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Embodying a moving alien hand.
An investigation of visuomotor integration processes
underlying embodiment in healthy controls and in patients
with diagnosis of schizophrenia.












Abstract

The present thesis addresses the build-up of the senses of agérmmynership in schizophrenia, as a
clue to understand the mechanisms of self-awareness inghtsets. Based on previous literature
highlighting disturbances of sense of agency and impairmesensorimotor integration, we carried
out a series of three studies aimed to explore self-body mitimegby capitalizing on a visuomotor
body illusion, i.e. the mirror box illusion. This paradigm wee&ful in order to elicit overt sensations
of agency and ownership under condition of illusorily embodimEatmoving alien hand.

In Experiment 1, the effect of temporal congruenEfHW ZHHQ YLVXDO H[SHULPH¢
UHIOHFWHG LQ WKH PLUURU DQ/GBTW KHD GE BUBEHR Bt Ddjectivél SDUW
measures (namely, embodiment questionnaire and forearmidristask) of the illusion was addressed
in 36 healthy participants and 29 patients affected by sdimieof@. In healthy participants, sense of
agency, sense of ownership and bisection performance modudamilance with the extent of visuo-
proprioceptive synchrony. By contrast, the sense of agencybaedtion performance did not
significantly vary across conditions in patients. Such resultcatelithat impaired sensorimotor
processes, as testified by previous work on self-attribution taak explain the altered modulation of
embodiment in the schizophrenia group. We hypothesizetitbatensorimotor mechanisms might be
implicated, namely a widened visuo-proprioceptive TBW aikruption of efference-related signals.
In order to help disentangling the role of these two mechanigra second experiment was designed.

In Experiment 2, participants were asked to perform aativgpassive movements, while
increasing time-lags between the visual and the proprioceppwe were introduced using a custom-
made mirror box setting. A sample of 32 healthy controls and ti@smwith schizophrenia was
recruited. Preliminary analyses show an altered modulafiadhe illusorily sense of ownership in
patients, which is mostly accounted for by an enlarged ypsaprioceptive temporal binding window.
This result might indicate that an abnormal integrationffefrent signals is strongly involved in the
disruption of self-body ownership (intended as the self-identificavith a body) in schizophrenia.
This conclusion, however, warrants caution given the smalb$ittee patients group.

Finally, Experiment 3 represents an exploratory study to teshypethesis of abnormal
malleability of body representation in schizophrenia derfiaah the literature on rubber hand illusion
in schizophrenia. Based on this assumption, it could be expetepatients are abnormally prone to
embody an alien hand positioned at an anatomically implaudibtance from the body. In order to
address this issue, we first sought to verify to what eXiightspatial visuo-proprioceptive discrepancy
can inhibit the sense of ownership for a moving alien hargbatthy people. Using the same mirror
box setting previously mentioned, we obtained results that ayepaniially in agreement with the
hypothesis, since illusory ownership deems to decreases onlysathijleetive, but not objective level.

Further work, using a different experimental manipulatiomhtnbetter address whether these results



may be due to the task used or to the higher sensitivity cdctiug assessment of body ownership to
this kind of manipulation.
In conclusion, the present work demonstrates that putativelgiiied visuo-motor integration
processes in schizophrenia do not only impact on the sense ofajgehalso on the recognition of
RQHYV RZQ ERG\ 7KHVH ILQGLQJV Hthe h& hand HIYsioR, pokovidiRgU N ED V|
empirical evidence of the fact that disturbances of bodyepéon in schizophrenia can be dependent

on defective sensarimotor processes for action.
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The awareness of being the agent of own acimimmediately and effortlessly given to us. Such a
fundamental component of self-experience may be drarfipticalermined in schizophrenia, resulting
for instance in the pathological belief of being in contfatber people or entities. The present chapter

will review experimental accounts about disturbances of gelfi@y in schizophrenia

1.1 Self-reference and schizophrenia

For a long time, schizophrenia has been characterizediasrder of the Self. Common ideas
encompassing several formulations of core psychopathology of this syndrgand the disintegration
of the Self and the loss of the synthetic capacity of the psgdmald together self-components into an
unitary 3, “experience (Mishara, Lysaker, & Schwartz, 2014). In, faxgtny symptoms suggest a
disconnection of the Self from th8 D W LeX@N¥IC¥ that insidiously impinges on the first-person
access to the representation®fQ H { \actibAQthoughts and perceptioRer instance, schizophrenic
patients may report that alien thoughts come into theidraind they may develop the delusional
conviction that those thoughts originate from someone or sometlsiegHenriksen, Parnas, & Zahavi,
2019) Similarly, they may hear voices without a veridical stimulus (AllendiavicGuire, & Aleman,
2008)or while they are actually sub-vocally speaking (C. Frith, 2005)

Self-reference involves the arising of two fundamental sensatierards the object of ongoing
experience, €., sense of ownershigndsense of agencyhe sense of ownership pertains to the feeling
that an experiential content belongs to us, while the sdrageacy is the feeling of causation over it.
As Gallagher elucidated, one may typically feel sensevafership and sense of agency for a
movement, but they would do so likewise for a thouglfi¢eling, etc (Gallagher, 20Q0h the studies
reported in the current thesis, these aspects of self-erperiare addressed in healthy people and
patients with schizophrenia, while they perform a moveniert,der to further clarify the emergence

and variability of their sense of agency and sense of owpesshi a moving hand.



1.2 Sense of agency in schizophrenia

The W H Wdnsquiof agendjs variously usel to refer to several aspects of the subjective
experience of performing an act, such as the feeling nglibe wilful initiator of an action (Gallagher,
2000) the sense of intending and executing an action (Tsakiriaggérd, 2005a), the feeling of being
in control of our own actions and the sense of authorshiptiegrconsequences (Moore, 2016)

Although it permeates our experiential Jitan explicit sense of agency is usually minimal and
3SKHQRPHQ,D® e areKdrdy aware we are acting upon the wdddgard, 2017)A recent
model tries to capture the different facets of agency phenomendiagyng the distinction between
the feeling of agencynd thejudgment of agencylhe feeling of agency is the non-conceptual and
implicit feeling of being the author of our own actions.sTtfeelingis based on a stable perception-
based representation of agency arising from the processingsairigaotor signals. The content of this
representation allows the classification of an action dscaabked or not self-caused, but it manifests
as a non-analyzable whole. The judgement of agency, on thehatharis the conceptual and explicit
belief-like awareness of being the agent. The judgment sndemt on a conceptual representation of
agency which is formed by inference from the proper wiightf different non-sensorimotor cues,
e.g., situational cues, like the presence of other ageatsdgom % may believe | am the agent of the
action just because | take into account the fact | am alone in the r@&ymofzik, Vosgerau, & Newen,
2008a, p. 8). The content of this representation has insteatljest-property structure (Synofzik,
Vosgerau, & Newen, 2008b)

The sense of agency represents a core component of 8edfred as it implies the Self as the
agent of actions or thoughts (Gallagher, 2000ural processes allowing suehbasic sense of
Imineness might be dramatically undermined in schizophrefiiais notion becomes apparent in the
contribution by Kurt Schneider who, looking for schizophrenic diagmepecificity, grouped together
a set of ego-related symptoms (the first-rank symptoms) thabeaegarded as the expression of a
pathological break-down of self-agency ascription procés§esnmon denominatorsf first-rank
symptoms are the difficulty to disentangle who is the agentSgifeor the non-Self) and the feeling of
being influenced by the external environment (sense of pgjsifatients suffering from these
symptoms may manifest the sense of lack of control over feetind actions, developing then the

belief of being at the mercy of external agents or forBésgy, 2011; Mishara et al., 2014&Experiences

1t is worthy of note that a reduced sense of agency is not a unique quatite sthizophrenic syndrome. The
v EZ] Zv *Cv &lu U (}& JveS v U e VvV(p&EVPIP] -o%TW(IEIu]EW%S]}V
sense of agency (Braunetal.,2018) AZ] Z §Z Z v +8 €S+ 8} S ]v % v v30C (E}u %o
an autonomous entity. Agency disruptions characterizing schizopheelahe anarchic hand syndrome are
similar, meaning that both reflect the lack of control upon movemensnetheless, their phenomenology
differs because patients suffering from the anarchic hand complaint the lsamisbehaving, and they may try
to stop it, but they do not report that an external agent/force is actugllyding their own actions (C. Frith,
2005)
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Schneiderian first-rank symptoms

Auditory hallucinations

xAudible thoughts Hearing voices uttering orfeown thoughts aloud (also thought echo).
xThird-person hallucinations Hearing two or more voices arguing about one in the third person.
XRunning commentary Hearing a commentary on orgpwn actions as they occur.

Altered somatic perceptions

xSomatic passivity The experience of being a passive and reluctant recipient of bodilatens imposed by externa
agents (it may be due to haptic, thermic or kinaesthetic hallu@nator triggered by real stimuli)

Altered thought experience

xThought withdrawal Theexperience that external agent removes op@wn thoughts from his/her head.
xThought insertion The experience that external force imposes alien thoagpon his/her passive mind.
XThought diffusion The experience that ong own thoughts are no longer confined into gp@wn mindand they

become audible in the external world. Broadcasting is the usual secpa@usional explanatior
(eg., telepathy, televisioh).

Altered experience of feelings and will

xMade feelings Experiencingdelings that lose thie special note of mineness and are attributed to external sourc
xMade impulses Experiencing powerful drives imposed by external force to carry entio actions.
xMade volitional act Experiencing own actions as being under control of external influérree individual feels he/she

isanautomaton, a passive observer of his/her own actions.

xDelusional perception Elaborating a real percept in a delusional way.

Table 1. Schneider's first rank symptomdE ]5]}v ooC-SbabuvP/VZ U §Z C & ( € S} §Z A
S]tveU ( o]JvPe v } ]oC * ve B]}vfou]lvP ZWE § V]%po § C }SZ & P vSs:«

of passivity can affect different aspects of self-exmese such as the sense of control over own

actions, but also the sense of ownership of self-producedhtguperceptions and feelings (Crow,

1997; Mellor, 1970) (Table 1). For example, paseran experience sensations of alien control over
movemets, e.g., motor passivitys, P IRUFHG WR ZDON DURXQG ,fP EHLQJ PDC
(Waters & Badcock, 2010)ikewise, they can vividly perceive one or more commanding voices,

usually belonging to external entities, that are able ta @kstsical and emotional influence on them

in an authoritative and unpredictable manner, &gQ D P L Q J Mahh, FyeliMdestrved it because you

brought all this pain and suffering(Upthegrove et al., 2016; p. 93)

In the past decades, a substantial body of research has addselsigophrenia as a pathology
of the sense of agency. An influential hypothesis poiiat passivity symptoms stem from an
impairment affecting central mechanisms for monitoring eaqmid correction of actions (Feinberg,
1978; C. Frith, 2012; C. D. Frith, Blakemore, & Wolpert, 200Dhis hypothesis based on the
assumption that any time a voluntary motor command is istkuékde musculoskeletal system, a
prediction of sensory feedback is derived from an efferemeaithe motor command. Put differently,

the motor control system predicts all the perceptual changes daysled execution of an intended



movement. PredictioRsand outcomes of a voluntary action are systematically cauphy a
specialized structure in a way that whenever they diffprediction error is computed and employed
for motor correction (Wolpert & Ghahramani, 2000). This tle&oal framework is usually referred to
asthe comparator modeCrucially, the comparator has been also regarded as alcamchanism
underpinning self-experience, that one allowing the perceptualafistirbetween sensory events that
RFFXU DV D UHVXOW RI RQHTV RZQVERARWLHQKO IVORSI N RIFBIY § HVHKO W
would be possible by theensory attenuatiorf the perception of self-applied stimuli (Sarah J.
Blakemore, Frith, & Wolpert, 1999; Sarah J. Blakemore,p#ft| & Frith, 1998). Hencevhenevera
sensory event corresponds to the predicted consequencellefdsagiion, the result of the comparison
between prediction and outcome will be z@re., any prediction error at the output of the comparator)
Accordingly, sensations produced by Q leWirVmovements are labelled as self-generated. This would
allow to unequivocayl attribute self-produced sensations to our own agency, and distitoguish
between self-produced. externally produced actions.

According to Frith, the delusional feeling of alien cohtis the product of dysfunctional
forward modelingthat is a problem affecting the efferent copy of theamobmmand (C. Frith, 2005).
Because predictions of outcome are not appropriate, sensorydkedioeving fromorHV RZQ DFWLRQ'
cannot be cancelled out by a proper internal predictidnaaa thus perceived as vivid as externally-
produced sensory events. This would account for delusiarentfl, such as the feeling that thoughts
and actions are transmitted or driven by external agefitse finding that patients with a current
delusion of control did not show the attenuation of self-touchepéon when asked to judge the
ticklishness of internallyvs. externally- generated tactile stimuli supporis #ssertion, suggesting in
particular a deficit affecting the forward outcome moddhkBmore, Smith, Steel, Johnstone, & Frith,
2000). Frith suggests that the overactivation of parietal §8@ence et al., 1997) may represent a
neural correlate of the failure of sensory attenuation lnsdms of control (Frith et al., 2000).
Comparing schizophrenic patients with and without passivity syngpthuring the performance of free
vs. stereotyped joystick movements, Spence et al. (1997) foandhin current presence of passivity
symptomss associated to the hyperactivation of the right inferigreta lobule and cingulate gyrus.
Interestingly, this overactivation was found to be reduced aiaission of symptoms.

The overestimation of a force shown by healthy individuals wekadato perform the force-
matching task also proves abnormalities affecting sensory aitamuatthe study of Shergill, Samson,
Bays, Frith, & Wolpert (2005) participants were asked to peeceitarget force applied on their left
finger by a motor torque and to reproduce this force, eltiignushing with their right index on the

motor torque (direct estimation) or by using a joystick coliigpthe motor torque (indirect estimation).

2 Predictions (also called forward models) can regard the trajectottyeofoving body part in time and space
(the forward dynamic modglor the kinematic and sensory feedback that the movement will prodtree (
forward output modél.



Critically, only when the participant is required to mathk force just experienced through direct
estimation, mechanisms for sensory attenuation are regruithis fact makes healthy participants
overestimate the target force given that the sensory outobitheir pushing movemetig predicted
and thereby partially cancelled out. In line with thepmsal of a defect in the prediction processes,
participants with schizophrenia demonstrated instead to be acourate than controls in reproducing
the target force via direct estimation (percentagetehaation: 27.5% in the patient group. 43.5%
of the control group) because the cancellation process does netlpmmerate

JULWKYV K\SRWKHVLV KD sméothip@suit 6y€-Roe@&ntd pevfas Haae \
/L Q G Q H Usttiow pBriipfakts loadat a fixation target moving rightward amidst a clouevbite
dots serving as background. After each trial, they weredatskeeport the direction of the perceived
background motion. The speed of the background was varieddawgto a staircase procedure until
the background resulted perceptually staBleirft of Subjective Stationarit$0% leftward and 50%
rightward answers). By subtracting the background velocitiyeapoint of subjective stationariye.,
measure of the predicted amount of retinal image motion @ttlng eye rotation) from the velocity of
the pursuit eye-movement (i.@ measure of the actual amount of retinal image motion), Linaimer
colleagues could quantify the size of tBR& RPSHQV D W H G CRH\P derbhstr@tedby their
regression analysisV KH 3&5 G H.¥é.|.rivédsBrof thie absolute deviation of individual CR from
the average CR of the control group) was specifically positoaiyelated with the severity of delusions
of influence. This result, which suggests a suboptimal compensdtioaretinal reafference in patients
with delusions of influence, provided additional evidence foclkien that passivity experiences might
be due to comparator model deficits (Lindner, Thier, Kirchemrkheier, & Leube, 2005).

Notwithstanding, several studies undertook within the theoreti@ahdwork by Marc
Jeannerod and coworkers disproved the hypothesis of an impairmamdaftion in schizophrenia
(Daprati et al., 1997; P. Fourneret, Franck, Slachevskye&nerod, 2001; Pierre Fourneret et al.,
2002; Franck et al., 2001)eannerod proposed that we may distinguish between the codettea
overt stage of action that, far from being completely dissediprocesses, constitute two counterparts
of the same phenomenon, ithe representation-execution continu(@eorgieff & Jeannerod, 1998).
An example of covert action is appraising the feasibility of @avament because it implies motor
imagery, namely the mental simulation of the posture to qoiisimthe required estimation. The
existence of these two modalities of action is supported hyalbamon-overlapping neural areas

(Jeannerod, 2001). Additionally, Jeannerod distinguished between eensaim unconscious

3 The visual system can distinguish between movements on the retina that are doovements in the world

from those due to our own movements. The comparator is here assumedntrast the retinal feedback with

the visual prediction both to calculate the prediction error so tarect eye-movement, but also to remove the
au}pvs }( u}s]iv Jv 8Z & §]v o ( | §Z § Z « V %o E}AL U evidhal [+ JAV
feedback attenuation): In this way the retinal image slip of the surrounelimgronment induced by eye rotation

can be self-attributed and the environment appears stationary.



processes underlying self-attribution of actions. In principle,peoator-like comparisons between
efference and reafference can occur at both unconscidusoascious level. On theV XEHUVRQD O~
level, effortless and automatic comparisons provide information forirtipgicit self-identification

(these mechanisms are those recruited for the online mogitarid correction of self-generated
movements) On the 3S HU V Re@D @ffortful and conscious comparisons of signals provide
information about the goal of the action and the agefitechttion itself. In this regard, sense of agency
disorders of people with schizophrenia are due to the unpiopetioning of the representational level

of action (Pierre Fourneret et al., 2002; Jeannerod, 2009).

A first line of experimentsE\ - HD Q Q H U Rd&lifssed thR Xbdity of agency judgement in
schizophrenia. These experiments were designed in orderviol@marticipant with movements of
uncertain origin, meaning that the agent of the movemend b@uihe participant himself or an external
agent (e.g. an experimenter). Under this condition, the geatitiwas to make conscious agency
judgements (Georgieff & Jeannerod, 1998; Jeannerod, 2009). Baswetilgn recognition was
dependent on the ability to detect fittegross spatiotemporal deviations introduced in the visual
feedback of performed movement
In Daprati et al. (1997), the visual feedbatkhe hand movement was provided through a video-screen.

The video consisted in (13 D U W L BwrsHa@Widving, (2) théei[SHULPHQWHU TV KDQG SHU
same gesture, or ()t [SHULPHQWHU TV KD Q G g&skiké PRriicpan® vdde &skdd td U HQ W
verbally judge whether the hand in the screen was their awtihel more ambiguous condition (the

second one)delusional and hallucinating patients significantly underperfaith respect to healthy
participants (error rate: delusional=80%, hallucinating=77%,trols+30%) By using a more
sophisticated techniqu&ranck et al. (2001) reached analogous resBigticipants were required to

judge whether a virtual hand, visually overlying their own hamactly replicated their actual own

movement while angular bias or temporal delays were systathataidded to the movements of the

virtual hand. Overall, patients made errors up to higher degriefeedback distortioResides, results

showed that the subgroup of patients with delusions of infu@rere specifically less sensitive to

angular deviations compared to the other groups. Taken togttisecouple of studies consistently

shows a significantly higher tendency by patients taVWLQWHUSUHW RWKHUVY PRYHPH
movements (i.e.hyper-attribution of self-agengyecause of a higher mismatch detection threshold.

The proneness for over-attribution error in schizophrenia inh faeeals a worsening an error

tendency yet observed in healthy controls. In general, defigie the comparator could hardly explain

both the hypo-attribution of self-agency characterizing pagsymptoms and the over-attribution of
self-agency experimentally observed in these studies (Gdoggidétannerod, 1998). Franck et al.

