therefore, the relevant aspect is

the ownership developed over the virtual body whichs not necessarily require exogenous
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stimulation but that can be induced by first perperspective together with co-locatfénA

similar finding has been reported by Hansel anttague® who studied the perception of
pressure pain during an out-of-body experience.

Virtual reality in pain treatment

Virtual reality has been effectively used for paianagement (for exampfe?) for its power to
draw attention away from pain, but its usefulnesssgoeyond mere distraction processes. For
example in paradigms making use of virtual body exship it has been shown that when the
virtual body is attributed to oneself, looking laat body has analgesic effects. Further, the color
of a virtual body that is attributed to oneself aaifuence HPT, so that pain stimuli on a red
colored virtual arm are perceived as more paitifahton a normal or bluish colored &rnit is
relatively easy to change the properties of a alrbody, so virtual reality has a big potential to
take advantage of these body related top-down ratidak on pain perception. The results of the
present study support the use of virtual realitypf@ain treatment but only when real and virtual
limb are co-located. The relation between bodyes@ntation and chronic pain is more complex
and needs further investigation. One problem isithenany states of chronic pain the body
representation is disrupt@dincluding Complex Regional Pain Syndrdrffe chronic phantom
limb paint’, and chronic back paih® Therefore treatments like mirror therapy loserthe
analgesic effect in patients with strong distorsiaf the body representation like the telescopic
phenomenoli. A very recent study in an immersive virtual enviment demonstrated an

analgesic effect in out-of-body illusions in chropiain patientt.
Conclusion

It is known that the vision of the own body haslgasic effects and that similar analgesic effects
are induced by looking at the embodied virtual hadyen co-located with the real body.

However, increasing the distance between the rehttee virtual body eliminates this analgesic
20



effect. This finding not only explains some disglteports in the literature regarding whether
the rubber hand illusion has an analgesic effeabbrlt also has relevant implications in the
field of pain management with virtual reality togi®inting out to the importance of co-locating

the real and virtual limb in such applications.
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Figurelegends

Figure 1. Experimental setup. The participant was usingaamaounted display providing an
immersive virtual environment including a virtualio body that was perceived from a first
person perspective. The transparent arm outlindd awvhite dashed line indicates the position
of the virtual arm. Position of participant duri(A) co-location, where virtual and real arm were
co-located, and (B) when there was a distance eh30etween real and virtual arm. (C) The
virtual body from first person perspective (pagamt’s point of view). The red dot displays the
ball that was tapping the fingers during the visgtte stimulation (VTS) phase at the beginning
of each trial. Participants were asked to lookatright virtual arm throughout all experimental
trials.

Figure 2. Mean of difference in heat pain threshalMHPT) in the four different experimental
conditions with respect to the baseline. VTS = etaatile stimulation; error bars indicate the
confidence interval of the coefficient for the facctlistance.

Figure 3. Boxplots of questionnaire ratings after each eéxpental conditionA.
OwnershipPresence (It seemed as if the virtual masimy real hand.B. OwnershipStrength
(On a scale from 1-10, how strong did you havelthsion that the virtual hand was your real
hand?)C. TappingLocation (It seemed as if | were feeling thpping in the location where my
fingers where.)D. BallCausesTouch (It seemed as if the vibratiom$ weeling on my fingers

was caused by the ball touching the virtual fingers
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Table legends

Table 1. Questionnaire given after familiarization phase aftdr each experimental phase. Note
that each question was given a brief name in dalbetter refer to their content.

Table 2. Upper part: Mean and standard error of mean (SH)eofaw heat pain threshold (HPT)

in the baseline and the four different experimeataditions (in °C). Lower part: Median values

and Interquartile Ranges (IQR) of questionnairengst Ratings could range in the first six

questions from 1 to 7 and in the last question fioto 10. VTS = visuotactile stimulation.
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Questionnaire item Item tag

1. If,vsheeer?ed as if | were feeling the tapping in the location where my fingers TappingLocation

2. It seemed as if the ylbratlpn I was feeling on my fingers was caused by the BallCausesTouch
ball touching the virtual fingers.

3. It seemed as if the virtual hand was my real hand. OwnershipPresence

4. | felt as if | had more than one hand. MultipleHands

5. It seemed as if tlhe vibration | felt came from a place between my real VibrationBetweenHands
hand and the virtual hand.

6. It seemed as if my real hand were becoming virtual. RealHandTurnsVirtual

7. On a scale from 1-10, how strong did you have the illusion that the virtual

hand was your real hand?

OwnershipStrength




Synchronous VTS Asynchronous VTS

Response variable Baseline Co-location 30cm distance Co-location  30cm distance
Mean SE Mean SE Mean SE Mean SE Mean SE

Heat Pain Threshold (HPT) 450 04 452 0.4 44.7 0.4 45.1 0.5 447 0.5

Median IQR Median IQR Median IQR Median IQR

Ownership

OwnershipPresence (Q3) 6 5-7 5 2-6 5 4-6 3 2-4

OwnershipStrength (Q7) 8 7-9 5 4-7 6 5-8 4 2-5

lllusion induction

TappingLocation (Q1) 7 6-7 5 4-6 4 1-6 3 2-5

BallCausesTouch (Q2) 7 6-7 6 5-6 2 1-3 2 1-4

lllusion perception

MultipleHands (Q4) 1 1-2 3 2-4 2 1-3 4 2-5

VibrationBetweenHands (Q5) 3 2-5 4 2-5 3 2-5 3 2-6

RealHandTurningVirtual (Q6) 6 6—-6 4 3-6 5 4-6 3 2-5
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Seeing an embodied virtual hand is analgesic contingent on

co-location

Birgit Nierula**®, Matteo Martinf®* Marta Matamala-Gom&2 Mel Slate?, Maria
V. Sanchez-Vives*"cd

Short running title: Visually-induced analgesia by virtual embodiment

Highlights

» Seeing your embodied virtual body in virtual rgaincreases pain threshold.

» To increase pain threshold your virtual and bealy should be co-located.

« For the arm, this analgesic effect diminishesmthere are 30 cm between virtual and

real arm.
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