(2001), for instance, commented that an effective understanfisgatial cues of a movement (e.g.,

direction of the motion trajectory) is crucial to grasp goal of the action an® J H @¥hfiadns during

the observatiorR|1 RW K H U V {TReRneapdbiit@tdunderstand motor spatial cues leads tasmn



who is the agent of an observed action. The misinterpretatégnifests as the tendency to believe of
being the agent of the movement performed by others witpatadlel feeling of being controlled by
them. As Franck seems to suggest, the impairment affectiresegpations serving the observation of
action motivates the failure to detect gross spatial mignizetween reafferent feedbacks in influenced
patients

A couple of studies by Fourneret more straightforwardly calltal gnestion the hypothesis
that comparative mechanisms go wrong in schizophrenia. Baséle notion of the presence of
unconscious to conscious levels of motor processing, he addressedn#itdous access to motor
correctionsE\ DGRSWLQJ D YLVXR P RW &tibnGMcKtssk/ Buibi@cts war®sihiply 3
to trace a line in the sagittal direction up to a visuaidiaiHowever, they were precluded from viewing
their hand, they codlonly see the drawn line reproduced by a dedicated system #iivdnand
movements. The line, however, was systematically rotated by degrees to the right via a computer.
Participants have to become aware of the intersensorgatih and begin consciously compensating
the visuomotor conflict by predictively rectifying the hangectory to be effective in carrying out the
task (Fourneret et al., 2001; Fourneret et al., 2002). By pmegemntconstant deviation of 15° in the
feedback, patients with schizophrenia performed as wella@thieontrols, even though almost half
of them did not declare to have switched to the conscious ceat@mat some point. The presence of
Schneiderian symptoms was not a special feature of patientsutvitlveareness of the active
compensation (Fourneret et al., 2001). By gradually incresisingias in the visual feedback (from 0°
to 20°), patients performed as good as controls at small&tides, but they got worse when larger
deviations were presented. That is, patients were overtreiarhe biased visual feedback while
healthy participants paid greater attention to proprioceptif@mation to carry out the trajectory
adjustment. In addition, patients showed a poor sense of tred trefectory of their hand when asked
to judge their hand trajectory with respect to an abadirsseieral lines of different angular deviation
(Fourneret et al., 2002). As Fourneret and colleagues arthedgreserved ability to compensate
smaller discrepancies accounts for unimpaired automatic catiyga mechanism, againstU LW KV
hypothesis. Conversely, the problem would stay in the switcithe conscious modality of
compensation: The abacus test suggests that the lack of a rel@aes to the conscious hand
representation make patients poorly aware of the actualigoosif their hand when they are to
intentionally recalibrate the movement trajectory to cengate for larger incongruencies. As such
authors supposed a passivity experience in their schizophrergatpatie., they might have felt the
YLVXDO IHHGEDFN ZDV JUDGXDOO\VSXQW HREQNYZD Q GUyB2v@rk/HD Q G R
monitored the resistance exerted by this external force against the effahtehatid they felt to move
in the desired direction(Fourneret et al., 2002; p. 153).

As such, studies presented so far sleomather inconsistent scenarion the one hand, the

hypo-attribution of self-agency characterizing passivity symptaan be explained by an altered



sensory attenuation. This result supports the notion of defectiyeacative mechanism®n the other
hand, the hyper-attribution of self-agency and the reduced vigoordjustment disprove comparator
model hypothesis in favor of a disruption of conscious processestion (Synofzik, Thier, Leube,
Schlotterbeck, & Lindner, 2010). Synofzik and colleagues praptss the reason for the seeming
incompatibility between hypothesis based on the comparatdelmand the increased mismatch
detection threshold shown by people with schizophrenia may retiieoextremely high variability
affecting internal signals (Synofzik et al., 2010p test this hypothesis, they designed a visuomotor
adaptation task aimed at quantifying the variability ofan@redictions and proprioceptive infue.,
internal signals) in schizophrenia. Visuomotor adaptationim@igsced by a virtual hand providirey
distorted feedback of pointing movements performed by subjduetsdi$tortion consisted in the virtual
hand gradually rotates 6° clockwise with respect to thelieatimovement direction. Throughout the
adaptation procedure, the movement was performed with thé fésdaack providedéedback trial
and without it perceptual probe trials At the end of both kind of trials, participants were asked t
give a perceptual estimate of the direction of the pointinggestormed. Crucially, the perceptual
estimate performed during perceptual probe trials aimed bingrthe degree of adaptation of internal
signals to the distorted visual feedback previously .s&ehoth feedback and perceptual probe trials,
perceptual estimates of schizophrenia group showed a signifidargigr trial-by-trial variability.
Moreover, the extent of trial-by-trial variability at peraggitprobe trials positively correlated with the
severity of delusions of influence. Therefore, patients displdremely imprecise (thus unreliable)
predictive and proprioceptive signals, mainly in case of passyityptoms. Besides, the extent of
adaptation of the perceptual estimates to the rotated Mrama in feedback trials (not in perceptual
probe trials) was almost two-time larger in patients. Tihiing suggested that the disruption of internal
cues for sense of self-agency (as shown by results above) may peysgytual system of patients to
add much more weight to exteroceptive signals (e.g., visedback) when presénin the light of
these results, authors finally speculated that in casgnattcues are temporarily not attended or
unavailable, and agency attribution can thereby only be doiyérternal cues and predictions, patients
might additively assume that external forces are causindlwenmeing their actions. Additionally, they
suggested that agency disturbances in schizophrenia are mdstéd ro predictive mechanisms
serving motor perception instead of those serving motor éracun fact, at some trials during the
experiment participants were to pinpoint toward a visuaetawithout the virtual feedbacknptor

probe trialg. These trials aimed at targeting processes for visomadjustment, that is prediction

4 This interpretation was conceived within the conceptual framework of the Multifactdfighting Model that

stresses the weighted integration of many cues of self-agency. Accdalthgs model, the brain is constantly
weighting perceptual (interoceptive and exteroceptive signals along withnat@redictions) and cognitive cues
of sense of agency on the basis of their respective reliability imes gituation (Synofzik et al., 2008b, 2008a)



error calculation and error correction. At these tripésformance of patients was in fact comparable to
that of healthy controls.

Sense of agency disturbances in schizophresnebeen also addressed by the experimental
paradigm devised by Patrick Haggaiithis procedure provides a viable way to probe a specific
phenomenon characterizing time-awareness of actionntiational binding The experimental task
requires participants to press a key that triggers a tonéocamdketime judgements for actions by
referring to a rotating clockn the experimental conditions, participants are to reptrerethe time
when they press the key or when they heard the tone. In twooadditiaseline conditions, they perform
the same time estimations, but the key press and toneindsalation. When participants can develop
a sense of causation over the tone (during the experimental oosjjiihey perceive voluntary key
press as occurring later and their auditory sensory consgggi@s occurring earlier than the actual
timing. In other words, action and tone are perceptualffeshtloser in time as though the action was
attracted by its external consequeridds effect reveals that there exist certain procesas¢intiegrates
the conscious representation actions and event which leadigtogtion of time-awareness of action
(Tsakiris & Haggard, 2005a). Intentional binding effect nlagnce represent the measurable
FRQVHTXHQFH RthekdtdHoflderis®of\AgknayWs the association between a voluntary action
and an outcomé(Haggard, 2017, p. 198) and it can thereby be used as aniimudrker of sense of
agency

Participants with schizophrenia demonstrated a stronger mtahbinding effect because they
showed to underestimate the time interval between the aatithe sound more strongly than healthy
controls (51 millisecondss. 229 milliseconds)The hyper-binding effect suggested that patients have
an exaggerated association between the representatiom action and of its outcome, an effect that
might also account for the more tolerant temporal bindimglasv and for the hyper-attribution of self-
agency found in previous studies (Haggard, Martin, Taylork€Jaleannerod, & Franck, 2003).

The comparator model implies that agentive awarenessioh&ch Yost-action verificational
judgment® (Tsakiris & Haggard, 2005; p. 391 which any contribution coming from preparatory
processes like the intentida-move is at stake, e.g., the brain infers the agent only teetone has
occurred uniquely adopting a retrospective reconstruction of agedegh a view has been partially
disproven by Tsakiris & Haggard (2003) since they provided evidiiatdhe agentive awareness of
action also depends on the generation of the motor intentioarapedictive signals, both processes
operating prior to any perceptual feedback generationiely wf these considerations, Voss and
colleagues examined the distinctive ralk prospective and retrospective mechanisms to agency

attribution in schizophrenia. Participants underwent two experial conditions where the key press

5 The comparator model postulates that sense of agency arises afterothparison between the sensory
feedback and the prediction. Accordingly, sense of self-agengyostdnoc judgment largely dependent on the
time the motor reafference reaches the comparator (Gallagher, 200)veé€sely, any role is attributed to
sensorimotor mechanisms at an earlier stage in the planning ofractio



caused the tone to occur on 50% and 75% of the total trialsmidke the generation of prediction
about the occurrence of the tone less and more likely. Thegstr of intentional binding across
conditions revead that healthy people present a larger predictive thanspentive component
whereas the opposite pattern was true for patients witkggdhienia This result, which highligted
the overreliance of patients on postdictive agency attributiaccepses, suggested that sense of agency
is mostly inferred retrospectively starting from the happepindpe sensory event and independently
from its prior probability The authors arguedkiD the Batients appeared to experience the linkage
between action and tone as a surprising contingency discovered anew eachotoweriéd” (Voss et
al., 2010; p. 3110EHFD XVH L Q V KK brpR 818ylbeliQd donstant state of surprise, attempting
to understand the events that it has itself generdtidelggard, 2017; p. 205). Furthermore, the lack of
predictive shift of action awareness was correlated with sew#rdelusions and hallucinations.

In general, abnormal performance in self-agency ascriptisnhizophrenic persons has been
regularly reported in all studies summarized above. Sensminmechanisms underlying the
impairment has been targeted from different perspectivdiffigrent self-attribution tasks, both on

implicit and explicit groundA summary of the main resulis here attempted.

Studies based on tlsensory attenuation effect

Sensory attenuation constitutes the perceptual bias assdoidledorediction error resulting from the
subtraction operated between actual and predicted sensatgpemsdered by a voluntary movement.
The reduction of sensory attenuation of predictable stifeuti., self-applied touch) observed in
schizophrenic population might depend on the fact that inatleguiarnal predictions and/or impaired
comparative mechanisms impede that sensory consequences oftadi®mpartially removed from
perception (S. J. Blakemore et al., 2000; Lindner et al., 2005giBtet al., 2005) As self-produced
stimuli are perceived as vivid as externally-generated orissexperimental result could account for
the phenomenology of passivity (ipo-attribution of self-agency,eseh®xternal control). Findings
basedon sensory attenuation have been proposed to reflect aetlompevidence of a deficient
implementation of the comparator system in delusions of conivehghat sensory attenuation
represents the output of the comparison (Lindner et al., 2G@Bkrally, this line of evidence suggests
that the cause for delusions of influence relies on prediefoor calculation in its function to tag
sensory feedbackBV 3PLQH"

Studies based on thtentional binding effect

The intentional binding effect provides another indirect measant of agency. It reveals the distortion
of time characterizing the cognitive representation aboutntamded act and its outcomes. The
intentional binding in people with schizophreniasfound to be largely driven by the retrospective

component agency, namely by the occurrence of the sensomgoaense of the action (Voss et al.,
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2010). This fact, accounting for the abolishment of the prospemtivgonent of agency, may overall
agree with the above-mentioned hypothesis of defective ihgarediction as functional substrate for
schizophrenic passivity (Haggard, 2017)

Studies based on tlvésuo-proprioceptive mismatch detection

This ability consists in the conscious detection of a cross-modal leetoveen feedback. People with
schizophrenia tend to self-attribute movements at higher degfegisual feedback perturbation
(Daprati et al., 1997; Franck et al., 20Cd Jesult broadly indicating a more tolerant detectiorstiokel

for mismatches between visual and proprioceptive signals.

Studies based on tlvesuomotor recalibratiorof perceptual estimates and motor trajectory

Visuomotor recalibration is thought to depend on the proce$sesoo correction, since it is assumed
that once the visuo-proprioceptive mismatch is detected, th@utairerror is used to update the
internal predictions of sensory consequengegiomotor adaptation taskee above) and/or to correct
the motor commandvisuomotor adjustment taskee above). Individuals with schizophrenia showed
(a) to be poorly aware of performing visuomotor mismaidjustments (Fourneret et al., 2001), (b) to
be poorly able to implement a conscious adjustment of visuo-preptiee mismatches because of
scarce proprioceptive awareness (Fourneret et al., 2002) dadhé)e a larger adaptation of perceptual
estimates to distorted visual feedback (Synofzik et al., 2@@rall, these findings agree with
general overweight of visual feedback at the detriment of magption and sensory predictions during

the integration of movement-related signals

Partially consistent results might suggest that both the gemweod motor prediction and comparative
mechanisms between afferent feedbacks are involved in seagerxy disorders in schizophrenia.
Apart from tentative general conclusions, actual causes for agelatgd symptoms turns out far from

clear.
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A neuropsychological tool for the investigation of bodily awarenassisduction of bodily illusions.
Body ownership illusions (BOIs) can be classified in twoana&gategories: visuo-tactile and visuo-
motor illusions. As concerns schizophrenia, experimentdeegie on bodily awareness and the sense
of body ownership mainly comes from the former type of illusiemhe current chapter, a summary of

available studies will be provided, along with a brief intrecitbn on bodily illusions and their subtypes.

2.1 BOIs and their correlates

One of the most powerful method to address bodily awarenessrnidticion of a BOI. The core aspect
of them is the elicitation of the illusory feeling thateaternal bodye.g., a virtual body) or an external
body partleg., D PD Q Q HT X Ib&ldhys D G

A paradigmatic examplef these illusions is the Rubber Hand Illusion (RHI) first disered
by Botvinick and Cohen in the 1998 (Botvinick & Cohen, 1998). Tlaesic experimental protocol
provides that the person looks at a fake hand placed in badityrant with his/her actual hand hidden
behind an opaque screen. When both hands are touched simultaraecush homologous areas, the
person usually reports that the fake hand seems to be & gagirdody and that she gets the feeling
the tactile stimuli she perceives on her hand are locatdtedake hand.

Body awareness is thought to be intrinsically multimodabiture. Body illusions like the RHI
demonstrate the importance of the integration of the plyraflisomatic signals for body processing

(Azandn et al., 2016). Overall, the content of body awardrirges on:

x afferent exteroceptive signdksg., visual, tactile and nociceptive feedback)
x afferent interoceptive signafe.g., proprioceptive, vestibular, homeostatic signals)
x efferent 3HQ G R JH QdRadsV(eg., predictions of sensory consequences of action,

anticipation of sensory stimuli)

After the seminal work of Cohen and Botvinick, many bodilisionshave been introduced in

the experimental research hitheralteni and colleagues (Kilteni, Maselli, Kording, & Slat@Q15)
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have recently outlined a comprehensive account of BOIs. @singuish BOIs according to the
different multimodal stimulation they can be triggered bynely

visuo-tactile BOIszeg. the class@d RHI (Botvinick & Cohen, 1998)
visuo-motor BOIs+eg. the moving RHI (Kalckert & Ehrsson, 2012)

visuo-proprioceptive BOls* eg. the visuo-proprioceptive RHI (Giummarra, Georgiou-
Karistianis, Nicholls, Gibson, & Bradshaw, 2010)

f tactile-proprioceptive BOIlsteg. the somatic RHI (Ehrsson, Holmes, & Passingham, 2005)

Therefore, BOIs can arise from the combination of affeirformation from heterogeneous sensory
channelsApart from the nature of multisensory signals invo\0Is are governed by some principles
that rule and constrain the integration of the multimodalmation available to the brain at a specific
time. Key requirements to meet for BOI elicitatiare

temporal congruencehe temporal correlation of multisensory information;

spatial congruencehe spatial coincidence of multisensory information;

anatomical plausibilitythe plausible alignmerdf the external body part with the rest of the
body of the subject;

f shape congruencéhe shape similaritgf the external object and the real counterpart

Synchrony between multisensory feedback certainly plagiwatal role in BOIs For instance, it is
consistent finding that asynchronous stimulation abelishe RHL In this regard, a technical study
revealed that temporal delays shorter than 300 millisecbetiseen visual and tactile stimuli are
required for the classical RHI to arise (Shimada, Fuk&dairaki, 2009) As concerns the visuomotor
variant of the RHI, the illusion is strongly attenuatedirmetwindows larger than 200 milliseconds
(Ismail & Shimada, 2016). Another important aspect of BOIghé positioning of the artificial hand
which should be in plausiblratomical alignment with human joints articulations. Indeed,nvthe
rubber hand is rotated by 180° with respect to the actualthenolwnership illusion does not usually
come up despite multisensory temporal correlations (Kal&edthrsson, 2012)This latter kind of
manipulation interestingly indicates that BOIs do not onlgrya in a reactive way, purely produced
by bottom-up mechanisms, but they are also shaped by the bizgdlg@istraints of the human body
as a result of top-down influences coming from general body schepnesentations (Tsakiris &
Haggard, 2005h)

General consensus is that BOIs are mediated by multiyemsizgration mechanisms
pertaining to the representation of peri-hand and pesepat space, i.e., the portion of space

immediately adjacent the hand and the body that is thdoghe functional to guide action towards
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objects (eaching spaceand to the planning of defensive reactiodef¢nsive spaggMacaluso &
Maravita, 2010; Makin, Holmes, & Ehrsson, 2008; Noel, Blanke, 808£2018). According to Makin
and colleagues view, the RHI arises as follows. Firstyigien of a dummy hand in an anatomically
plausible position, which is by itself able to induce the visagture of positional cugscauses the
space around the dummy hand to be represented as peri-handsgacel, the remapping of the space
around the dummy hand in peri-hand coordinates triggers sendtory integration mechanisms
typically pertaining to peri-hand space, that is the bindfregiouli from different sensory channel in
a unified multimodal percepthis latter phenomenon would be responsible for illusory sensdii@n
localizing the felt touch onto the rubber hand, the refefreduch (Makin et al., 2008)

2.2 Sense of ownership in schizophrenia

The totality of the studies that addressed bodily awaremnestha sense of ownership in schizophrenia
(Ferri et al., 2014; Graham, Martin-lverson, Holmes, Jablen&kwaters, 2014; Peled, Pressman,
Geva, & Modai, 2003; Peled, Ritsner, Hirschmann, Geva, & M@@&i0; Thakkar, Nichols, Mcintosh,
& Park, 2011) have used visuo-tactile versions of the RHI (T3ble

Peled and co-workers first conducted a couple of RHI stualiepatients with schizophrenia
(Peled et al., 2003, 200Q0)hese studies first found that the RHI is experienced wigidly and has
an earlier onsenh schizophrenia population (Peled et al., 2003, 2000). Intergstthgly also observed
a positive correlation between guestionnaire items about shipesensations and the severity of
hallucinations (Peled et al., 2000). The authors proposththhtgher susceptibility of patients depends
on the spurious reconciliation of sensory feedbacks withitimmadal brain regions, as supported by
the abnormal pattern of modulation of evoked potentials thetét associative higher-order parietal
scalp areas (Peled et al., 2003).

Likewise, Thakkar et al. (2011) found that patients report highensities of ownership for
the fake hand than controls after both synchronous and asynchrorsagstagtile stimulation
Furthermore, patients showed an enhanced proprioceptive aftift synchronous stimulatipn
suggesting stronger visual capture of proprioceptive feedback in skhénig In line with the study
above, positive correlations were found between the vividnesiseoRHI during the synchronous
condition and severity of positive symptoms (hallucinations, delusibresntrols and delusions of
reference) bytanegative correlation with somatic delusions. Authors arthedbatientgself-repors
of strong RHI even under condition of asynchronous stimulationlbraapdicative ofa coarser time

window of visuo-tactile integration affecting bottom-up @eses of multisensory integratiddeyond

6 As for the computation of hand position, visual capture of pimpeption refers to the overweighting of visual
feedback to the detriment of proprioceptive signals. In the RHI, #sslts in the central hand representation
spatially shifted towards the fake hand.

14



procedure self-report objective correlates
Peled et al., classical + the illusion is more intense in 57 than HC -
2000 RHI » the illusion arises faster in SZthan HC
Peled et al., classical » the illusion is more intense in 52 than HC » late EEG potentials evoked by touch stimuli
2003 RHI » the illusion arises faster in SZthan HC administered during the illusionin P4-C4 are
smaller than potentials evoked by stimuli
delivered before the illusion in 5Z; the
oppaosite patternis true for healthy controls
Thokkar et al., classical # the illusion is more intense in 57 than HC, ethe proprioceptive drift is larger after
2011 RHI irrespective of the synchrony of the stimuli synchronous stimulation in 5Z than HC
# as in HC, temperature drops in the right
stimulated hand and increases in left
unstimulated hand in5Z
Groham et ol projected-hand o the illusion does not decrease in the -
2014 illusion asynchronous condition in patients with
current symptoms of passivity as compared
to HC and other schizophrenia groups
Ferri et ol, antici pation- o the illusion dependent on anticipation -
2014 based RHI processes is less intense in 52 than HC

Table 2. Overview table of RHI studies in schizophrenia.

that, the generalincreased susceptibility to the illusion would be dependent onisgmiify weak and
flexible internal top-down representations of the body

Starting from the hypothesis that self-disturbances in schignjghdo not uniquely rely on
altered sense of agency, but they are also related torbpdssentations distortions, especially for
patients suffering from passivitgraham et al. (2014) submitted a digital video version of thet®H
three clinical subgroups (H SEFXUUHQWeVer: SIDWW LY £ W\, SEnBEidkisRd? Mss of
DJHQF\ RYHU RQHTV RZQ KDQG ZHWHK HIKIXSAH G HPDWGO® WWK/H RA OA
of stimulation) relative to healthy controls, pointing to hygaency as a common trait of individuals
with schizophrenia. By contraghey found urrent” or Jast” passivity subgroups to show higher
level of disembodiment over their own real hand irrespecdfitiee synchrony of stimulation; the same
subgroups demonstrated lower accuracy at the most difficult tfitfe dand laterality task. As the
authors proposed, these latter findings suggest body image and batig stistrtions in individuals
with passivity symptom profile. Lastly, they observed that ahlg current passivity symptoms
subgroup failed to show the usual decrease of sense of ownerskgnardf agency for the projected-
hand in the asynchronous compared to the synchronous coniditimating that an enlarged temporal
binding window may be involved in the onset and persistence ekfgexiences of passivity in patients.

Lastly, a study carried out by Ferri et al. (2014) employingdétect version of the RHI where
tactile stimuli approach but do naV RXFK WKH S D UMdudig Sdot(eVedpectadion® anly,
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which is an effective method to elicit the illusion in hieglipeople, means to elicit visuo-tactile
integration processes by prediction processes instead of byl atimuli Patients experienced the
illusion of ownership over the rubber hand to a lesser extemttiigacontrol group. Additionally, the
intensity of the illusion experienced by patients was hereipalgitcorrelated with the severity of
anhedonia (the capacity to experience pleasure in relationtébectual, social and perceptual
stimulation) Overall, results were interpreted as the consequenckecédhanticipation of touch in
schizophrenia, a fact that might accounts for insufficgpeatictive mechanisms of action

Altogether these studies point to altered visuo-proprioceptive-tactitegiation and/or
disordeed pre-existing body representations (Klaver & Dijkerman, 20T6¢ enhancement of the
RHI, which is suggestive of abnormally malleable body boundarigg b of remarkable interest from
the perspective of selfhood disturbances in schizophrenia. Ovtetalh, be noticed a relation between
symptoms related to self-disturbances and RHI in almost wdiest Studies adopting the classic
procedure found a positive relation between the RHI irtieasid the severity of positive symptoms,
like hallucination and delusion of control (Peled et2003, 2000; Thakkar et al., 2011), whereas the
last study focusing on anticipation mechanisms found the Ridhsity to be positively related to
anhedonia (Ferri et al., 201PBroductive symptoms like delusion of external controls have loag be
regarded as outcomes of ego-disturbances: they are chatiobéithe acute psychotic phase and they
are particularly crucial for the diagnosis of schizophrenia 1s&efirst-rank symptoms). On the other
hand amore recent reconceptualization of the schizophrenia put fdrwighin the phenomenological
approach to psychopathology has brought to the fore disembodimtéett, consists in a diminishment
of the basic self-awareness permeating all dimensionseofHifichs, 2015).e., theipseity (Sass &
Parnas, 2003)pseity represents the most inner nucleus of self-experienlci &ibuilt-in three-layer
model of selfhood It is the most implicit and pre-refitve form of self-referencdt is readily given
to us without necessity of introspection and inference. Anyrexue we have implies thiacit form
of self-awarenessmeaning that it underpins every perception, action or thinkmgddition, it is
thought to be the medium in which intentional acts caicudate. Finally, ipseity is intrinsically
grounded in the lived body, a fact entailing a primitivesseof self-affection. Multisensory integration
of constantly-present body-oriented senses (proprioceptivebwesti interoceptive sensations) has
been proposed to provide the biological substrate for this veiy $ense of Self (Postmes et al., 2014).
This approach posits that schizophrenia holds a dramaititedjgation of ipseity. Ipseity disruptias
two-faceted (Sass, 20149n the one handt, shows up as diminished self-affectierg, sense of inner
void, lack of presence, loss of contact from the body anslesef alienation from the world (Fuchs,

2015) As complementary phenomenon, patients may devsippr-reflexivityandself-objectification

" This model includes three levels of selfhood, i%Z mihimal self which]sU $Z ] %o+ fell€rsive sed  »

v §Znartativeself X dZ v EE 3]A « o( ]* §Z %°*C Z}oyPF]o) E}PEEIVHED PU A} ]
have accumulated about ourselves. The reflective self is the consawaeness of being the subject of
experience and acts.
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meaning they start being engaged in an abnormal form efedefience in which experiential contents
normally felt as immediatelydmine” and self-evident, become objects of focal attention,, e.g
spontaneous popping-out of inner phenomena, like somatic sensatiorgwerfta of internal thought
which engender a strong attentional engagement (Sass, 2014).

Hypohedonia represents one of the many facets of disturbedwsalreess and presence
(Parnas et al., 20053ass suggested that the abnormal susceptibility of schizophrdaeitpad classic
RHI might be tied to the collapse of ipseity (Sass, 2014)edard to the correlation found between
anhedonia and sense of ownership within the anticipation-idedFerri et al., 2014)Gallese and
Ferri put forward the hypothesis that this result, aloitly findings from other studi@snight represent
an empirical outcome of the disruption of the ipseity - the b&#glf - whose primary expression lies
LQ WKH \owWr@rghip ferd a®body having power for actionrDQG ZKRVH QHXUDO VXEVWU
represented by the ventral premotor cot{&allese & Ferri, 2014).

8 For instance, participants with schizophrenia were found to not shovsétfeadvantage effect in the implicit

recogniton of AAv  } C (( 3}E+s }u% E 3} }8Z E+[ } ]JoC ((XXHAx+ v((]vdvjuCs }
demonstrate an impairment at the very basic processing of self-bodily Istimaybe highlighting a disturbed

sense of bodily Self (Ferri, Frassinetti, Mastrangelo, et al., 2012)

® The involvement of the ventral premotor area in the processing of the bodilyisSaifygested by authors

because of its functional role in the integration of self-related rsahisory stimuli and peri-personal space
processindJ ps o<} pHe (18 *% ](] S1A SBE]WE(VH SESJul%S WS[EN}AV Julv
hand. This latter task is in fact an implicit recognition task whbe participant is thought to make a covert

motor experience of its own body to accomplish instructions; this permishibdily Self to emerge (Ferri,

Frassinetti, Ardizzi, Costantini, & Gallese, 2012).
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The longstanding literature on sense of agency in schizophseeid @) provides evidence for impaired
sensorimotor processes for self-recognition. Given thabuiddoe expected that this deficiency may
have implications on self-body awareness and bodily perceptionddress this questipmealthy
participants and patients diagnosed with schizophrenia stegltat a visuo-motor BOI (Rossetti et al.,
2019). This kind of illusion may provide additional information abbady representation in
schizophrenia with respect to previous RHI studies becauggdsented a viable wag elicit the joint

contribution of sense of ownership and sense of body agehogyoawareness.

3.1 Experiment 1

3.1.1.1 Rationale of the study

Foregoing studies addressing body awareness in schizophreniatlargévely capitalized on
RHI. Although it is a well-establigii method to examine body representation, RHI partially overlooks
that relevant link between action and perception in thetoaction of bodily awareness (Tsakiris &
Haggard, 2005a)n fact, this visuo-tactile illusion is characterized byrowavnership sensations, but
not by explicit sense of agency, which is an importantroétant of body awareness. Sense of body
agency is elicited much less and possibly only indirectlg,Garyover effect of ownership modulation.
It might be also argued that RHI does lacks ecological vallmitsause it does not involves bodily
movements (Tsakiris, Schitz-Bosbach, & Gallagher, 2007). Morerfamily, it may address to a
limited extent body awareness in schizophrenia in the lighlitefature about sense of agency
disturbances in schizophrenia (see 1.2). As such, above-mentionatuRlids (see 2.2) do represent a
relevant, but maybe incomplete, account of the issue undestigation This study sought to fill in
this gap.

Furthermore, a very recent meta-analysis of the studid®dy ownership in schizophrenia
and schizotypy found null statistical evidence in support ofhymothesis of an abnormal body

ownership in schizophrenia because of altered multisensoryatitegrlit is there reasoned that results
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obtaired by previous reports may basically refleatesponse biaghat goes beyond the experimental
manipulation itselfThis means for instance that patients may refer higherrshipesensations because
they are prone to anomalous body sensations (e.g., they alsdepnigher subjective ratings for body
ownership control items), a fact that cannot be accounteldyfdahe incapability to detect temporal
discrepancies by multisensory integration processes (Sleagit., 2018). By also carrying out the
investigation of a full body illusion in patients, Shagqiriagt (2018) have not found evidence for
differential intensities of the illusion in the clinicalogip. As such, they endorse the reconsideration of

the body awareness in schizophrenia.

3.1.12 Aims

The main goal of the current study is to investigate theibotitvn of putative disturbances of
self-agency to body awareness in schizophr@aahe best of our knowledge, whether disrupted sense
of agency (either hypo- or hyper-attribution of self-agergy] related sensorimotor processes affect
the embodiment illusion in participants with schizophrenianoad®een investigated yet.

To address sensorimotor integration underlying embodirtieatVirror Box (MB) illusion §
heread hocrevised to be used as an active variation of the RH& paiadigm permits the induction
of the illusory sense of incorporation of an extra-corddmaad by visually superimposing the image
of an alien hand (like the hand of an experimenter) dreéchaind of the participant through a mirror.

By capitalizing on the visuo-proprioceptive congruency betwikendal and the seen hand, different
degrees of ownership illusion can be elicited. Participants ysagierience that the mirrored hand is
part of their body when the mirrored hand mimics their own maogements. An important aspect for
the purpose of the experiment is the possibility to concuyresitit both agency and ownership

sensations for the alien hand, by adopting this visuomotor versiba RHI.

To probe the occurrence of tMB illusion, two measures were collected: the Embodiment
guestionnaire ratings to assess conscious feelings of inctigposathe external limb (Longo, Schidr,
Kammers, Tsakiris, & Haggard, 2008), and the forearm bgetask 'f$QJHOR GL SHOOHJULQR
Gallina, & Frassinetti, 2018; Garbarini et al., 2015; Romam®rti Caggiano, Cocchini, & Maravita,

2019; Sposito, Bolognini, Vallar, & Maravita, 2012; Tosi, Romand/J&avita, 2018) to measure post-

MB changes in the perception of limb extension. In this regaalious studies brought evidence that

body metric representation is malleable. The active trainfrtheolimb can modulate body metric
representation inducing a shift of the estimation of theafonemidpoint toward the hand f$QJHOR HW

al., 2018; Garbarini et al., 2015; Romano et al., 2019; Spositd.,e2012; Tosi et al., 2018).
Additionally, a recent study (Tosi et al., 2018) suggests tleatipdate of body metric representation

FDQ RFFXU HYHQ ZKHQ RQH SHUIRU PN DPQRRAVNRKUH W LBMHIUQMRY ¥ KK.DGIGH
WKH 0% 7KH UD VElske@lndedd ilLavid \bhly [if Wonfe properties of E are processed in the
VDPH ZD\ DV WKH SUR S Hteti¢iigde/deRigRegeht, ZOEORpG84). In agreement with
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this definition, a MB training in post-stroke patients inducedupdate of affected limb metrics
perception as a plausible consequence of the embodiment ofrtbeschimage of the unaffected hand
as if the impaired hand was still able to move (Romano,oftiMaravita, 2013; Tosi et al., 2018).

As regards healthy participants, they were expected to shperceived elongation of the
perceived limb length and stronger feelings of ownership and agentdye alien hand according to
the extent of visuo-motor congruency experienced during thérdfing. Because of the impairment
in agency-related processes, participants with schizoghvegrie instead expected to show an altered
modulation of explicit as well as implicit indexes of embaelimn

3.1.2 Methods

3.1.2.1 Subjects

Thirty-one patients with a diagnosis of schizophrenia weneiited from the outpatient community
service ASST Fatebenefratelli - Sacco (Milan) and fronz&wbd Hospital Mental Health department.
Diagnosis for schizophrenia was made by treating psychiatristsaafidmed through the Structured
Clinical Interview for DSMIV-TR (First, Spitzer, Gibbon, & Williams, 2002). Current severfy
psychopathological symptoms has been evaluated through the Scthle fssessment of Negative
Symptoms and the Scale for the Assessment of Positive Symptamseésen, 19841989). All
patients were receiving stable dose of antipsychotic méstisast the time of the assessment. Two
patients were excluded because they did not meet critesalizophrenia diagnosis. Thirty-six healthy
participants were enrolled by word of mouth and by thenenlecruitment system of Department of
Psychology (University of Milano-Bicocca).

The Ethical Committee of the University of Milano-Bicoccadathe Ethical Committees of
Fatebenefratelli - Sacco Hospital (Milan) and of Bolzamspital approved the study. The study was
carried out in accordance with the principles of the Datian of Helsinki (World Medical

Organization, 1996All participants provided written informed consent.

3.1.2.2 Experimental procedure

Participants underwent three experimental conditions, eachomsésting of four phases (Figure: 1)

(1) the pre-training bisection task, (2) the MB training sesg®rthe post-training bisection task and

(4) the embodiment questionnaire. Before starting the erpatj they were invited to remove bracelets

DQG ULQJV WR HQKDQFH YLVXDO WL BLQOD $DWW EHMSIHHDT W[OS HEE
training. To avoid noisy tactile and proprioceptive cluesnduMB and bisection tasks, participants

were often reminded to keep the tested limb still; once pasiisig bisection task ended, they could

move their arm to restore baseline somatic feedback. The studyawiesl out by two experimenters.
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Pre-training
bisection task

Mirror Box
training

Post-training
bisection task

Embodiment
questionnaire

Figure 1. Experimental procedur&he experimental procedure was repeated three timesder to vary the extent of vist
proprioceptive congruency experienced during the MBiittgi The mirror reflection, which provides the imagaroextra
personal limb located in the same position of theiblbehind the mirror from an egocentric perspective, igaty allowel
the dissociation of afferent visual and propriocepiivaut. Indeed, the proprioceptive reafference remaioadstant acros
conditions as participants always performed the same mowemehereas the visual feedback could be congrue
Jv }JVPEU vE AlS3Z % ES] [% VE[e UIA 3 3 XSYp]B]}vE |Ee es]VvP §Z £y
embodiment. Bisection task instead aimed at probirgyglkrceptual aspect of embodiment.

The first experimenter perfordthe movements that were reflected in the mirror and dsmind the
guestionnaire, while the second experimenter controlled fafcipants tapping at the proper rate

during MB training and measured the endpoint of bisection trials.

MIRRORBOX TRAINING

After the pre-MB bisection task, participants were reglicekeep their eyes closed, to hold the upper

limb (shortly before bisected) still on the table and to thet other one under the table. The MB

apparatus (i.e., a triangle MB with a 60 x 50 cm reflecsiurface) was arranged so that the mirror was
SDUDOOHO WR SDUWLFLSDQWYV PLGQDUGW W\DXMH @D FHKH @IGES KUV
near the participant, placing his limb on the table in onurits reflection looked visually co-located

to SDUWLFLSDQWYV OLPE EHKLQG WKH UPHQIHR UG XHR WIRH G\KK-HH DYQ
LPSODXVLELOLW\ RI WKH H[SHIoth RéVE&d Hite $D UMLIPFH. SDQ WO FW U X
H[SHULPHQWHUfV VKRXOGHU

During the training participants had to raise and lower riidex of the hidden hand for 1 minute,
IROORZLQJ D PHWURQRPH EHDWLQJRDOWRR N]D WH B [BZHLLPHH QWVKHHAT K

mirror. To reduce cutaneous inputs, they were instructedldiaol &ouching table surface with index
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sz CTR

(n=29) (n=36)
Age, Years 41,34(14.12) 25.75 (7.86)
Sex, Male/Female 18/11 6/30
Handedness, Right/Left/Ambidextrous 25/3/1 31/5/0
Education, Years 12,41(2.83) 15.44(2.32)
SANS
Affective flattening 3.28(1.04) -
Alogia 2.90(0.90) -
Avolition - Apathy 3.90(0.81) -
Anhedonia - Asociality 3.92 (1.05) -
Attention 3.44(1.23) -
SAPS
Hallucinations 1.65(1.16)
Delusions 2.06(1.08) -
Bizarre behavior 2.90(1.54) -
Formal thought discrders 2.30(1.10) -
Antipsychotic medication
First Generation 2 —
Second Generation 26 -
Both 1 -

Table 3.Sample demographic&/alues are presented as n or mean (SD). CTR, heattingls; SCZ, schizophrenic patients; SAN
Scale for the Assessment of Negative Symptoms; S&RIS for the Assessment of Positive Symptoms.

finger. Participants were exposed to three differeregygf (alien) visual feedback: (I)-Phase the
experimenter tapped at the same frequency and in the seaoiodi, i.e., lowering the index at every
beat; (2)In-Antiphase the experimenter tapped at the same frequency, but 18@f-pbase, i.e.,
raising the index at every beat; and, Rndomthe experimenter accomplished completely different
finger movements, i.e., following casual trajectories andjileg frequency. The order of conditions

and hand laterality were counterbalanced across [peatits.

BISECTION TASK

In bisection task participants were asked to arrange fosear parallel position and to point at the
middle of the tested limb with the contralateral hand. Wense instructed to consider the limb length
ranging from the elbow to the tip of the middle finger. Pomptmovements had to be as straight as
possible, without online corrections once started.

Participants performed 10 pointing movements during each biseatknas the task both preceded
and followed each MB training, a total of 60 repetitions qésject were collected, i.e., 10 trials x 2
bisection tasks (Pre-MB, Post-MB) x 3 conditions (In-Phaséntiphase, Random). We measured
both the subjective midpoint (i.e., the distance betweemitidle fingertip and the point indicated by
the subject) at each trial and the total length (i.e.disimnce between the middle fingertip and the
ROHFUDQRQ 7R QRUPDOL]H SDUWHFUB WQ W \ETH &/L2\HHHFRQV WRKG!T MWARL
calculated R = subjective midpoint/total lengfiiSposito et al., 2012)
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SELFREPORT
At the end of each block participants retrospectively rdtett subjective experience during the MB

training via a 27-item questionnaire. Statements were #taasin Italian and adapted from the RHI
embodiment questionnaire (Longo et al., 2008) (Appendix 1). Partiattemtion was paid to the
assessment of the Embodiment component of illusion and its subcempdaOwnershipitems
YDULRXVO\ GHVFULEH WKH IHHONG O \WW R VE WOKRD P Ml @& dROHT WK RQ Q
LWHPYVY UHIHU WR D VHQVH RI VSDWLDQGFBQGUW K g FRAgEhtyR I HHIGQ KD
statements concern the sense of being the agent of the mosgredatmed by the mirrored hand.

Participant had to verbally refer to what extent theg@glisagree with each statement by referring to

a 7-point Likert scale presented on a sheet of paper (+3: stroegnzant; 0: neither agreement nor
disagreement; -3: strong disagreement). Iltems were rgrdittoipants and explained if needed.

7R UXOH RXW SDUWLFLSDQWYVY ubje8§ Randardi2atien Onds Bddgted W D
[Ipsatisation: \{  -nMjeamdividua)/SDndiviaua] (Fischer & L. Milfont, 2010). Components scores were

calculated from ipsatisation rates.

3.1.2.3 Data analysis

BisectionR values were analyzed via linear mixed-effects mdder(function; Ime4 package (Bates

& Sarkar, 2006). Maximum Likelihood criterion was used to estrfiaed and random parameters,
ZKHUHDV PRGHOVY JRRGQHVV RI ILW ZDYQRERADIOWLHG CE VNG 0 QKR
by-subject random intercepts model was built to control foratepemeasure structure of data. To
further specify random structurgial was entered as grouping factor and checked for model goodness-
of-fit. Then, Group, CongruencyandTime of bisection task and their interactions were incremgntall
added as fixed effects and retained when they improved model goadsiesd.astly, a Type I
mixed-design ANOVA was performed on the final model. Qoeskiire scores relating to each
component were analyzed through separate 2 (between-salgjictroup) x3 (within-subject factor
Congruency ANOVAs for unbalanced dataa@v_ezfunction; afex packaggSingmann, Bolker,
Westfall, & Aust, 2017). Finally, an exploratory correlati@analysis was computed between
guestionnaire components (mean cores calculated on ravaddtasychopathological scales.

All data analyses were carried out with R 1.1.463 (R Ceaam, 2019).

3.1.3 Results

3.1.3.1 Bisection judgements

Bisection data were modeled as depending on all experimeegitiars (fixed covariatessroup,
Congruencyand Time after adjusting for random effectBrial and Subject(see Supplementary
Material). Analysis of variance run on the final model rée@aignificant differences for the two-way

interactionGroup x Congruency[Fz, zs26.1= 4.419;p = .012] and the three-way interacti@moup x

23



- = CcTR
1.6%|
== Wscz
1.4%1 — |
1.2%1
1%
0.8%
= 0.6%
£ 0.4%| ) )
w T proximal shift t
L - I
8 o%f b N - -
B 509 - il
=02 distal shift l
0.4%
0.6%1
0.8%|
) L )y
-1.2%| == =L

-1.4% —

In-Phase In-Antiphase Random

Figure 2 Midpoint shift following MB training Bars represent mean differences (+ 95% CI) betwsection performanc
before and after MB training. The shift is reportegascentage of the total forearm and hand length. Niagawvalues revel
a shift towards the hand (distal shift), while go& values indicate a shift towards the elbow (pnaai shift). Midpoin
displacement for different experimental conditions agrdups are depicted. Cl were calculated with summaryBia
function.

Congruency Time[F23s26.1= 4.562;p = .01]. Conversely, main effed®&oup[F1,65= 0.595;p =.443],
CongruencyF2, ss26.1= 2.392;p = .092] andlime[F2, 3s26.1= 3.006;p = .083] and two-way interactions
Group x Time[F2, 3s26.1= 0.001;p = .980] andCongruency Time[F2, 3s26.1= 2.496;p = .083] were not
significant.

To examine the three-way interaction, the mean post-MBpaeind displacement and 95% Confidence
Interval (Cl) were calculated. Controls showed a distat slyifial to .66% [CI: -1.39; .08] after the
PhaseMB training, but a proximal shift after both control condisgm-Antiphase .69% [CI: -.14;
1.52]; Random .57% [CI: -.21; 1.35]). Patients displayed a less defined pathdgth a moderate
proximal shift in all conditionsl-Phase .33% [CI: -1.01; 1.66]tn-Antiphase.07% [CI: -1.15; 1.30];
Random.21% [CI: -1.23; 1.65]) (Figure)2

3.1.3.2 Questionnaire responses

Significant effects were explored through graph inspectiogufe 3). Ipsatisation makes between-
group comparisons unreliable because adjusted scores represetibre¥iam the within-subject
mean, which is 0 (Fischer & L. Milfont, 2010); however, within-sabjariance across conditions and
interaction effects are not affected this procedure eli@bty interpretable. Therefore, significant main
effect Group will be mentioned, but not commented on. The effect Stiatistics for between-within
designs (&) will be provided (0.02: small, 0.13: medium, 0.26: large) (Bade, 2005).

Embodiment: both main effec@roup [F1e3 = 9.988;p = .002; R = .06] andCongruency[Fz 126 =
11.196;p = <.001; & = .09] were significant, but not the interaction effécbup x CongruencyF2 126
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Figure 3.Embodiment questionnaire ratingdBar graph depicts estimated marginal means of ratinfjthe Embodimer
component (panel A) and its subcomponents Ownergapel B), Agency (panel C) and Location (panebrDjifferent
experimental conditions and groups.

=1.691;p = .189; R = .01]. Ownership: both the main effe@soup[F1:= 3.891;p = .053; R = .03]
and Congruency[F2126 = 12.760;p <.001; & = .08] were significant, but not the interaction effect
Groupx CongruencyF2126= 1.839;p = .163; R = .01]. Agency: the main effe@roup[F1e3= 1.661;

p = .202; R = .01] was not significant, but the main eff@ingruencyF2126= 11.899;p <.001; R =
.08] and the interaction effe@roupx CongruencyF2126= 5.561;p = .005; [ = .04] were significant.
Location: the main effe@roup[F1e63= 11.375p = .001; R = .08] was significant, but the main effect
CongruencyF2126= 2.699;p <.071; & = .02] and the interaction effeGroup x CongruencyF 126=
0.388;p = .679 R = .003] were not.

These results indicate that the general embodiment sensalitimesieeling of ownership for the alien
hand were driven by the degree of visuo-motor congruency ngsoups: the higher the visuo-motor
congruency, the higher the rates provided by subjects. Insheasieise of agency, which follows the
extent of visuo-motor congruency in controls, stands on averagmitdr values across conditions in
patients.
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3.1.3.3 Correlation analysis

Correlation analysis suggests that hallucination severity ratehgrcorrelated with Ownership\N=
A1, Puncor=-026), Location (N = .41,puncor=.026), Agency N = .43, puncor=.021) and MovementN =
.38, puncor=.045) scores irRandomcondition. Location items related to In-Phase condition gnildl

correlated with alogia severity\= .41, pucor=.029). For overview of these correlations, see Table 5.

3.1.4Discussion
In this study, we aimed to test the impact of sense efi@gimpairment on embodiment in people
suffering from schizophrenia. The MB illusion specifically alemiro concurrently modulate ownership
and agency subcomponents of the bodily-awareness in participants.

As expected, cross-modal coherence between reafferentsgipmathe visual feedback from
WKH DOLHQ KDQG DQG WKH SURSUERFHGW panHDIRHE@IEGFON IURP \
embodiment for the hand in the mirror in healthy peoplartiés, Snijders, & Spence, 2006; McCabe,
Haigh, Halligan, & Blake, 2005; Medina, Khurana, & Coslett, 2Rd&mnano, Caffa, Hernandez-Arieta,
Brugger, & Maravita, 2015). This result also agrees with thegsapthat the coherence between
afferent and efferent information increases the likelththat an extra-persondl PE LV WDJJHG DV 3PL
(Apps & Tsakiris, 2014), albeit obvious morphological differenaethé current study, when the alien
KDQG NLQHPDWLFDOO\ PLPLFNHG SDUAXDRL $BIQGHINVFKDLQEG WIRF HPR.|
effectively approximate predictions. The generation of intepnadictions is thought to enable the
sensorimotor system to precisely anticipate temporapastliral parameters of the movement that is
just about to be accomplished, crucially improving Self recagn{fT sakiris, Haggard, Franck, Mainy,
& Sirigu, 2005) :H K\SRWKHVL]H WKDW DQ 3LQF®GIXQVORRPE RLWKHQLRQ By
body representation may occur during the MB training (Romand.,eR@L3; Tosi et al.,, 2018)
Specifically, the prolonged view of an alien hand movingceoaedance with motor predictions would
lead comparator mechanisms to embody it as a self-geneesisatg feedback. The visual feedback
provided by the alien hand might then be used by the motor systim®d up the dynamic short-term
sensorimotor representations serving action program addré (Frederigue de Vignemont, 2Q10)

Bisection data show that the strength of visuo-proprioceptivggroiency also impacts on
perceived body metrics. Indeed, the post-MB estimation of length increases/decreases along the
forearm proximo-distal axis across conditions. The distal ondshift after the In-Phase condition
UHSOLFDWHYV 7 R018)HuNerBiroheiiplagWy patents showed an extension of theiymsic
length of the paretic limb induced by the motor training \MitB.

The bidirectional relocation of the subjective midpoint obsehere is suggestive of a relative
SHORQJDWLRQ" RI WKH OLPE UHSUHVHD®DW)L QP & HRF AHAER GE
S3VKRUWHQLQJ" ZKHQ HPERGLPHQW RQ&itMitlythehypdiesizédpthastiel HITHFV
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modifications of bodily representation serving motor contrel, ithe body schema (Berlucchi &
Aglioti, 2010). We propose that post-MB bisection shifts may ceftep-down regulation of
proprioception when body schema update is induced by the MBigatherwise stated, body schema
may be subject to increased/reduced weighting of the hand segepeesentation as a result of the
extent of visuomotor congruency experienced during the MiBiga Such an update may in turn
induce an increased/reduced proprioceptive representattbe baind, as suggested by the distal and
proximal shifts. This hypothesis agrees with the previously suggdatragening of proprioception
following sensorimotor incongruency (Medina et al., 2015)nv@osely, a mere effect of multiple
muscles and joints activation and/or of the sustained visuo-sptéation on the hand can be ruled
out because, if this were the case, the midpoint shift waud been constantly distal across conditions.

Unlike healthy controls, patients exhibited similar levels aglency across conditions.
Consistently, bisection performance does not show a clemt afgoroximo-distal modulation (see Cl,
Figure 2). Overall, these results suggest that these aspeitis idiftision are not driven by visuo-
proprioceptive congruency in schizophrenia. Two, not mutuattjusive, impairments might explain
these findings.

On the one hand, they might depend on the putative defective caimpofanotor predictions
(van der Weiden, Prikken, & van Haren, 2015). Impaired plieditmight have prevented the correct
detection of kinematic similarities/dissimilarities in th@rored hand, abolishing the modulation of the
agency ratings across conditions. Furthermore, the high garidrisection performance may support
the hypothesis that internal motor prediction in schizoparenihighly unreliable, as suggested by
Synofzik et al. (2010). In this study, when asked to indidetevisual endpoint of pointing movements
previously performed in the absence of visual feedback, matagronstrated greater inter-trial
variability than controls. Given that endpoint estimationld be based on internal cues only, these
results have been interpreted as a possible index of highlypheairidéernal predictions (Synofzik et al.,
2010). Accordingly, it is likely that the comparison between ptediand actual feedback, which
ZRXOG FRQWULEXWH WR WKH LQF@QXW. RZ R EREH VIFEIHHPOQ KID\Q B 2\
high variability. As a result, the modulation of body metrisrmt clearly emerge. It is worth noticing,
however, that other reasons for this high variability cannatopepletely ruled out. For instance, the
previously found link between passivity profile and body reptagien distortions (Graham-Schmidt,
Martin-lverson, Holmes, & Waters, 2016; Graham et al., 200 carried out a posteriori analysis,
dividing schizophrenia group according to passivity symptom sgvéliinetheless, an unclear trend
of bisection performance still resulted, conceivably becafisamall subgroup size (Appendix 1).
Moreover, deficits of sustained attention in schizophrenia (Bkiar, Doignon-Camus, & Bonnefond,
2017) may play a role because fluctuations in the maintenéice attentional focus on the mirrored

hand may have altered embodiment processes.
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A second potential explanation for the anomalous modulatiembfodiment indexes is the
width of the temporal binding window (TBW), i.e., the tinmeerval within which different sensory
stimuli are very likely to be bound in the same percept.rRuork has shown wider visuo-
proprioceptive TBW in schizophrenia (Franck et al., 2001 wespect to healthy people (Franck et
al., 2001; Ismail & Shimada, 2016; Shimada, Qi, & Hiraki, 200%erefore, lack of agency and
bisection performance modulation might relate to loweltismnsory temporal acuity. Interestingly,
Ferri et al. (2017) shoed that audio-tactile TBW, which is positively associatedthie level of
cognitive-perceptual schizotypy (an index of psychoses pronenasshepredicted by the temporal
structure of spontaneous activity in auditory cortex. A calisiklbetween temporal properties of
restingVWDWH QHXUDO IOXFWXDWLRQV D QGNRABOMOL WKV RWS DAW6L: RKAL
model of schizophrenia (Northoff & Duncan, 2016 KLFK SRVLWY WKDW WKH EUHDNGR
activity dynamics (both at spatial and temporal level)stitrtes the neurobiological substrate of
different psychopathological symptoms. In the case of ego-disturbdikeeagency disruption), the
unbalance between the Default Mode Network, which is highlyi¢gated in self-related processing,
and Central Executive Network, conversely devoted to the pingess exogenous stimuli, would
entail the pathological mixing of internally- and externattyiented thoughts (Northoff & Duncan,
2016; Robinson, Wagner, & Northoff, 2016). Accordingly, reasonthfoabnormal trend of bisection
data and sense of agency might lie in the impairmeibiotibm-up sensory mechanisms and in the
afore-mentioned impossibility to discretely distinguishween internalvs external perceptual
contents. As regards correlation analysis, we avoided sthaingsdbased on it given that it was mainly
for exploratory purposes.

To conclude, this study yields two main findings. First, percelvatdly metrics, in healthy
individuals, bidirectionally update according to the strength of embaudlirii@sion, an effect that is
compatible with an online reconfiguration of body schema. Skcpatients did not demonstrate
significant body metrics and sense of agency modulation, iirticitat not only compromised visuo-
tactile integration (Ferri et al., 2014; Graham et20114; Peled et al., 2003, 2000; Thakkar et al., 2011)

but also impaired visuo-motor integration, may affect bogyasentation building up in schizophrenia
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3.2 Experiment 1.1

3.2.1.1 Rationale of the study

Some foregoing studies brought evidence that specific motaingaaccomplished through
manual movements can induce a modification in the subjecticegi@n of body metric (e.g., forearm
length). Such tasks include for instance tool-use (Garbetriai., 2015; Romano et al., 2019; Sposito
et al., 2012; Tosi et al., 2018). Starting from the e Bisverdbodied if and only if some properties
Rl ( DUH SURFHVVHG LQ WKH VDPH ZD(Frédgrigivekde V&her&nt 20A0L. HY R F
p. 84) a comparable recalibration of forearm metric, at reptatienal level, should occur when one
performs finger movements (i.e., movements involving distal segmetite a@irm) while embodying
an alien hand. In other terms, the distal midpoint shitild represent a perceptual correlate of the
embodiment of an alien hand performing manual movements.

As mentioned in the previous study, this hypothesis has beenlyetgmported by Tosi et al.
(2018) who have found that post-stroke patients show a distabratiah of the perceived metric of
the affect forearm after a short MB training. Imporignie effect does not show up when patients
undergo an analogous training without MB. This difference sugdestdMB is a crucial factor in
engendering the distal midpoint shift in patients. It is likeit MB acts by restoring the visual feedback
from the impaired harti Under this condition, the re-established matching betweeastintotor
intentions and effective visual feedback from the hand magdmonsible for the embodiment of the
contralateral unaffected hand and, accordingly, for thetadahe metric component as if the impaired
arm was still properly moving. Therefore, the distal shifpdtients may have been mediated by the
embodiment, which might have been allowed byitbhegration of the unimpaired mirrored hand within
the shrunk representation of the impaired contra-lesional hand.

The fact that the distal midpoint shift may be a peteal correlate of embodiment is also
supported by Experiment 1. In fact, results from the control gsbowv that the incorporation of an
alien hand, as demonstrated by higher subjective sensations akbhiprand agency in the In-Phase
condition, is accompanied by the distal midpoint shift. likisly that the sensorimotor system is led by
MB to use the reflected image of the alien hand as the Visediback from own hand and, when the
visual feedback matches the intended movement, the alienshandédpted as plausible feedback and
LQWHJUDWHG LQWR RQHY.VIhe sx@uatoe of thédfSrebrhY IEnQthivrBpvédeRt&lion
may represent a perceptual index of such an integration prddesslistal midpoint shift aftevB

training may accordingly indicate that the metric componeth@firm representation is processed as

101n post-stroke patients a preserved intentitmmove is followed by movement that does not properly match
the intended one because of degenerated motor abilities. Therefore, seeingpsilesional unaffected hand
through the mirror superimposed on the location of the affected one doegpgnly re-establish the visual
feedback of the attended movement.
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usual. This hypothesis is further supported by the proximal shiftveaba the incongruent conditions.
In those conditions, the metric component of body representaiorotbe processed as usual because
the incongruent visual information unbalances and/or prevambdiment (Rossetti et al., 2019)

While it is likely that the modulation of the metric componenthef internal representation of
the forearm may represent a perceptual correlate obaimient, why it occurs during the performance
of a manual movement is not clear.yBifferent, non-mutually exclusive, mechanisms driving the
midpoint shift have been hypothesized.

The distal midpoint shift has been consistently found taioatéter tool-use (Garbarini et al.,
2015; Romano et al., 2019; Sposito et al., 2012). Sposito et al. @0lid3tance suggested that the
forearm midpoint distal shift after tool-use is indicativeanfelongation of the forearm representation
when acting with a tool (as though the tool was embodiedbiatty schema). Other hypothesized
mechanisms are the extension of the reaching space by nighagaol (Garbarini et al., 2015he
selection of specific motor patterns and the functional @iskeotool (Romano et al., 2019) and the
sense of agency over expected consequences of action in sg8€®@ JHOR HW DO
However, the distal shift has been also found to follow manoeakements without tool, even though
to a lesser extent than tool-use training (Romano e2@19; Rossetti et al., 2019; Tosi et al., 2018)
For instance, Romano and co-workers (2019) found that whenipantis are trained to do the same
action with the same scope with or without a tool in thedhéhere is a shift in the body bisection task
following the training in any case. This latter finding is ietding because it suggests that the body

metrics rescaling is strengihed by tool-use, but it is not straightforwardly triggeredtby

3.2.1.2 Aims
As the previous study highlights, the forearm midpoint and theesefragency do not modulate

across condition in the schizophrenic group. On a genenahdythis result might indicate that sense
of agency and the distal relocation of the forearm midpoinfuar@ionally linked That is, being in
control of the hand, which is usually accompanied by the subjesgiveation of agency, might trigger
the rescaling of the internal body representation of therdipple Such a phenomenon might facilitate
the motor control over the limb. Consequently, when the iddaliis required to estimate the forearm
midpoint only using proprioceptive information (because the higetask is performed with eyes
closed) immediately after the execution of the movemenutd be that the internal representation
rescaling is detectable through his/her bisection performance.

The aim of the current studyas therefore to investigate whether the occurrence of sense of

agency, intended as the feeling of intending the movemenhars#nse of control over consequences,

11 This study demonstrated that tool-use does not only have a modulatory effegied-personal space, as
extensively investigated by other studies - for a recent review: Maravita & Ro(@@&8) - but it can also induce
a dynamic modulation of body representation and specifically of itsimetrmponent.

31



represents a crucial trigger for the distal shift of thedom midpoint. To address this question, the
experimental design used in this study made use of the wellisk&btlichotomy between active and
passive movements. Active and purposeful movements give risehteditge of ownership and sense
of agency over the moving hand, whereas involuntary movemekesihose due to the passive
displacement of a body part, can only elicit sense of ownenskipit (Gallagher, 2000Based on this,
sense of agency and sense of ownership could be methodologicabcidied (Braun, Thorne,
Hildebrandt, & Debener, 2014; Dummer, Picot-Annand, Neal, &Mp2009; Kalckert & Ehrsson,
2012, 2014a; Kalckert & H. Ehrsson, 2017; Tsakiris, Prabhu, & Hdgg806) In fact, this distinction
also allows to separate the afferent and efferent sigriasisgaduring the generation of a movement.
Active and passive movements engage the same afferent informagipproprioceptive and visual
signals. However, only active movements are initiated and diewctroy the individual and for that
reason they notably imply the recruitment of efferent imftion, i.e., the motor command and motor

predictions based on the efferent copy (Tsakiris et al., 2007)

3.2.2 Methods

3.2.2.1 Subjects

Forty-eight healthy volunteers (17 males and 31 females; agar s.d.: 24.29 + 5.85 years; mean
educational level: 16.81 years) accepted to participateeimxperiment. Most of them were students
enrolled by word of mouth and by the online recruitmerstesy of Department of Psychology
(University of Milano-Bicocca). The Ethical Committee logtUniversity of Milano-Bicocca approved
the study. The study was carried out in accordance withbriheiples of the Declaration of Helsinki
(World Medical Organization, 1996). All participants provideeit written informed consent. Students

received course credits for their participation.

3.2.2.2 Experimental procedure

The experimental procedure was basically the same of the pseasiperiment (see 3.1.2.2) except for
the experimental design adopted here. The experiment wamealbto control for two explanatory
variables, i.e., thd&lode of MovementActive Movementvs. Passive Movement) and the degree of
Congruencybetween visual and proprioceptive feedbadksPhase, In-Antiphase). As in the prior
experiment, each condition consists in (1) Pre-training liisetask, (2) MB training, (3) Post-training

bisection task and (4) Questionnaire.

MIRRORBOX TRAINING
As in experiment described in 3.1.2.2 the participant wkesdto perform index finger movement with
WKH KDQG EHKLQG WKH PLUURU ZKL@G IOR RNKIHQ P LDevA&itdcH RZSH Bl
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apparatus was ad to fulfil the experimental requirements, i.e., thef@enance of active or passive
finger movements.

The apparatus consisted of two levers, one behind the mirdatha other one in front of it. The two
levers were connected through mechanical transmission i@mnaenthat by pressing one lever, the
other one also moved (Figure 4). To reduce cutaneous input theeriabbing of the fingertip against
the surface of the lever, the pad was stuck to the leveritilegiece of double-sided adhesive tape.
Each MB training lasted 1 minute.

Participants were exposed to two types of (alien) viseatiidack: (1)in-Phase the finger of the
experimenter moved on the lever at the same frequency #melsame direction; (2h-Antiphasethe
finger of the experimenter moved on the lever at the sameeinegubut 180° oubf-phase
Furthermore, participants were to perform two types of fimgevements: (LActive movementhe
participant was required to push and release a levertingih index finger with the hand behind the
mirror while observing the experimenter hand moving analogarsthe other lever. Subjects had to
push the lever approximately once a second, finding their own ahtdrythm; (2)Passive movement
the participant was asked to let the index finger of her/his bahihd the mirror be lower and raised
by the lever while he/she was observing the experimenter hanagnsimilarly on the other lever
Participants were exposed to 1 minute of visuomotor traininggmadition. The order of conditisn
and hand laterality were completely randomized acrodgipants. Overall, participants underwent

four experimental conditions in total.

BISECTION TASK

For a detailed description, see 3.1.2.2.

SELFREPORT

For a detailed description, see 3.1.2.2.

3.2.2.3 Data analysis

BisectionR values were analyzed via linear mixed-effects mottakr function; Ime4 package (Bates
& Sarkar, 2006). Model selection has been carried out throuwgbmatic backward stepwise
elimination of the effects introduced in the full mod&tcording to this procedure, random parameters
are tested first, then fixed effects are evaluatedirsgaftom higher-order interactions. Effects are
retained when improve model goodne$dit - step function; ImerTest package (Kuznetspva
Brockhoff, & Christensen, 201 7)astly, a Type Il mixed-design ANOVA was performed on thelfina

model.
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Figure 4. Experimental set-up. A doubledever mechanical device was used. The levers were integrated into a wooden board

under which a mechanical system controlled the motion of the levers. The mechanical connection between levers was such

that any time the participant pressed the lever behind the mirror, the experimenter index passively moved on the lever in
front of the mirror {red arrow). Conversely, during the conditions of passive movement, the experimenter activated th
mechanical system by the lever in front of the mirror {blue arrow).

Questionnaire scores relating to each component were asgassedmal distribution of residuals.
Since at least one of subgroups of data failed to meetaiity criteria? within each component dataset,
a non-parametric test for factorial designs has beanussd+the Aligned Rank Transformation test
ARTool package. ART test is appropriate for multi-fasteithin-subject designs (Kay & Wobbrock,
2019; Wabbrock, Findlater, Gergle, & Higgins, 2011). All data asesyvere carried out with R 1.1.463
(R Core Team, 2019).

3.2.3 Results

3.2.3.1 Bisection judgements

The most parsimonious model evaluated by the stepwise backwactseincluded both random
effects, the three main effects together with the secodel-interaction effecMode of Movement
Time(Table 6). Analysis of variance run on the final model atda significant effect of the two-way
interactionMode of Movement Time[Fi37s3= 5.341 p = .021] and of the main fact@ongruency
[F13783=11.116 p <.001]. Main effectdlode of MovemenE1, 57s3=0.853 p = .356] andlime[F1, 3783

= 0.169 p = .681] were not significant. To examine theotway interaction, the mean post-MB
midpoint displacement and 95% Confidence Interval (Chewmlculated. As depicted in Figure 5
participants showed a proximal shift amounting to .22% [@; -74] after conditions they were
required to actively press the lever, but a distal shifakmu-.31% [CI: -.84; .21] following conditions
in which they were to let their index to be raised and ledidny the lever. Given the current results,
the hypothesized interaction between lhede of Movemerdnd the predicte@ongruencybetween

feedback is not an explanatory effect of bisection perfocaéy participants.

12 To check for normality of distribution, Q-Q plots, skewness andig were evaluated. Normality has been
assumed for values of skewness and kurtosis between -1 and +1 (Doane & S©&ajd,
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Fixed Structure B df t-value p lowerCl  upperCI

Intercept 0.681 57.17 78.460 <.001 0.664 0.699
MovementPassive 0.001 3783 0.981 0.327 -0.002 0.005
Congruencyln-Antiphase -0.004 3783 -3.334 <.001 -0.006 -0.002
TimePost 0.002 3783 1.343 0.179 -0.001 0.005
MovementPassive:TimePos 0.005 3783 -2.311 0.021 -0.009 -0.001
Random Structure

& 0.003

&\Eon 0.000

& a0 0.001

0,¢ 48

OgnE=H 10

ICC, ¢

ICCenE=H

Table 5.Fitted linear mixed model and summary statistic¥he upper part lists the fix
parameters estimates (B) and their associated degfdeesedom (df), t-value, 95% CI ant
A op X dZ o}A & % ES *Z}Ae E v-~-Puarjoistraelaskcdmglabio I

3.2.3.2 Questionnaire responses

The non-parametric ART test on questionnaire data revdadellowing results.

Embodiment: both main effec8ongruency[Fi 141 = 142.829 p = <.001, € = .5] andMode of
MovemenfF1141= 8.824 p = .003 € =.05] were significant, but not the interaction eff@ongruency
x Mode of Movemer[Fi14:= 0.177 p = .675 € = .001]. Ownershipthe main effect€ongruency
[F1141= 126.102p = <.001; R = .47], whereas the main effédbde of MovemerFy 141= 2.797 p =
.097; B =.07 and the interaction effe@ongruencyx Mode of MovemenF1141= 0.013p = .91 ¥
= .000] were not. Agencyboth main effectsongruency[F1,141= 59.979 p = <.001; € = .29] and
Mode of MovemenFi141= 32.827 p=<.00% € =.19] were significant, but not the interaction effect
Congruencyx Mode of Movemer[Fi141 = 0.135 p = .714 € = .001]. Locationthe main effects
CongruencyFi141= 63.628p = <.001; R = .31], whereas the main effédbde of MovemenfFi,141=
0.482;p = .489; € = .003] and the interaction effe€ongruencyx Mode of MovemenFi, 141 = 1.206;
p = .274; € = .008] were not.

3.2.4 Discussion

The present study aimed at verifying the hypothesized rethiiproetween sense of agency and
bisection performance suggested by Experiment 1. Even thouglognagt data basically replicate
prior findings about agency and ownership during active and passive nragamsults from bisection
performance data do not suppth main issue under investigation.

Self-report modulation shows that illusorily sense of owmiprdor the mirrored hand is
stronger duringn-Phasecompared tdn-Antiphaseconditions (Figure 6, panel) Bhowever it does not

significantly vary with respedb the type of movement. These results converge with previougstud
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showing that essential factors for the arising of subjectivesesafl ownership are anatomical
congruency (Braun et al., 2014; Kalckert & Ehrsson, 2012) and viseosyichrony (Dummer et al.,
2009; Kalckert & Ehrsson, 2014a; Kalckert & H. Ehrsson, 2017), bunhode of movement (Kalckert
& Ehrsson, 2012, 2014alhis finding, which indicates that the sense of ownership fexaacorporeal
hand arises regardless of passive or active movement agtbethevphenomenological distinction
between voluntary and involuntary actions formally describe@allagher (Gallagher, 2000).

As for sense of agency, previous accounts suggest that al ¢aatoa of modulation is the
mode of movement. Passive movement execution almost abolisheofagsacy for the fake hand
(Kalckert & Ehrsson, 2012, 2014a). A residual sense of ageasyhbserved for a moving rubber hand
in anatomically congruent position, but this finding was mteted as the tendency to ascribe covert
sense of agency for an owned hand as opposed to explitigfeEmotor control elicited by a voluntary
movement (Kalckert & Ehrsson, 2012, 2014a). On the other hanmngioal implausibility(i.e., the
dummy hand rotated 180°) as well as temporal incongruemcytfie dummy hand finger moved 180°
out-of-phase) do not completely disrupt the sense of agency. éffse ®f agency was observed to
emerge both in case of congruent and incongruent postiire fatke hand (Braun et al., 2014; Kalckert
& Ehrsson, 2012)Similarly, positive ratings of agency statements were mot®nditions of active
out-of-synch movements (Kalckert & Ehrsson, 2014a). In this regaoddifferent type of agency was
considered, i.ethesense of body ageneydthe sense of external agen@he sense of body agency
is the feeling of control over the extracorporeal body-partdiect able to fulfil skeletomuscular and
spatial constraints of the body. Sense of external agencgtsadh the experience of control over

external sensory events (Kalckert & Ehrsson, 2012). In ther lahse, the systematic relationships
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Figure 6.Box plot of embodiment questionnaire ratingghe median, two hinges and two whiskers of ipsatisdithgs o
the Embodiment component (panel A) and its subcamapts Ownership (panel B), Agency (panel C) and Lo¢ptoel C
for the four experimental conditions.

between RQH TV PRW R ahd LitQ Whk€guehde K in the environment suffice for self-agency
attribution Therefore, the fake hand can be interpreted as an extosieal tool that systematically and
foreseeabyUHVSRQGYV WR SDUWLFLSDQWYV PR YeRddtiserRdPIRiBnQatY HYHQ
his/her hand movements. The current study confirms that bothoral congruency and mode of
movement are important aspect for the feeling of agensysugh, sense of agency not only depends
on the matching between visuo-proprioceptive afference, bubaldwe generation of an intentioo-
move. Data from the questionnaire hence demonstrate thatdmgptortal incongruency and passive
displacement of the finger are effective in significantly pedthe intensity of agency. Overall, this
trend in results agrees with previous accounts suggesting tisatepamvement can abolish the overt
experience of agency over the alien hand. It is also iordance with the fact that an asynchronous
feedback can reduce sense of body agency.

As previously done by other studies, we took advantage of the campaegtween active and
passive movement to verify whether the distal midpoint shiftesgmt an implicicorrelate of self-
agency. For instance, Haggard, Clark, & Kalogeras (200@)df¢hat intentional binding shows up only
when intentionality comes into play (i.e., voluntary kegss), whereas perceptual repulsion between

movement and consequences occurs in case of externally-indogethent (i.e., involuntary key press
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induced by TMS). An analogous pattern of intentional binding adidm also emerged when a
movement engender a somatic effect, specifically a TMS-inducikchtef the contra-lateral index
finger (Tsakiris & Haggard, 2003nconclusive results about bisection performance do not support the
hypothesis that perceiving sense of agency for the mitt@ed triggers the distal shift of the perceived
forearm midpointHence,a strict relationship between these two measures is disconfirmed.

To conclude, the modulation of sense of agency does not sdmratéey factor underlying
the bidirectional modulation of bisection performance. Othetofs might be implicated, such as visual

attention.
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3.3 Experiment 1.2

3.3.1.1 Rationale of the study

Experiment 1.1 led inconclusive results about the reason for thedtidival shift of forearm midpoint.
In asmuch as sense of agency was found to be not relevamtdualating the bisection performance at
the group level, other factors should be investigated.

3.3.12Aims

It will be here considered the effect of the allocatiogpztial attention towards a certain point in space
(i.e., the hand) on the bisection performance. The bithred relocation of forearm midpoint across
conditions in Experiment 1 disproven this interpretation becatisis iivere the case, a distal midpoint
shift would have resulted in all conditions. In fact, pgstiats were required to look at the same position
in space across all experimental conditions. However, it hassheam that some tool-mediated effects
may be driven by focusing spatial attention resources ondhég (Holmes, Calvert, & Spence, 2007;
Holmes, Sanabria, Calvert, & Spence, 200@)an analogous manner, the distal relocation of the
forearm midpoint might have been due to attentionatgs®es during MB training. This issue will be

here specifically addressed.

3.3.2 Methods

3.3.2.1 Subjects

Forty-eight healthy volunteers (20 males and 28 females; nygath a.d.: 22.69 + 4.28 years; mean
educational level: 15.73 years) accepted to participateeirexperiment. Almost all the participants
were students enrolled by word of mouth and by the onlinaiitemnt system of Department of
Psychology (University of Milano-Bicocca). The Ethical Committeethaf University of Milano-
Bicocca approved the study. The study was carried out in acoerdaith the principles of the
Declaration of Helsinki (World Medical Organization, 1996)l pdrticipants provided their written

informed consent. Students received course credits forpeicipation.

3.3.2.2 Experimental procedure
The experimental procedure was akin to the that of the Exget 1 (see 3.2.2.2) and the experimental
apparatus was the same as that of the Experiment 1.1 (Bigufee current study was designed to

control for two explanatory variables, i.e., thtode of MovemenfActive Movementvs. Passive
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Movement}® and the occurrence of thésual FeedbackMirror vs.No-Mirror). During each condition
(1) Pre-training bisection task, (2) MB training, (3) Postriray bisection task were subsequently
administered.

MIRRORBOX TRAINING

The participant was asked to perform index finger movementtidétand behind the mirror while
ORRNLQJ DW WKH Hfl&cked inRHe @ivdgr Wy KIIn@ the same MB apparatus #sein
previous experiment

The occurrence of the visual feedback was manipulated indiffierent types of conditions: (1)
Feedbackthe participant performed the task while looking at the mirravhich he/she could see the
H[S HU L P ha@aneling Synchronousl{2) No-Feedbackthe participant performed the task while
looking at the mirror that was in these conditions covert byaakbtardboard to prevent visual
information; the participant was instructed to look at theect mirror as if he/she was gazing at his/her
hand.

Furthermore, participants performed two types of finger mowmesngl) Active movementthe
participant was to actively press the lever with the hanthdeéhe mirror at their own pace at around
approximately 1 Hz; (2) Passive movement: the participants twdeave the finger to be passively
moved by the lever. The order of conditions and hand lateradire completely randomized across

subjects. Overall, participants underwent four experimental conglitn total.

BISECTION TASK

For a detailed description, see 3.1.2.2.

3.3.2.3 Data analysis

BisectionR values were analyzed via linear mixed-effects mottakr function; Ime4 package (Bates
& Sarkar, 2006). Model selection has been carried out througbmatic backward stepwise
elimination of the effects introduced in the full mod&tcording to this procedure, random parameters
are tested first, then fixed effects are evaluatedirsgaftom higher-order interactions. Effects are
retained when improve model goodnesdit - stepfunction; ImerTest package (Kuznetsova et al.,

2017). Lastly, a Type Il mixed-design ANOVA was performedtmnfinal model.

13 The comparison between active and passive movement has been here maintainedeaesakts of this
experiment more straightforwardly comparable to those of Experiment 1.1.
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Fixed Structure B df t-value p lower CI  upper CI

Intercept 0.702 56.11 100.701 <.001 0.688 0.716
FeedbackNoMirror 0.004 3783 5.173 <.001 0.003 0.007
Random Structure

& 0.002

&Ne-n 0.000

&0 0.000

O,¢ 48

OsnE=H 10

ICC, ¢

ICCsnE=H

Table 6. Fitted linear mixed model and summary statistidhe upper part lists the fix
parameters estimates (B) and their associated degfémedom (df), t-value, 95% CI and p-ve
dZ 0}A & % ES «Z}Ae E v }u ]9&EnEnt%elisd corremfon (ICC)e

3.3.3 Results

The most parsimonious model evaluated by the stepwise backweactiageincluded both random
effects and the main effeEeedbackTable 7). Analysis of variance run on the final model reactal

significant effect of the main effeEeedbaciF1.37s3=26.75 p <.001]. Since no effect of time resulted,
no midpoint shift was calculated.

3.3.4 Discussion

Results from this experiment rule out an effect of spatiaht&iteon bisection performance. Based on
these results and those of Experiment 1 and Experiment &.thast reasonable conclusion that can be
drawnis that the bidirectional midpoint shift might represemtraplicit correlate of embodiment during
the execution of manual movements, though not straightforweaidiied to the agency subcomponent.
Further research could be deserved in exploring the relagtoveen body metric task, like the forearm
bisection task, and other aspects of visuomotor BOIs, sustnas of ownership.
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The rise of the illusion of embodiment of an alien body pathe context of a visuo-motor BGH
driven by the conjunction of at least two factors: the tewadgmroximity between visuo-proprioceptive
feedback and the occurrence of the intentmmove. The purpose of the next study is to test which of

these two aspects is mostly engaged in compromising the MB illuspiersons with schizophrenia.

4.1 Experiment 2

4.1.1.1 Rationale of the study

Results from Experiment 1 suggested that an abnormal embodanshbwn by an altered modulation

of the sense of agency and bisection performjamight depend on a widened visuo-proprioceptive
TBW as well as on the disruption of effective motor predigiddowever, whether one or both the
mechanisms are critical in the disruption of body perceptiofdcnot be ascertained.

Based on studies about sense of body agency in patients e, both processes might
be significantly impaired in schizophrenia. Franck andeagiles systematically investigated the
capability to recognize own movement by detecting spatiotemdtaltions in the visual feedback
They found that patients have a less restrictive visuo-progptive mismatch detection threshold
(Franck et al., 2001)Findings from other studies corroborated that finding (Dapratil.et1997;
Fourneret et al., 2001; Fourneret et al., 2002; Haggard ,e2@3). On the other hand, studies
investigating the sensory attenuation effect (Blakemoak,e2000; Lindner et al., 2005; Shergill et al.,
2005), the predictive and postdictive components of the intentiinding (Voss et al., 2010) and
prediction-based perceptual estimates of hand movements (Synafkikk€10) provided evidence for
the high unreliability of motor predictions in schizophrenia

As argued in Experiment 1, both the processes putatively affesinge of agency in
schizophrenia are recruited during the embodiment of an bAaed. Embodying an extracorporeal
moving hand involves the integration of visual and somatic (proptive#tactile) reafferent inputs as

well as the generation of efferent sign&ler instance, temporal contiguity between somatic feedback
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allows sense of ownership during the RHI. On the other haedyrising of efferent signals paralleling
the generation of the motor command (e.g., the internalgbi@aé about motor consequences) are
thought to be important for illusorily sense of agency.

Prior experimental evidence suggests that both afference andnefé are important sources
of body awareness. On the role of efferent signals for boaepsing, Tsakiris and co-workers showed
that they improve the self-recognition of bodily movements sindeithtils were more accurate in
discriminating sefJHQHUDWHG PRY HPHQWent Unidé? cBriditloiidd foivdrRiiveHtRan
passive movement€ontrary to involuntary movements, voluntary movements eh&@jtoduction of
efferent signals (Tsakiris et al., 200%) this vein, Shimada and colleagues ass®fise interplay
between the production of efferent signals and the integrafi visuo-proprioceptive feedback under
condition of active and passive movements. Their results indicdttheéhpresence of efferent signals
does not significantly improve the detection threshold for tempasahatch. However, they found that
efferent signals are crucial in enhancing the contrast betsyeehronous and asynchronous feedbacks.
$V WKH\ U thiS R bIs& su@ported by the post experiment, non-structured interview showing that
most subjects were more confident in judging asynchrony in active than in passementsy
(Shimada, Qi, et al., 2009)

The question remains whether putatively impaired efferendéavisuomotor TBW make a
distinctive contribution to embodiment and self-body processirggliizophrenia. Speculatively, it
might be that both motor prediction and TBW of cross-rhaffarence integration jointly impair MB
illusion as seen in Experiment 1. As such, the additive effeatnceliable and/or noisy motor
predictions togetér with reduced multisensory temporal resolution of sengeafference might

account for an abnormal embodiment in schizophrenia.

4.11.2Aims

The purpose of Experimenti@ to investigate whether TBW and/or motor predictigiare
involved in altering body awareness arising from visuo-proprioeejiegration in schizophrenia. To
this extent, we sought to separate the distinctive contribufigheotwo processes on embodiment
judgment by comparing (1) active and passive movements and @)ediftime-lags between visual
and proprioceptive reafferent signals

The main difference between active and passive movemesiis ivhether the efferent signals
related to motor command are available. Efferent signat&ipethose processes preceding the
actualization of the movement, i.e., the intentiommove, the generation of a motor command and the
production of sensory predictiarihe comparison between active and passive movement, which allows
the investigation of sense of ownership with and without the caraerof sense of agency (see
3.2.3.2) also allows to address the integration of visuo-proprioceptifegents with and without the

production of the efferent signals. In such a way whethesregit signals make a differential
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contribution to the integration of visuo-proprioceptive affer@puts serving bodily awareness in
schizophrenic patients was explored in the present studycdrhparison across several time windows
is instead functional to understand the role of multisen$&W on the MB illusion in the clinical
group at issue

4.1.2Methods

4.1.2.1 Subjects

Eighteenin- and out-patients with a diagnosis of schizophreniBolzano Hospital Mental Health
department, at Milan Santi Paolo e Carlo Hospital MeHiedlth department and their community
services have been involved in the stully patients met the DSM-IV criteria for schizophreniadan
were receiving stable dose of antipsychotic medicatiSeserity of psychopathological symptoms at
the time of testing was assessed through the Scale forsesgment of Negative Symptoms and the
Scale for the Assessment of Positive Symptoms (N. Andreh884; N. C. Andreasen, 1989hirty-
two healthy participants were recruited by word of mooithby the online recruitment system of
Department of Psychology (University of Milano-Bicocca). Stisieeceived course credits for their
participation.

The Ethical Committee of the University of Milano-Bicoccal af Bolzano Hospital approved the
conduct of the study in abovementioned medical facilities. Turstyswvas carried out in accordance
with the principles of the Declaration of Helsinki (Wohkdical Organization, 1996). All participants

signed written informed consent.

4.1.2.2 Experimental procedure

The experimental procedure adopted here was basically eqtinattof previous experiments. As in
previous studies, participants were invited to take their bracdleigs and watch off before the
experiment started and to keep the forearm of the limb understesitl as possible as they could move
it after the end of each experimental condition. The stumly earried out by two experimenters. The
ILUVW H[SHULPHQWHU SOD\HG WH KV K R O/HH RRe@éKadmsi@sddiie KD QG ”
guestionnaire and coordinated the whole experiment givingioigtns to participants and timing the
duration of the MB training.

Overall, eight conditions were administered in accordantieettollowing 2 x 4 factorial desigMode

of Movemen(Active, Passive) ¥ime-lag(120 ms, 220, ms, 320 ms, 420 ms). To reduce fatigue and/or
boredom, the study was split into two sessions (Active Sessionaast/® Session), each one lasting

around 25-30 minutes, with a pause of 10-15 minutes between them.
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Sz CIR

(n=198) n=32)
Age, Years 4267(11.67) 26.72 (978)
Sex, Male/Female 16/2 12/20
Handedness, Right/Left/Ambidextrou 15/3/0 27/5
Education, Years 12,11(2.82) 16.88(2.31)
SANS
Affective flattening NA d
Alogia NA d
Avolition - Apathy NA d
Anhedonia - Asociality NA d
Attention NA d
SAS
Hallucinations NA d
Delusions NA d
Bizarre behavior NA d
Formal thought disorders NA d
Antipsychotic medication
First Generation NA d
Second Generation NA d
Both NA d

Table 7.Sample demographic&/alues are presented as n or mean (SD). CTR, heattingls; SCZ, schizophrenic patier
SANS, Scale for the Assessment of Negative Symptors; @Ak for the Assessment of Positive Symptoms.

MIRRORBOX TRAINING

As in previous studies, the participant was asked to perfornx ifiiger movement with the hand
EHKLQG WKH PLUURU ZKLOH ORRNL QU F& the ¢tHernt $ady LaldBUbIQ W TV KD
lever electromechanical device was implementecbntrol for visuo-proprioceptive congruency. The
two levers are connected in a way that a lever (the nlast@) controls the actuation of the other lever
(the slave levermeaning that when the master slave is pushed, its movement is ttadisoihe slave
lever, that simulates the rotation of the first one. Thésitr delay of the apparatiss40+20ms. Given

this architecture, the participant was in control of the emdsver during the active session, whereas
during the passive session she/he was to rest his/her fingehergiavte lever that was controlled by
the experiment hand from in front of the mirror through tlester lever (Figure 7).

In order participants became accustomed to correctly puskueefbr the active session, they were
invited to practise the movements at the very beginning of thimse$e reduce cutaneous input due
to the rubbing of the fingertip against the surface of the I¢lrerpad was stuck to the lever by a little
piece of double-sided adhesive tape. Four different delaysimpogdbetween the onset of actuation
of the two levers in order to manipulate the time-lagveen (alien) visual and proprioceptive feedbacks
about the hand. Participants are exposed to 1 minute of latiomu per condition. Partial
counterbalancingLatin square designof the order of presentation of time-lags was used tonmuei
carryover effect. Moreover, half of the participants wested on the right hand, while the other half
on the left hand.
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SELFREPORT

After each MB condition, participants completed a 16-item qum@saire assessing the subjective
embodiment sensations during the visuomotor stimulation. Statenveng translated in Italian and
partially adjusted from the embodiment questionnaire usagmvious study (Kalckert & Ehrsson,
2012) Half of the items of the questionnaire focuses on sense of sinpggl items) and sense of
agency (4 items) sensations; the remaining part of the guesiie includes control statements
consisting in illusion-like statements which cannot however biéasicto sense of ownership and sense
of agency as they do not properly capture the phenomenologicalenqeetinder investigatiofor

the questionnaire translation used in the current study, sesn8p2

All the questionnaire items were read to participantseapthined if needed. Participant reported their
agreement/disagreement with each statement by referran@-moint Likert scale presented on a sheet
of paper (+3: strong agreement; 0: neither agreement nor disagme -3: strong disagreement).

As in previous studies, responses were standardized within-stjextludeSDUWLFLSDQWVY UH)
style effect [psatisation: \{  -nfeamdividua)/SDndiviaual] (Fischer & L. Milfont, 2010) The average
score of embodiment components assessed through question@awesrship, Agency, Ownership-

control, Agency-control were calculated and submitted to statistical analyses

4.1.2.3 Data analysis

Questionnaire scores relating to each component were as$assedmal distribution of residuals.
Since at least one of the subgroups of data failed to theedssumption of normality within each
component dataset, a hon-parametric test for factoriggrehas been here usedhe Aligned Rank

Transformation testARTool package. ART test is appropriate for multi-fastwithin-subject designs

Figure 7 Double-lever electromechanical deviceeft panel: Each lever is made with a plastic bar ¢ha move 30 degre
about a fixed pivot. By an electronic control systdelays of different length can be applied on theet of actuation of th
rotor controlling the slave lever. Right panel: Exampbective condition. The participant presses the masgdr(depicted i
red), meanwhile the experimenter places his hand onstaee lever (in blue). In passive conditions the iposiig of the
levers was inverted.
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Figure 8.Box plot of embodiment questionnaire rating¥he median, two hinges and two whiskers of ipsatitata. Uppe
row: Ownership component in controls (panel A) andepés (panel B). Lower row: Ownership-control compoireabntrol:
(panel C) and patients (panel D). The horizonta skows the four time-lags. Red and blue boxplistiate active an
passive conditions.

(Kay & Wobbrock, 2019; Wobbrock et al., 2011). All data analyser® carried out with R 1.1.463 (R
Core Team, 2019). The varialiBroup, Time-lagandMode of Movememere entered as predictors;
the variable Subject was also added as error term in theilfo to account for the repeated-measure

design.

4.1.3 Results

Since data collection is still in process, preliminary tssahd tentative interpretations are reported
below.

Ownershipthe main effectdode of MovemeriF 1 320= 29.129p < .001; € = .08] andTime-lag[F3 329
=19.267;p < .001; (€ = .15] and the two-way interactiddroup x Time-lag[Fzz20= 4.188;p = .006;
8 = .037] were significant. All other effects Gfroup [F147= 0.175 p = .677 € = .004] Group x
Mode of MovemerjEi1s20= 0.098 p = .755 ¥ = .00} Mode of Movement Time-lag[Fsz20= 0.298
p =.827 € =.002] andGroup x Mode of Movement Time-lag[Fss20= 0.819 p = .484 ¥ = .007]

were not. As such, subjective sense of ownership is significantlstdbdy the performance of a
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Figure 9Box plot of embodiment questionnaire ratingghe median, two hinges and two whiskers of ipsatiagd. Uppe
row: Agency component in controls (panel A) and pédiépanel B). Lower row: Agency-control comporrenbntrols (pan:
C) and patients (panel D). The horizontal axis sttbevdour time-lags. Red and blue boxplots illugrattive and passi
conditions.

voluntary action and it is driven by the temporal contiguétwi®en visuo-proprioceptive information
in both groups. In addition, the interaction group by timeifaticates that sense of ownership is
reduced by the increase in visuo-proprioceptive asynchrohgalthy controls, while it seems to be
less dependent on time-lag in the schizophrenia group (Figuparget A and B)

Ownership-control: as concerns this questionnaire component, nome effects was significant, as
follows: Group [F147=.132 p = .718 € = .003] Mode of MovemerFiso= 1.42 p = .234 €=
.004] Time-lag[Fz320= 0.654 p = .58 & = .006] Group x Mode of MovemerE1z0= 1.862 p =
173 R =.006] Groupx Time-lag[Fs320= 1.761 p = .155 ¥ = .02] Mode of Movement Time-lag
[Fa320= 1.567;p=.197; R = .01] andGroupx Mode of Movement Time-lag[Fs320= 1.879p = .133

R =.017] As such, unlikely sensations of ownersfe., having more than one hand), if present, are
not subject to conditional manipulations of the experiment

Agency: interaction effect§roup x Mode of MovemenE1 30= 16.152)p < .001; € = .05] andViode
of Movemenk Time-lag[Fs 220 = 3.243;p = .022; € = .029] were significant and the effe@toup x
Time-lag[Fs 220 = 2.579;p = .054; € = .02] was marginally significant. In addition, the maireeé
Mode of MovemerjFi32= 579.086p < .001; R = .636] andTime-lag[Fs 320 = 24.433;p < .001; ¥
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= .182). The effects oBroup [F147= 1.762 p = .191 & = .04] andGroup x Mode of Movement
Time-lag[F3320= 0.506 p = .679 ¥ =.005] were instead not significant. This latter result icailie
of a broadly similar trend of modulation between growaszordingly, higher visuomotor temporal
incongruencies and passive movements reduce the intensity ofofeggcy Nonetheless, the two-
way interactions suggest that the differences in subjective agkiven by the two factors are less
strong in the schizophrenia group (FigureBanel A and B)

Agency-control: the two-way interaction effect @foup x Mode of MovemerFi,z9 = 42.767;p <
.001; @ =.12] was significant together with the main effédtsde of MovemerjF1 320 = 364.631p <
.001; R = .526] andTime-lag[Fss20= 3.826:p = .01; R = .034]. Conversely, the effects Gfoup x
Time-lag[Fsz20 = 2.444;p = .064; & = .022], Group [F147 = 0.794 p = .377 € = .02], Mode of
Movement Time-lag[Fas20= 1.432 p =.233 € =.01] andGroup x Mode of Movement Time-lag
[Fa320=0.657 p=.579 E=.005] were not significant. Thus, weird sensations of corggplfassivity-
like sensations like the sense that the veridical hand is dedtdoy the alien hand; or unlikely
sensations like sensing movements in the space between own tammohl@nd the location of the
mirrored hanyimodulate similarly between groups, though differences inducesdole of movement

are attenuated in the clinical group.

4.1.4 Discussion

Consistent evidence from BOIs suggest that multisensory synctarpivotal for self-body processing
(Kilteni et al., 2015). As regards the specific case of visuoni®@s, eY LGHQFH IURP WKH 3URE
LOOXVLRQ  LQGLFDWHYVY WKDW YLVXDOHHARQEDN FINU@E H@EyDEW VOY®ZH U |
processing. This visuomotor variant of BOI has been systenmatica¢stigated with respect to visual
feedback delays ranging from 90 milliseconds to 590 millisecdBesse of agency and sense of
ownership more strongly arise under delays smaller than 200 nalidedlsmail & Shimada, 2016).
As regards schizophreniaesults by Franck et al. (2001) are suggestive of an enlarged visuo-
proprioceptive TBW. In that study, participants were to recgttieir own movementstURP RWKHUV
movements based on a virtual feedback. It was found thangsatiéh delusions of influence were less
able to detect the spatial visuo-proprioceptive conflict bectneseself-attributed visual feedback up
to 30° of distortion, whereas control participants and non-influepeg¢iénts became aware of the
spatial bias around 15°. Besides, the overall schizophrenia gratpkeself-attributing distorted
movement up to 300 milliseconds delays compared to 150 millisecotits éontrol group.

These studies as well as Experiment 1 did not disentangle tinetilistcontribution of efferent
and afferent signals to self-body processing. For this redlsercurrent study aimed at dissociating

efference-related phenomena (motor intention, motor predieind comparative processes) and an
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afference-related phenomenon (multisensory integration sfioyproprioceptive reafference) by
controlling for mode of movement and cross-modal temporal slelay

The significant interactiorMode of Movemenby Time-lag regarding sense of agency
modulationisLQ DFFRUG ZLWK UHVXOWY IURP ([SRIQLEPHQWBraurbB QG SUL
et al., 2014; Kalckert & Ehrsson, 2012, 2014ajpporting the hypothesis that for sense of agency to
arise temporatarelation between afferent feedback is necessary but natisotfbecause it has to be
complemented by efference-related processes allowed by twution of a willed movement.
Specifically, current results indicate that sense of agenayeases with increasing visuo-
proprioceptive discrepancy, though differences driven by crosslmmuogmatch are substantially
smoothed out by the passive mode of movement. As can be seephr{fgigure 8, upper panels), this
effect in agency modulation is generally present in both groups.

Despite the globally similar treraf sense of agency between groudsde of Movemerdand
Time-lag are both differently modulated by the fac@roup Indeed, the sense of agency in the
schizophrenic group turns out to be reduced to a lesser bytéme visuo-proprioceptive asynchrony.
In addition, the difference in sense of agency betweesctve and passive movement is remarkably
attenuated with respect to healthy participants. Thesdtsepartially replicate those of a very recent
study about sense of agency in schizophrenia patients tedtieel \guomotor version of the projected
hand illusiort”. In this study, patients display to perceive voluntary movenmenits akin to involuntary
ones. The abnormal modulation of agency sensations involves sgBcifiatients with passivity
profile. Moreover LW LV FRQILQHG WR LWHPV DVVHY¥Yyeha dval/ s SUHV H (
hand™. In contrast, also patients with no history of passivity spmgt show a smaller and not
significant reduction of agency over the projecte@® QG°~ LQ WKH DV\QFKUBRBORXY FRQG
delay). As authors suggest, a deficit in proprioceptive predictesponsible for the disruption of
sensorimotor processes underlying pre-reflective feeling ofcggemould engender the abnormal
judgment of agency over own hand (see 1.2 for the distinctigreba feeling of agency and judgment
of agency) demonstrated by patients with passivity. Conveselygdened TBW would be a common
deficit of patients with schizophrenia (Graham-Schmidt,tMdwerson, & Waters, 2018)

As in the just mentioned study, the overt awareness of execatingctive or a passv
movement with the lever (given that participants were exiylitistructed to the movements they had
to carried out) does not induce strongly different intensitiegyehcy over the alien hand inpatieis

a similar vein, the poor sensitivity to visuo-proprioceptive dizaneies make patients to show an

14 This study adopted the same equipment and questionnaire previously used to test theadsileversion of

the illusion in schizophrenic patients with passivity profile (Grahaal.e2014) (see Table 2).

15 Unlike the present study, Graham and colleagues distinguish betwedh v C }A & }Av A E] ] o Z v
Ju% E 3§} A P v C }A%ERE3EZ #A].Byoadly speaking, our agency statements resemble items

% CE 3 ]v]agendy}over the video-projected hand) AZ E «-cobtrol sfatements may represent a

ul]ZESpE }( ]38 lossof pgéncy over own hand v logs of agency over the video-projected hand
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attenuated modulation of agency self-reports, irrespectittieanode of movement. Therefore, these
provisional results reveal that both efference- and affereglated processes provide patients with
altered cues for self-body agency.

Over the last decade, several studies adopting the visuomotort\vafrine RHI have addressed
whether the generation of efferent signals has a promofieg eh sense of ownership in embodiment.
On the implicit ground, efference was found to qualidyi modify the proprioceptive perception by

PDNLQJ ERG\ SHUFHSW IURP IUDJPHQW HIHPRPRR \F\WWRKBWHG DQE 3
proprioceptive drift (Tsakiris et al., 2006). As regards subje@xperience, some accounts support the

view that efference heightens sense of ownership (Braun @04¥; Dummer et al., 2009), whereas

other accounts suggest thit neither strengthens (Kalckert & Ehrsson, 2012, 2014a) nor so
fundamentally catalyses the onset of the illusion (Kalckeétt Ehrsson, 2017). According to this latter

OLQH RI UHVHDUFK WKH UHODW LR Q\DK LESHE M YWZ(H Pl@HEISUGFF\GD QG |
ownership facilitates sense of agency (Kalckert & Ehrsson, 20A4a5uggested by a recent review,

the inconsistency of results may indicate that the interpdnywden sense of ownership and sense of

agency is bidirectional more than unidirectional. Theesfahen they co-occur, they may strengthened

each other (Braun et al., 2018) this regard,lte strongly significant modulation of sense of ownership

by Mode of Movemeribund in the current study supports the former view suggestin ¢t execution

of an active movement enhances the vividness of sense of ownasaifigure 8, upper panels)
Accordingly, the synchrony between visual and proprioceptive ingpuffices for the illusion of

ownership, but this latter can be enhanced by sense of agency.

Importantly, Mode of Movemengffect emerges irrespective of t@eoup factor, suggesting
that disrupted efferent signals in visuomotor integratiaghtmot be so critical in altering the subjective
feelings of ownership in schizophrenia. Conversely, the inieraeffectGroup by Time-lagsuggests
that sense of ownership referred by patients results to be stoongly affected by a general
insensitivity to visuo-proprioceptive temporal mismatcley@&d reaffirming an abnormal internal
timing for multisensory events (Foucher, Lacambre, Pk&arsch, & Elliott, 2007; for a recent review:
Zhou et al., 2018), this finding points to a TBW deficit affegtsense of ownership irrespective of the
type of movement to be perfoeahin schizophrenia. Based on this provisional finding, it might b
speculatively concluded that an enlarged visuo-proprioceptBd Tnore than an impairment of
efference (and its related processes) influences body shipeturing action

As explained in 1.2, an explicit judgment of agency diffemnfrthe implicit pre-reflective
feeling of agency. The former does not only rely on sensapintotes, but also on contextual cues and
higher-order cognitive factors and personal understanding of théaitua limitation of the study is
the lack of a feasible objective measure of the phenomena undstigation to support finding from

the questionnaireTo limit this issue, we explained the functioning of the settiphe end of the
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experiment. Moreover, before administering the questionnairewited participants to respond by
referring as much as possible to their perceptual experienkce efént.

Unfortunately, unbalanced comparisons by group make thigexthirinterpretation of results
still inconclusive. The final conclusions will be drawn & #nd of data collection, also in the light of
psychopathological data.
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In order to investigate the malleability of body repred@nian schizophrenia, spatial constraints of
the illusion could be addressed. The purpose of the next sudytést whether sense of ownership
during the MB illusion decays at higher degrees of spatial incongyugetween the visual and the

proprioceptive information in a sample of healthy people.

5.1 Experiment 3

5.1.1.1 Rationale of the study

Based on the strong RHI vividness in patients with schizopneard on the anecdotal observation they
start experiencing the illusion even before the multiserstonulation, Thakkar et al. (2011) suggested
that patients might have a more flexible and weakerriatdody representation. In a similar fashion,
a recent review on the topic puts forward the hypothesisttibahigher susceptibility to the illusion
would depend on a stronger reliance on multisensory intamaver potentially weaker stored body
representation (Klaver & Dijkerman, 2016).

In order to test the malleability of internal body repnésgon in schizophrenjat could be
investigated whether patients are more prone than healthgigmants to embody extra-personal limb
that overtly violates anatomical and spatial constraintsodfy schema., Q | D\W&/do hot tend to
mistake a hand over the other side of the room as our own just because likiwakisand Intuitively,
in order to feel like a seen hand is part of our body, it needs to be spatiméytol us (Preston, 2013;

p. 178). In this regardhe peri-personal space may play a role in that it manesent a boundary zone
functional, not only to reaching or defensive behaviour, mat @ self-attribution of bodily signals,
i.e., self-body ownershiMakin et al., 2008)

Since little information is available about spatial rulésisuo-motor BOI in neurologically

and psychiatrically unimpaired population, an exploratory shgation, using the MB procedure

previously explained, has been carried out first. This studselgypnary to a future experiment aimed
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at investigating whether a patient with schizophrenia isi@to embody extracorporeal hand that

eminently violate basic anatomic constraints and, in turmpgesonal space limits.

5.1.1.2Aims

Few prior studies systematically addressed the spatias lohithe RHI (Kalckert & Ehrsson, 2014b;
Lloyd, 2007; Preston, 2013; Zopf, Savage, & Williams, 2010). A brief saipiiof them is provided
below.

With the aim at quantifying the boundaries of peri-handiserisory space, Llyod first test
the strength of the illusion for increasing distances betwee veridical hand and the dummy hand.
She  RXQG WKDW ZKHQ WKH IDNH KDQG ZDVISRBD MHCH PSROUHN WHKLDED (
hand, the illusion starts decayir§ince the illusion is likely to persists as long as visual stifallli
within visual receptive field around participdhtV K D Q Gouehed(Kakin et al., 2008)that result
was interpreted as the spatial extent of the representaftibhe peri-hand space (Lloyd, 2007).
Nonetheless, the fake hand was positioned further away fromeahleand but also increasingly rotated
WRZDUG SDUWLFLSDQWdpHnfoundrng \effdotVof Wostukal indbkidAuency may have
accounted for the reduction of RHI (Lloyd, 2007; Makin et al., 200Bgrefore, a following study
modulated the lateral distance of the fake hand withoutdatiog postural confounds. The rubber
hand was kept on a constant location in front of the subject ti&l& D U W L larfsl bvags etnally
shifted 15 cm and 45 cm away from it. At the closer distaREwas high regardless of the synchrony
of stimulation. At the larger distance, RHI decreases in ahasynchronous stimulation. As authors
suggested, a fake hand within peri-hand space triggers muttigentegration regardless of temporal
congruency, however a fake hand outside peri-hand space ba&sndan be embodied in case of
multisensory temporal congruency. For this reason, synchsostomulation would be able to expand
peri-personal space anchored to the hand (Zopf et al.,.2060theless, Preston argued that the lack
of modulation between the two conditions of synchronous stimulegiies on the fact that the fake
hand moved outside the peri-hand, but always staying withisppesonal space. In her view, a further
factor should have been controlled for, that is the digtdrom the body midline. In her experiment,
she hence modulated (a) the position of the dummy hand dttenee to the proximity to the trunk
and (b) the position of the real hand with respect to eddsen position of the dummy hand
Questionnaire data showed that the illusion decreases fisctroédistance when the real hand is near
the body and the fake hand is far away from the real hand bdt@isthe body midline. This indicated
that peri-personal space boundaries matters for RHI to er(ferggton, 2013).

One experiment specificgladdressed the effect of distance on the active RHItfiee motor
version of the RHI in which a fake hand synchronously or asynchsbnanoves with respect to
S D UWLFL S DititsTstudi{tbeJake hand was placed at three different distanoes tine real

hand: 12 cm, 27.5 cm and 43 cm. The illusorily sense of ownersisipgerved to significantly decline
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at 27.5 and 43 cm. The decline of the illusion was partiaffgreéint to that in the visuo-tactile version

of RHI, which significantly decreased in intensity oniytd8 cm (Kalckert & Ehrsson, 2014@)his was

said to indicate a narrower spatial rule for the visuo-magosion of the RHI, which was speculatively
interpreted as an effect of the shrinkage of the spatialomirad visuo-somatic information integration
due to the presence of efferent informatiNievertheless, the distance between the fake and the real
hand was modified along the vertical plan in front of theigipant, i.e., moving away from the peri-
hand space onlyHence, this account does not provide information on the tfemgisuomotor illusion
relative to body midline and peri-personal space.

The purpose of this investigation is to delve into the relatipnsetween sense of ownership
and peri-personal space boundaries while sensorimotor itibegfar body processing is engaged. In
particular, the present study set out to explore whether thellion becomes weaker when the
mirrored hand gradually moves towards the extra-personal sp#ue liwrizontal plane. To this end
the H[S HU L P H&ntlV wdd fincreasingly shifted away from the mirror up ttarge spatial
displacement of the mirrored hand in the mirror from the tfrike subjectThree different measures
of the illusion were collected. First, introspective répdrom the subjects. In this regard, a reduction
in ratings was expected when the participant saw the mirtmmed far away from the trunk in an
anatomically implausible location (i.e., towards the lf the peri-personal space). Second measure
taken was the static proprioceptive drift. Based on Kalc&eBhrsson (2014b), we predict that a
reduction in the magnitude of the perceptual shift at theraqpdial distance hird, anticipatory Skin
Conductance Response (SCR) to incoming noxious somatosenisaui. SExperimental evidence
from patients suffering from somatoparaphré&hghows that the pathological denial of ownership for
RQHTV RZQ ERG\ OLPE LV DFFRPSDQLH@ HNX SR QVHG X\FRV IQRQL R@ VW
(Romano, Gandola, Bottini, & Maravita, 2014). As such, weipted a reduction in anticipatory SCR

to noxious stimuli when the mirrored hand, placed furtherydvean the body, is no more embodied.

5.1.2 Methods

5.1.2.1 Subjects
Thirty-eight healthy participants were recruited by wdrdnouth or by the online recruitment system

of Department of Psychology (University of Milano-Bicoccaudgnts received course credits for their

16 A neurological syndrome associated with dis-ownership of the conti@algsupper limb generally following
a lesion of the right parietal cortex. The alien limb can belaitad to another person (Romano & Maravita,
2019; Vallar & Ronchi, 2009).
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Figure 10. Experimental procedur&he experimental procedure was repeated in three timesder to vary the extent
visuo-proprioceptive spatial congruency experienceddulie MB training. The mirror reflection, which pregdhe imag
of an extra-personal limb located in three differestdtion onto the horizontal plane, i.e., close te thody midline, almo
overlaying the real hand (10 cm) and gradually far awagnfbody midline towards the extra-personal spaced#and 7
cm). The proprioceptive reafference remained constantsscoonditions as participathand stays in the same posil
across conditions, whereas the visual feedback coelffom spatially congruerto Jv JvP Ep v A]3Z %anc
location. Questionnaire statements aimed at assestiegexplicit component of embodiment. Perceptual judgtrtask
instead aimed at probing the perceptual remapping efageived hand location after embodiment.

participation. The Ethical Committee of the University of MdaBicocca approved the study. The
study was conducted in accordance with the ethical stdsmadirthe Declaration of Helsinki (World
Medical Organization, 1996)

All participants gave their informed consent to particigater to beginning the experiment.

5.1.2.2 Experimental procedure

In this study, participants underwent three experimental condibfdd® training, each one including
four phases (Figure 10)1) the pre-training position judgment task, (2) the MB trajni(3) the post-
training position judgment task and (4) the embodiment questi@rFurthermore, during the MB
training skin conductance response to noxious stimuli administertte hand under illusion was
measured from the non-stimulated hand.

As in previous studies, participants were invited to take thaodbets, rings and watch off before the
experiment started and to keep the forearm of the limb understssitl as possible as they could move
it after the end of each experimental condition. The stumly earried out by two experimenters. The
ILUVW H[SHULPHQWHU SOD\HG WH AV KR O/HH RR Q\GédinifsHédH@ AW E G -~
guestionnaire and coordinated the whole experiment giving itistnacto participants, applying

nociceptive stimulation and timing the duration of the MB tragni
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MIRRORBOX TRAINING

As in previous studies, the participant closed his/her eyes wibillirror was positioned vertically on

WKH WDEOH LQ D zZD\ LW ZDV SDWWDOHSOSOWR HS DQW LKLY XYW U LP
reflective surface. The second experimenter placed his linbbeatable in front of the mirror. A black

clothZzDV GUDSHG RQWR SDUWLFLSD QWM WRJXKEG S XOFHG YH VSXHDUA R I @MW
WR WKH DQDWRPLFDO LPSODXVLELIOHL VBR RILWLKRH H 5 H &P Bl IQRAHHUA
front of the mirror was changed across conditions to oluiiffierent degrees of spatial overlapping

between the hand of the participant behind the mirror anttlubery position of the hand reflected in

the mirror Spatial shift 10 cm, 40 cm, 70 cmitach condition was around four minutes Iohige order

of presentation of spatial shifts was partially counterba&dricatin square designacross subjects to

control for serial order carryover effect. In addition, e of the tested hand (rigit left) was

balanced across subjects.

The same double-lever electromechanical device of Experimeas 218ed (see 4.1.2.2 for a detailed
description). The task of participants consisteg@ressing and releasing the master lever behind the

mirror while looking at the experimenter hand in the mirfusing the slave lever). Apart from the

intrinsic delay of the lever system, no additional delag imroduced. The alien hand thus appears to

move in high synchrony with respect to participants hand. Subjadt® push the lever approximately

once a second, finding their own internal rhythm. In ordey thecame accustomed to the lever
functioning, they were invited to practise the movements atdhebeginning of the experiment. To

reduce cutaneous input due to the rubbing of the fingertip agaimstrface of the lever, the pad was

stuck to the lever by a little piece of double-sided adheajye t

SKIN CONDUCTANCE RESPONSE

During each MB training the experimenter delivered noxious stimdlie hand of the participant and

the mirrored hand with a needle simultaneously. A seriesghit stimuli per condition, divided into

two separate blocks, were presented to participants. RoB@tdgconds elapsed between consecutive

stimuli. Two types of stimuli were administered, .,éeFRQWDFW"~ VWLPXOL WKH H[SHULI
and pricked hands with the needlP)Q G-FRRWDFW"~ VWLPXOL WKH H[SHULPHQWFG
stopped at approximately .5 cm from the skin). Contact stimate pseudo-randomly introduced

between no-contact stimuli to control for SCR adaptatioesid®s, the order of stimuli was
counterbalanced across subjects. Overall, 24 noxious stimdupgrct were delivered, i.e., 8 stimuli

x 3 spatial shifts (10cm, 40cm, 70cm). The eight stimuli admmedtevithin each condition were

divided into two blocks of four stimuli interleaved by 30 seoid order to further control for

habituation.

SCR was acquired through the amplifier unit GSR100C oBI@PAC device (BIOPAC Systems,

Inc., Goleta, CA, USA). Signal was recorder with two/AgCl (TSD203, Biopac Systems, Inc.)
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electrodes fixed on the distant phalanx of the index and michdjers of the hand not involved in the
MB training. Rngertip skin under the sensor was scrubbed and saline conductor getallgsapplied

to increase the signéd-noise ratio Signal was samples at 200 Hz, low-pass filtered at 10 ldz an
acquired with a gain equal to 5 pmho/V.

Pre-processing of data was performed with BIOPAC AcgKnowledgé.2.0 software (Mindware
Technologies LTD, Gahanna, OH, USA). Smoothing (factor: 16fpks) and high-pass filter at .05
Hz were applied on the continuous recdddta occurring 10 ms after the markers manuzdtied by
the experimenter during the administration were selectedilaito earlier studies (Armel &
Ramachandran, 2003; Llorens et al., 2017; Ma & Hommel, 2013; P&baig 2018; Reinersmann et
al., 2013), two participants showing maximum amplitude valuerldhan .03 pS in all trials (24 out
of 24), or almost all trials (23 out of 24), were scorgtan-responders and excluded from subsequent
analyses. Phasic response to experimental stimuli was thetifigdaas the peate-peak amplitude
value within each selected epoch. Peageak values higher than 2 SD from within-subject meae wer

scored as statistical outliefBorgiarini, Gallucci, & Maravita, 2011) and removed from data.

POSITION JUDGMENT T/A&K

This task consisted in providing proprioceptive estimations of dvairindex finger position. The task
was performed before and after each MB illusion induct#ohlack wooden board raised by wooden
struts was arranged in front of the participant in orderoraceal his/her hand from view. Care was
taken to avoid participants achieved positional cues fhewiew of their real hand immediately before
the task; thus, they were asked to close their eyes untipiheratus was correctly placed in front of
them For the estimation, the experimenter swipgéint brush along the longer side of the board over
a ruler invisible to the participant. The task consistddliowing the paint brush with eyes and verbally
indicating E\ VD\LQJ 3VWRS"™ ZKHQ WKH SDLQW Ethelndék fihge¥. Th&k VLW LR C
examiner recorded the number of a ruler over which the pairsh was stopped. Participants could
correct their estimate if needed. The direction of the [mairgh was alternated among trials.

Four estimates per each position judgement task were cdlliecta total of 24 estimates per subject,
i.e., 4 trials x 2 position judgement tasks (Pre-MB, Post-MB)spatial shifts (10cm, 40cm, 70cm).
Position estimates were calculated as the differenceskatthe veridical and the perceived position of

the index finger.

SELFREPORT
A questionnaire was again used to assess embodiment sensatiosisbjective level. Statements were
here adopted from the embodiment questionnaire used by Kafckéntsson (2012). Some statements

were edit and one item was construaedocfor this study (see Appendix 3).

58



All the questionnaire items were read to participantseapthined if needed. Participant reported their
agreement/disagreement with each statement by referra@-ooint Likert scale presented on a sheet

of paper (+3: strong agreement; 0: neither agreement nor disagme -3: strong disagreement).

As in previous studies, responses were standardized wtt{re MHFW WR H[FOXGH SDUWLF
style effect [psatisation: \{  -nfeamdividua)/SDndiviaual] (Fischer & L. Milfont, 2010). The average

score of embodiment components assessed through question@awesrship, Agency, Ownership-

control, Agency-control were computed and submitted to statistical analyses.

5.1.2.3 Data analysis

Scores of each questionnaire component were assessed fal d@tnibution of residuals. Since at
least one of subgroups of data failed to meet normalitgriat’ within each component dataset,
differences across conditions were examined by conducing Friethsafor non-parametric within-
subject design. Wilcoxon signed rank test was used for pairasparisonsg-values of comparisons
were adjusted with Holm correction)

Linear mixed-effect model was conducted on proprioceptive egtiniyimer function; Ime4 package
(Bates & Sarkar, 2006%patial shift(10 cm, 40 cm, 70 cm},ime of testindPre-MB, Post-MB) and
Tested handLeft, right) were initially entered as fixed effectAdditionally, Subjectand Trial were
introduced as random factors.

Akin to proprioceptive estimates, SCR values were analygediducting a linear mixed-effect model
Spatial shift(10 cm, 40 cm, 70 cm), was entered as fixed effects. Addily, SubjeciandEpochwere
introduced as random factors. The effecspditial shitZDV H[DPLQHG R® R@W DNFRV I QRN L P X
to focus on the anticipatory response to incoming stimuli.

Model selection has been carried out through automatic baclstepdise elimination of the effects
introduced in the full model. According to this proceduaedom parameters are tested first, then fixed
effects are evaluated starting from higher-order interagtiBffects are retained when improve model
goodnesf-fit - stepfunction; ImerTest package (Kuznetsova et al., 2017). LasTlypa Il mixed-
design ANOVA was performed on the final model.

All data analyses were carried out with R 1.1.463 (R Ceam, 2019).

5.1.3 Results

5.1.3.1 Questionnaires responses

Ownership ownership ratings was different across conditions, indicatingréfiseint effect of spatial

7 To check for normality of distribution, Q-Q plots, skewness ansig were evaluated. Normality has been
assumed for values of skewness and kurtosis between -1 and +1 (Doane & S©&ajd,
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Figure 11Box plot of embodiment questionnaire rating3'he median, two hinges and two whiskers of ipsdtiata. Uppe
row: Ownership (panel A) and Ownership-control (p&)etomponents. Lower row: Agency (panel C) and Agemiyo
(panel D) components. The horizontal axis showshreetspatial shifts.

shift [ = 19.687, df = 2p <.001]. Pairwise comparison showed significant differencesdset\all
the pairs:10 cmand40 cm[V = 495, pcorr = .017],20 cmand70 cm[V = 631, peor < .001] andd0 cm

and 70 cm [V = 501, peor = .017]. Ownership-controlOwnership-controls ratings were non-

significantly modulated by spatial shifi f = 0.157, df = 2p =.925. Agency Agency ratings were
non-significantly modulated by spatial shift§= 1.341, df = 2p =.512]. Agency-controlOwnership-
controls ratings were non-significantly modulated by spatial ghff= 4.409, df = 2p =.110].

In sum, only the sense of ownership, among the all questient@inponents, significantly decreases

as an effect of the increasing spatial misalignment of fh@mad hand relative to the real hand.

5.1.3.2 Position estimates

The most parsimonious model included the random e8abject the two main effectSpatial shift
andTimeand the second-order interactiSpatial shiftx Time (Table 9). Analysis of variance run on
the final model revealed a significant effect of the twapinteractionSpatial shiftx Time[Fzgra =
3.149 p = .043] and of the main factoBpatial shiffF2g74= 6.040 p <.002] andTime[F1g74= 37.15%
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Fixed Structure B df t-value p lower CI  upper CI

Intercept -1.671 53.808 -4.276 <.001 -2.451 -0.891
SpatialShift40 0.322 874 1.330 .184 -0.153 0.798
SpatialShift70 -0.145 874 -0.597 551 -0.620 0.331
TimePost 0.382 874 1.601 109 -0.087 0.864

SpatialShift40:TimePost 0.546 874 1.593 112 -0.127 1.219
SpatialShift70:TimePost 0.848 874 2.476 .014 0.176 1521

Random Structure

&. 4.687
& a0 4.466
0.¢ 38
ICC, ¢

Table 8.Fitted linear mixed model and summary statistic¥he upper part lists the fix
parameters estimates (B) and their associated degrefeeelom (df), t-value, 95% CI ant
value. The lower pa8 +Z}Ae E v }u Jvd E % anf idtra@gdss/correlation (ICC)

p <.001]. The analysis reveals that participants showed a larger propiigeapift towards the
mirrored hand at the larger spatial shifts as compar&@ tonspatial shift (Figure 11 o quantify the
extent of proprioceptive drift after the MB training, PrasPdifferences between estimated marginal
means per condition were calculated. Positive values dansihét towards the extra-personal space
and negative values denote a shift towards body midline. Preptive drifts per conditiort0 cm=

+.39 cm,40 cm=+0.93 cm and0 cm= +1.24 cm.

5.1.3.3 Skin Conductance Response
The most parsimonious model included both random effaatgectandEpoch Conversely, the fixed
factor Spatial shiftdid not increase model goodnedsfit. Given the analysis exclude any effect of the

factor under investigation, SCR has not been further examine

5.1.4 Discussion

This study aimed to explore spatial constraints of the MB diluddy means of physiological,
proprioceptive and subjective illusion-related outceni® this end, the spatial location of the seen
hand was systematically manipulated across three diffavaditmn of MB training Generally, results
show that the increasing spatial misalignment between thehaimhand the real hand modulates the
verbal reports and proprioceptive outcomes, but it does have angatiticeffect on SCR to
approaching noxious stimuli.

Ownership ratings was significantly higher when the mirrored hasidseen almost overlaying
SDUWLFLSDQWTYVY KDQG +RZHYHU EEHWEUHRVWRH WKHQ/ SDQ\E LWV B
strength of illusion declined accordingly. This results argre@ement with Preston (2013) and indicate
that the subjective strength of the illusion modulates withie peri-personal space because they
become weaker as the visual feedback moves away from peri-hamrdasphitom the body midline.

The inhibition of the ownership illusion for body placed at thetdéirof peri-personal space has been
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Figure 12. Proprioceptive judgment&stimated marginal means (x 95% CI) of perceptuah&s&s before and after the \
training. Estimates are represented as the amount @t slvay from the position of the real hand (x = 0).ifhos value
denote a shift towards the mirrored hand and negatra&ies denote a shift towards the body midline.

demonstrated also by virtual reality studies (for a reviete#ii et al.,, 2015)As predictable, the
illusorily agency over the alien hand does not decreasectnstense of agency can apply to close as
well as distant feedbacks as long as the temporal mappingdre intention and consequences is
preserved (Kalckert & Ehrsson, 2014b). Conversely, it is moréy lilke modulate as an effect of
multisensory synchrony and type of movement (see Experiment 1Bxaedment 2).

The proprioceptive drift is used as a proxy of the propriogegncoding of the hand position.
Generally, participants tended to misperceive the posifitinechand towards the trunk regardless of
the illusion (see proprioceptive drifts at baseline, Figure ldgc@atively, such a general perceptual
bias might account for the small magnitudes of drift in campa to previous studies (Preston, 2013;
Zopf et al., 201Q)Unlike classical RHI setup, the mirrored hand was seeraldtethe real hand. This
arrangement might have contrasted the proprioceptive drifirttesthe hand related to the illusion of
embodiment
The two-way interactiorspatial shiftby Time of testinchighlights that the extent of drift gradually
increases in accordance with the amplitude of the spatiaédesacy between the real and the mirrored
hand. This modulation of the proprioceptive drift disprovesrttial hypothesissince it appears to be
increasingly biased towards the location of the hand in themT his indicates that the proprioceptive
drift does not decrease when the mirrored hand approachesrtvpesdonal space. This trend of result
is in disagreement with Kalckert & Ehrsson (2014b), who concltitsdproprioceptive drift following
the active RHI shows up at 12 cm, but not at 27.5 cm. In thag, dtodvever, the occurrence of drift

towards the rubber hand was based on the comparison between symshaowoasynchronous
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Figure 13 Skin Conductance Respongsstimated marginal means (+ 95% CI) of gegbeak skin conductance respons
no-contact stimuli.

conditions of stimulation. Akin to current results, a smaltpptual shift towards the model hand (about
.5 cm) occurred at both distances under synchronous stimulationitiddsanding, such a comparison
may be questionable because RHI modulation by distance wasettdored relative to the vertical
plane. Previous references about the modulation of the prgptileeelrift on the horizontal plane in
the classical RHI (Preston, 2013; Zopf et al., 2010) suggests thiay case the fake hand is positioned
lateral to the real hand and further to the body, a small mmifisant perceptual shift away from the
fake hand towards the body can be observed with respect torégions in which the fake hand is
positioned medially (as in the classical RHI) (Preston, 2013u#ls, proprioceptive drift during visuo-
tactile illusion on the horizontal plane modulates in theosjtp direction with respect to present
proprioceptive data.

Conversely, current data are in line with previous accounts stigg@ gradual recalibration of hand
position towards the visually specified position (the mirroath and away from the proprioceptively
specified location (the real hand) during the MB illusion, thevisual capture effe¢Holmes, Crozier,

& Spence, 2004; Holmes & Spence, 2005; Medina et al., 20He) visual capture effect was also
observed to be of larger magnitude when the participant wad &skeove the hand during illusion
induction compared to when he was to rest his hand in ffaheanirror in a static position (Holmes
& Spence, 2005; Medina et al., 2016urrent results expand these previous results suggesting that the
recalibration persists for the mirrored hand at further lonataway from the body midline.
Speculativelythey might indicate that hand position remapping on the huarplane during RHI-
like illusionsis computed differently based on multisensory inputs at stakevisuo-tactiless. visuo-

motor. Given such a difference was not systematically addresseditasdonly conjecturally
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hypothesizedwhether the interplay between different types of cross-mimdegration and peri-
personal space has a different effect on hand location éssinmaMB illusion may be investigated in
future.

As for the physiological measure of the MB illusion employed hbeeeffect of distance did
not represent an explanatory variable for the data ohautic responses to expected noxious stimuli.
Interesting evidence of a relationship between sense of ownensthiSCR derives from studies on
brain-damaged patientRomano et al. (2014) found that the sense of disembodiment of gphddp
somatoparaphrenia is accompanied by a significant reduction phyisélogical response to noxious
stimuli directed towards the affected limb. The authors speetihat this finding is suggestive af
disruption in body representation extending to peri-personal seéating to protective behaviour.
Additionally, Garbarini et al. (2014) observed that patientd vait pathological embodiment of
extracorporeal hand demonstihéegreater SCR amplitudes in response to stimuli deliverad &lien
hand (pathologically embodied) placed in the affected sidgawad to stimuli delivered to the their
own contra-lesional hand. Accordingly, this provide evidencéhéoidea that sense of ownership
producestop RZQ PRGXODWLRQ RI 6&5 WR QR[LRXV VIDUPXOL WKUHDW
In the present study, the lack of consistency between physiolagidalubjective indices of the illusion
of ownership might indicate that the mere modulation ofiglpdiscrepancy between the real and the
fake hand is not by itself enough to disrupt sense of ownershipirapécit level. Hence, the illusion
of ownership can persist so long as any postural violatiorr@ainted (e.g., different orientation of the
mirrored limb). As such, the inhibition of subjective reportshefillusion may be also ascribed to the
effect of semantic and highorder cognitive processes such as the structural knowledge i rifen
body (Longo, Azafién, & Haggard, 2010)

To conclude, this study provides evidence for a different mtdualaof proprioceptive,
subjective and physiological correlates of the MB illusion. The sole laialu of the subjective
ownership is in keeping with a role of personal space on thesityteaf the illusion. Nonetheless,
whether it results from perceptual more than cognitive conttraém hardly be disentangled based on
available results. Finally, proprioceptive data confirm pmesi evidence suggesting a nonlinear
relationship between sense of ownership and this objectiveungeaf multisensory integration (Rohde,
Luca, & Ernst, 2011)Hence a different experimental manipulation may be better capaldeldress

malleability of body representation in schizophrenia.
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*HQHUDO GLVFXVVLRQ DQG

Schizophrenia has long been conceived as a severe disoiSlelf. dbeveral symptoms (e.qg.,
verbal hallucinations or thought insertion) can be conceptuhiis a loss of cohesion within the various
facets of the Self. A crucial aspect of the Self is its iahierlink with the body. From a
phenomenological perspective, the notiotipskity(i.e., the most non-conceptual and somatic form of
self-knowledge, which represents the inner nucleus of theeimis to capture sualink. On the other
hand, neuroscientific research extensively demonstrated thakgerience is strongly related to the
effective integration of bodily signals (Blanke, 2012).

Searching for novel clues of self-body recognition in schizojér@re carried out a series of
three studies focused on the contribution of sensorimotorraiteg mechanismt the perception of
RQHYV RZQ ERG\ hQV/dtdfted Rkt el ervation that previous accoutite ifield
were limited to the investigation of body representation bynmeathe RHIGenerally, these studies
revealed a more susceptibility to the experimental procedumpared to healthy people as the illusion
of ownership is rated more intense, arises faster amoeitgees even under asynchronous visuo-tactile
stimulation. Nonetheless, the RHI elicits ownership sensationsa ftake hand by visuo-tactile
stimulation, leaving the agency subcomponent of embodimentvedjatintouched. As suggested by
Gallagher and Trigg, sense of ownership and sense of afggntan interdependent pairing in bodily
perception and they should not be addressed in isolation fonwbstigation of self-disturbances in
schizophrenia (Gallagher & Trigg, 2018y view of sense of agency disturbances experimentally
highlighted by several studies on self-recognition of movementsaddeessed body perception in
schizophrenia by means of a visuo-motor BOI, i.e., the MBion. The MB illusion, by relying on
sensorimotor integration processes, allows the expliciitatlan of both determinants of body
awareness. Based on previous studies showing sensorimotor deficitéziophrenia, we predicted an
abnormal modulation of the subjective and objective corretdtis illusion.

In the first studyExperiment 1), we explored the modulation of the illusion of the embodiment
of a moving alien hand by using the mirror box apparatus. Theierpe of incorporation, which
entails illusorily sensations of ownership and agency upon life lsand, vas assessed through a
dedicated questionnaire. Participants were also asked eonplish the forearm bisection task, an

implicit measure of embodiment. Differently from healthytiggpants, subjective sense of agency and
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bisection estimates did not modulate across conditions in thepbhénia groupWe concluded that
impaired sensorimotor processes may explain the alteredlation of these indices of the illusion in
patients. Since that, we put forward that two non-mutuatglusive sensorimotor deficits might
underlie these findings, i.e., an enlarged TBW for visual praprioceptive feedback and/or
dysfunctional motor prediction mechanisms.

In two further follow-up studies, we sought to explore the reafwribe observed distal shift
of the perceived forearm midpoirExperiment 1.1 examined the possible relationship between the
distal midpoint shift and the arising of sense of ageBeperiment 1.2 investigated the association
between the distal midpoint shift with the allocation of igppattention towards the hand. Both studies
disproved the hypotheses under investigation. Hence, other reasoti®®mexplored may underlying
this perceptual effect.

In the light of the two potential interpretations of resuli€Ekperiment 1, we carried out a
second studyExperiment 2) aimed at clarifying which of the two hypothesized dédiciould better
explain the altered pattern of modulation of the MB illugiopatients. To this end, the joint impact of
(a) the visuomotor time-lag:the temporal shitE HWZHHQ S D U W L FtheéSmigovéd] Ran D Q G
movements - and (b) the mode of movemenivhether participant performed active or passive
movements -on the illusion of embodiment was investigated. The first experiahentinipulation
served to examine the role of the TBW extent on multisenswegration processes. The second
manipulation aimed at verifying whether the occurrence/absencetof predictions affects visuo-
proprioceptive integration underlying the illusion. Prelimjnegsults from this study show an altered
modulation of illusorily body ownership in schizophrenia, whichree® be mostly accounted for by
an enlarged visuo-proprioceptive TBW. This result might indithée¢ an abnormal integration of
afferent signals (and/or altered sensory expectations)oisgbgrimplicated in the disruption of self-
body ownership (intended as the self-identification with a bodychizophrenia. This conclusion,
however, warrants caution given the small size of the patieots.

At the last, we designed an additional stuByderiment 3) to addressed in the future the
hypothesis that body representation is abnormally malleabkechizophreniaAccording to this
hypothesis, higher ratings of ownership illusion have been regasdeu affect of a weak internal
model of the body. One might speculate tfiaSiD W Lbddy Ve dsentation is so extremely plastic
they could be expected to easily embody extra-corporeal pasitioned at an implausible distance
from the body. To test whether spatial discrepancy inhibits sémsenershipduring the MB illusion
an exploratory experiment has been carried out in healthgleodieforehand. Results from this
experiment are only partially in agreement with the hymishef spatial constraints (i.e., peri-personal
space) of the MB illusion. Indeed, the expected decrease ofusienl was observed at a subjective
level, but not at the objective level. Therefore, a diférmanipulation might better address the

relationship between body ownership and spatial body plausibilitgaithy and clinical population.
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Despite incomplete and provision#is experimental enquiry indicates that impaired visuo-
motor integration processes in schizophrenia do not menelgct on sense of agency, but also on the
processing of the own body, as suggested by the abnormal modwdétibe objective index of
embodiment (Experiment 1) and by the altered modulatiomeksaf ownership (Experiment 2). These
findings expand those based on the RHI providing empirical evidertbe ¢dct that disturbances of
body representation and body awareness in schizophrenia capelneleiet on defective sensorimotor
integration processes for action.

It is apparent that BOIs like the MB illusion cannot fully ecaptthe heterogeneity of self-
disorders in schizophrenia. However, they may representitfulfrfield of future investigation in
psychiatry (Noel et al., 2018) because, by assessing self-bodyi@itif, they tap into underpinnings
of self-identification. For instance, they might represeeniable way to explore psychopathological
self-experiences that might be supposedly rooted in altered-pigprioceptive integration, g,
catatonia or motor passivity.

A recent suggestion is that bodily illusions stem from neural psesefor self-recognition,
these latter being framed within the free-energy accouttheofcortical function (Apps & Tsakiris,
2014). According to the free-energy principtlee brain is in the continuous attempt to minimize the
amount of free-energy (i.e., surprise) in the sensorypvnfcaused by a constantly changing
environmentTo fulfil this need, the brain iteratively predicts the seiadoutcomes generated by each
environmental eventp(edictive codiny'® Whenever a prediction cannot explain away sensory
evidence because unpredictablprediction error(i.e., phasic amount of surprise) results. Under these
circumstances, the brain dynamically updates top-down predicticiasmaintain low level of entropy
(perceptual inferengé’. Two main facts underpin the way free-energy minimizati@ckseved. First,
predictions originate from internal representational modelbdliefs) encoding the more likely cause
for a sensory scenario, i.generative modelsSecond, the dynamic update of generative models and
predictions follows Bayesian rules. Thus, a generative model isiatexbto a probability distribution
reflecting the degree of belief in the validity of thedel. Given this, the process of updiat®rmalized
in the prior belief (the probability of an event based on previous experience)ljkidédood (the
probability of the event based on the actual sensory evidendehaposterior belief(the updated
probability of the event based on the combination of prior Wkgdihood) (Adams, Stephan, Brown,
Frith, & Friston, 2013). Relevant to the issue under invegtigathe minimization of free-energy
occurs through the hierarchical organization of the bveith, higher-level areas generating predictions
towards lower areas any time they are engaged by a sensotyMuétisensory body areas, at the top

of the hierarchy, encode the prior probability of multisepsaents for whom the most parsimonious

18 In this setting, the corollary discharge is like any other prediatibith specifically contains proprioceptive
and kinaesthetic expectations about the movement (Apps & Tsakiris, 2014).

19 Alternatively, the brain acts upon the environment to modify the sensotgvinind to make it predictable
(active inference

67



explanation has been the existence of a bodily Self, dg.détection of visuo-proprioceptive
FRQJUXHQFLHV LQ IURQW RI D PLUBARL FFPRP RQGCGY¥ E XVHH'S RO Q/HKG
of those synchronous inputs, that is the Self. In the freeygfi@mework, this implicates that there is

no Self without multisensory conception of it, but also that representation of the bodily Self is
probabilistic. As such, the bodily illusion arises when the sensopyiseiicaused by an extracorporeal

limb is explained away at a multimodal node of the hierafchywhich there is usually minimal

surprise. This can be possible because of thOMULPRGDO DEVWUDFW SUHaELFWLRQV
transiently updated during e.g. the RHI, leading to anese in the distributional probability of the

visual feedback from the extra-personal object as part of the Bqghs & Tsakiris, 2014; Tsakiris,

2017).

The free-energy perspective explains psychotic symptoms aguie fai empirical priors
These latter encode the distributional probability of the paemef the priorqi.e., mean and
variance). Theycanbed | HUUHG W R DV 3EH O lthey YeflodE tRexep eEteti@retidioh ofaQ G
generative modelAccording to this view, psychotic symptoms are the behaviouralfessaiion ofa
reduction of high-level prior precision because of aberrapireal priors (Adams et al., 2013; Sterzer
et al., 2018) For instance, a reduction in prior precision of intermaddel of the body within
multisensory areas might account for the abnormal niilligeof body representation hypothesised by
RHI studies in schizophrenia.

It is worth noting that according to free-energy modédtrselognition is a highly distributed
process involving neural multisensory areas of the brain. Conyeotleér experimental perspectives
stress the role of specific neural networks in the arising ofhesive sense of Selccording to
1RUWKRIITV PRGHO D SURSHU VHQWVH ®R F & ® X R UE BHAQERHE/H M) RHPH
Mode Network (DMN) and Central Executive Network (CEN). TheIND involving the medial
prefrontal cortex, the posterior cingulate cortex and tbeymeus, is usually activated during internally-
directed activities, such as internal mental contentspsielfited thoughts as well as interoceptive and
proprioceptive perceptions from the inner body. The CEN, inclutieglateral prefrontal cortex
bilaterally and the parietal cortex, is instead recrudtaihg externally-directed activities, goal-oriented
cognitive tasks or the processing of exogenous stimuli (Northoff &&8ur2016)In this framework,
the DMN would be involved in body perception and self-ascription of ypaaddut. A fundamental
disruption of the spatio-temporal structure of the brain agtivituld be responsible for decoupling
between CEN and DMN in schizophrenia. This would entaittip@ssibility to appropriately segregate
internally- from externally- contents and the consequerdgldpment of Ego-disturbances, like agency
disruption (Northoff & Duncan, 2016; Robinson et al., 2016). Additignéhe reduced connectivity
between the anterior insula and the DMN would account fomttegability to self-ascribe somatic

information and for the experiences that those somarigegions come from the environment. The body
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becomes disowned, with a reduce possibility to experience fr@mvnership and sense of agency
(Northoff & Stanghellini, 2016; Robinson et al., 2016)

To conclude, we hypothesise that the abnormal modulation oflon indices observed in
previously reported studies may be the outcome of a disbddatween interoceptive and exteroceptive
sensory information, either in terms of afference dtdmpredictive counterpart or both. As recently
suggested, psychotic experiences may be regarded as cgsaseagtual incoherencePerceptual
incoherencdi.e., incoherence across sensory streams of informatiagiporither from conflicting
cross-modal inputs (eg. asynchronous stimuli) or from a distalaeighting across multisensory
inputs (e.g., local anaesthesilm)this view, a reduction of somatosensory signals processimgh{ is
strictly related to self-perception) underlies severaudistnces of the perceived sensory Self, such as
depersonalization, blurred boundaries or abnormal agencgvametship (Postmes et al., 2014)

In agreement with this assertjahe abnormal modulation of the MB illusion might reveal a scarce
reliability of proprioception (proprioceptive feedback anddooprioceptive prediction). The deficit
would introduceaderangement within sensorimotor integration processewthddl be able to account
for the abnormal modulation of self-body subjective percefgtien subjective sense of ownership and
sense of agency) and for the abnormal modulation of bisectiforipance. In fact, during the forearm
bisection task participants can only rely on proprioceptiomto/®ut the task. Estimates provided by
participants with schizophrenia show in fact enhanced viityalihat might be the result of an
extremely noisy and/or inconstant somatic information. Theestitag counterpart of this phenomenon
would be an abnormal overreliance on visual information fiwemtirror. Hence, sense of ownership
judgment would be high until larger visuo-proprioceptive discreiganand the perceived distinction
between an active and a passive movement would be reduced

Proprioception, as other interoceptive signals, constitutésfamation that unambiguously belongs
to us: It provides information that can only originatenf within (i,e., [ URP RQHTV) &d @eER G\
not available for the perception of external objects lamdies (De Vignemont, 2011). Therefore, the
unreliability of proprioceptive signals might play a crucilerin self-body perception and self-body
recognition.

The present experimental work has at least a couple ¢atioris to mention. First, Experiment
2 lacks a perceptual measure for body agency and/or body ownénghgt. study, the solely subjective
data collected by participants may be subjected to bralsthi@ontrol. Especially for patients, this may
turn out in self-reports that may not otlgrelative to the extent of visuo-proprioceptive synchrony or
movement modality detected, but adR V X EM HF W Vo t&vaXgeérerh B éideRdy @ lgive\higher
responses or to a perseverative bias (Shaqiri et al., 2p%8jishtion of scores served to limit as much
as possiblethese possibilities and to focus on modulation across conditiddditionally, we
distinguished between experimental items and control itemsotd averaging between them. Second,

we did not sample according to psychopathological symptom pfefile Graham-Schmidt et al., 2016,
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2018; Graham et al., 2014) becawse set out with the purpose of a broad assessment of body
representation in schizophrenia. Nonetheless, certain rclofssymptoms, like passivity symptoms,
may play a role in body illusion which purportedly capitatimethe same neural processes for sense of
agency and its disruption. Third, our clinical groups are nogdef patients in both acute and stable
phase. However, taking into consideration the stage of psychosi #mel/course of symptoms in
longitudinal designs may provide a more fine-grained outlinébady ownership and agency
disturbances related to schizophrenia and psychoses in general.
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$SSHQGL]

Embodiment Questionnaire Experiment 1 - Questionnaire staments
(adapted from Longo et al., 2008)

1. Misembrava di guardare direttamente alla mia mano oltre lo specchio.

2. Sembrava che la mano nello specchio cominciasse ad assomigliare alla mia mano.

3. Sembrava che la mano nello specchio mi appartenesse.

4. Sembrava che la mano nello specchio fosse la mia.mano

5. Sembrava che la mano nello specchio fosse una parte del mio corpo.

6. Sembrava che la mia mano fosse nel posto dove era la mano nello specchio.

7. 6HPEUDYD FKH OD PDQR QHOOR VSHFFKLR IRVVH QHO SRVWI
8. Sembrava che avrei sentito un tocco sulla mano nello specchio.

9. Sembrava che avrei potuto muovere la mano nello specchio se avessi voluto.

10. Sembrava che fossi io a controllare la mano nello specchio.

11. Sembrava che la mia mano diventasse di gomma.

12. Sembrava che non fossi capace di muovere la mia.mano

13. Sembrava che avrei potuto muovere la mia mano se avessi voluto.

14. Sembrava che non potessi dire dove si trovasse realmente la mia mano.

15. Sembrava che la mia mano fosse sparita.

16. Sembrava che la mia mano fosse fuori dal mio controllo.

17. Sembrava che la mia mano si muovesse verso quella nello specchio.

18. Sembrava che la mano nello specchio si muovesse verso la mia mano.

19. Sembrava che avessi tre mani

200 +R WURYDWR TXHVW{HVSHULHQ]D SLDFHYROH

2. +R WURYDWR TXHVW{HVSHULHQ]D LQWHUHVVDQWH
22. Muovere il mio dito era piacevole.

23. Ho avuto la sensazione di dolore e punture sulla mia mano.

24. Ho avuto la sensazione che la mia mano fosse intorpidita.

25.6HPEUDYD FRPH VH OfYHVSHULHQ]D GHOOD PLD PDQR IRVVH
26. Ho trovato che mi piacesse la mano nello specchio.

27. Sembrava come se potessi sentire un tocco nel posto dove la mano nelimsarebbe stata

toccata.
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Post-hoc analysis on bisection data

To explore possible associations between the trend of biseetiaand the passivity profile, the patient
group was split in two subgroups according to the severity ofyitgssymptoms. To this end, we took
into consideration the following cluster of symptoms: (a) Delusibi®ing controlled, (b) Delusions
of mind reading, (c) Thought broadcasting, (d) Thoughtriize (e) Thought withdrawal. Scores were
averaged within each subject. Patients with an average scofewere grouped in the low passivity
profile subgroup (14 patients), while patients with an avesagee > 2.5 were clustered in the high
passivity profile subgroup (9 patients).

Bisection data were then modeled as depending on all experimegtiztors (fixed covariate&roup,
CongruencyandTimé after adjusting for random effectsial and Subject.Analysis of variance run
on the final model revealed significant differences for the-tvay interactionGroup x Congruency
[F21348= 4.915;p = .007] and the three-way interacti@moup x Congruencyx Time[F2,1348= 6.177;p
=.002]. Results are not easily interpretable. The small sizel@froups may have prevented a clearer

pattern to emerge.

Midpoint shift after MB training in the two schizophresigbgroups.
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$SSHQGL]

Embodiment Questionnaire Experiment 2 - Questionnaire st&ments
(adapted from Kalckert & Ehrsson, 2012)

© ® N o g~ w DR

13.
14.
15.

Mi sembrava di guardare direttamente la mia mano oltre lo dpecc

Mi sembrava che la mano vista nello specchio fosse una pameaeorpo.

Mi sembrava che il dito della mano nello specchio e il ritmréale si muovessero nello stesso posto.
Mi sembrava che la mano osservata nello specchio mi appartenesse.

Sembrava che la mia mano reale diventasse di gomma.

Sembrava che avessi piu di una mano destra/sinistra.

Sembrava che la mano vista nello specchio si muovesse aeni@ inano.

Sembrava che la mia mano reale fosse sparita.

La mano osservata nello specchio si muoveva proprio come votave, se stesse obbedendo alla mia

volonta.

. Sembrava che fossi io a controllare i movimenti della mano midta specchio.
11.
12.

Sembrava che fossi io a causare i movimenti della mano osserllatapezchio.

Ogni volta che il mio dito iniziava a muoversi, mi aspettdivwwedere il dito della mano nello specchio
muoversi contemporaneamente.

Mi sembrava che la mano osservata nello specchio stesse tamdmla mia volonta.

Sembrava che la mano vista nello specchio stesse controllaméornovimenti.

Mi sembrava di sentire i miei movimenti nello spazio conaptiresla mia mano reale e la mano nello

specchio.
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$SSHQGL]

Embodiment Questionnaire Experiment 3 - Questionnaire st&ments
(adapted from Kalckert & Ehrsson, 2012)

13.
14.
15.

16.

Mi sembrava che la mano nello specchio cominciasse ad assomajlearaia mano.

Sembrava che la mia mano reale e il riflesso della mano etieve si trovassero alla stessa distanza
dallo specchio.

Sembrava che il riflesso della mano nello specchio si sovrappoabsgposizione della) mia mano
reale.

Mi sembrava che la mano nello specchio mi appartenesse.

Sembrava che la mia mano reale diventasse di gomma.

Sembrava che avessi piu di una mano destra/sinistra.

Sembrava che la mano nello specchio si muovesse verso la nda man

Sembrava che la mia mano reale fosse sparita.

La mano nello specchio si muoveva proprio come volevo, conmesse sbbedendo alla mia volonta.

. Sembrava che fossi io a controllare i movimenti della mano ngdlockio.
. Sembrava che fossi io a causare i movimenti della mano nellohépecc

. Quando il mio dito iniziava a muoversi, mi aspettavo di vedergoilrgillo specchio iniziare a muoversi

contemporaneamente.

Mi sembrava che la mano nello specchio stesse controllandalaatunta.

Sembrava che la mano nello specchio stesse controllando i onanemti.

Mi sembrava di sentire i miei movimenti nello spazio comgrada mia mano reale ed il riflesso della
mano nello specchio.

Sembrava che la mano nello specchio avesse una sua propria volonta.
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