CORTEX 185 (2025) 270—285

LSEVIER

Journal homepage: www.elsevier.com/locate/cortex

. . . . bt
Available online at www.sciencedirect.com =

Cortex

ScienceDirect

Research report

The tangled threads: Unveiling the interplay 9

Check for

between the sense of body ownership and the e
sense of agency in impacting the bodily-self
representation in eating disorders

Marcella Romeo *, Livia Colle “°, Dize Hilviu ¢, Paola Longo ¢,
Emiliano Ricciardi ®, Giovanni Abbate-Daga ¢, Francesca Garbarini %' and

Carlotta Fossataro @

@ MANIBUS LAB, Psychology Department, University of Turin, Turin, Italy

® MoMiLab, IMT School for Advanced Studies Lucca, Lucca, Italy

¢ Psychology Department, University of Turin, Turin, Italy

d Eating Disorders Centre, Department of Neuroscience, University of Turin, Turin, Italy
€ NIT, Neuroscience Institute of Turin, Turin, Italy

f Human Science and Technologies, University of Turin, Turin, Italy

ARTICLE INFO

ABSTRACT

Article history:

Received 29 July 2024

Revised 10 February 2025
Accepted 19 February 2025
Received 29 July 2024

Action editor Alessandro Farne
Published online 6 March 2025

Keywords:

Eating disorders
Anorexia nervosa
Bulimia nervosa

Sense of body ownership
Sense of agency

The feeling of owning a body (body ownership) and controlling its actions (sense of agency)
contributes to the emergence of the bodily-self representation, whose alteration is at the
root of the central psychopathology of Eating Disorders (EDs). Yet, studies addressing these
aspects in EDs provided inconsistent results. Here, we simultaneously test body ownership
and sense of agency in EDs compared to controls by exploiting different rubber hand
illusion (RHI) paradigms (i.e., classic visuo-tactile, passive and active visuo-motor versions).
In any RHI versions, no differences in the susceptibility to the illusion between EDs patients
and controls emerged at the body ownership questionnaire, thus suggesting a normal
multisensory integration mechanism. Crucially, correlation analysis revealed that a higher
level of body dissatisfaction is associated with increased susceptibility to RHI, as measured
by the body ownership questionnaire. Interestingly, patients with a bulimic variant of EDs
reported agency toward the fake hand in the visuo-tactile RHI, revealing an abnormal sense
of agency in absence of voluntary movement. Moreover, in the visuo-motor RHI, EDs pa-
tients exhibited a proprioceptive drift both in synchronous and asynchronous conditions.
Hence, our results revealed a dissociation between explicit and implicit RHI measures,
showing a more plastic bodily-self representation when the RHI enlists hand movements,
leading to a stronger visual-capture of proprioception. This study contributes to
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understanding the intricate link between body ownership and agency, shedding light on
the role of voluntary actions in driving the sense of self in EDs.
© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Body awareness is the ability to recognize our body parts as a
unitary construct. It refers to the perceptual status of our
body, which makes bodily sensations seem unique to oneself,
suggesting the feeling that our own body belongs to us (i.e., the
sense of body ownership) (Blanke, 2012; Blanke et al., 2015;
Crucianelli et al., 2024; Grivaz et al., 2017; Salvato, Richter,
et al., 2020; Seghezzi et al., 2019). This feeling is considered a
mental state always present in our minds (Crucianelli et al.,
2022; Garbarini et al., 2020; Tsakiris, 2010; Tsakiris et al.,
2010). Interestingly, it is possible to dissociate between the
sense of body ownership and the sense of agency (Pia et al,,
2020; Tsakiris et al., 2010): the first one is the feeling of
inhabiting our own body; the second one is responsible for
ascribing the self-generated motor actions to ourselves, in
contrast to others’ actions. While body ownership could be
considered as continuous and ever-present, since it originates
from afferent sensory signals alone, the sense of agency is
produced by voluntary actions and underpinned by efferent
motor signals and sensorimotor feedbacks (Fossataro et al,,
2020; Pyasik et al., 2021; Tsakiris et al., 2010). Hence, bodily
ownership and sense of agency together play a key role in the
construction of the bodily-self representation. Three models
have been proposed to explain the relationship between the
sense of agency and the sense of body. A first “independent”
model described sense of agency and sense of body ownership
as two different and separated processes, subserved by
different brain areas and networks, with no regions shared by
the two phenomena (Tsakiris et al., 2010). Conversely, the
“additive” model stated that the sense of agency cannot be
disentangled by the sense of body ownership. Specifically, the
sense of agency generated by the execution of voluntary
movements always comprises the sense of body ownership,
and additionally includes components specific for the sense of
agency. Thus, in this view, the two processes share a common
neural network and additional brain areas that specifically
subserve sense of agency. Recently, it has been proposed a
third “interactive” model promoting the interdependence be-
tween body ownership and agency, as they are associated
with specific brain networks for each of the two processes,
which are bound together by a set of common brain areas
(Seghezzi et al., 2019). Although the bodily-self representation
is typically taken for granted, it can be selectively altered in
several pathological conditions, both of cerebrovascular ori-
gins, such as somatoparaphrenia (Gandola et al, 2012;
Romano et al., 2014; Romano & Maravita, 2019; Salvato et al.,
2016, 2018, 2023) and pathological embodiment (Errante
et al., 2022; Pia et al., 2020), and mental disorders, such as
Eating Disorders (EDs) (Eshkevari et al., 2012; Keizer et al,,
2014), Borderline Personality Disorders (Neustadter et al.,
2019), Schizophrenia (Graham-Schmidt et al., 2016; Lee et al.,

2021) and Autism Spectrum Disorders (Cascio et al., 2012;
Galigani et al., 2021).

Within psychiatric conditions in which alterations of the
bodily-self representation has been reported, EDs stand out
among the others given that bodily-self representation has
increasingly been recognized at the root of the central psy-
chopathology (Floris & Panero, 2024), as evidenced by the
growing number of studies investigating this aspect within
the domain of eating disorders (Ambrosecchia et al., 2023;
Bellard et al., 2022; Campione et al., 2017; Carey & Preston,
2019; Crucianelli et al., 2016; Eshkevari et al., 2012, 2013,
2014; Ferroni et al., 2024; Longo et al., 2024; Urgesi et al., 2011,
2012, 2014). Although the role of bodily-self representation in
ED psychopathology is emerging in cognitive neuroscience,
clinical studies rarely address this concept in the theoretical
models and in the treatment practice (American Psychiatric
Association, 2013; McLean & Paxton, 2019; Troscianko &
Leon, 2020), thus suggesting the need of a deep understand-
ing of the bodily-self related issues. Actually, the pathological
focus on the body seems to have worsened after the COVID-19
pandemic (Martini et al., 2023). It is well known that most EDs
patients are affected by a significant and pathological alter-
ation of bodily experience which leads to altered eating be-
haviours, such as abnormal consumption or a severe and
persistent restriction of food intake, with consequent
compromise the individuals’ physical and mental health and
their social and professional activity (American Psychiatric
Association, 2013). The main two severe conditions are
Anorexia Nervosa (AN), characterized by a persistent restric-
tion of calories intake with consequent weight loss, and it may
occur in two different forms, namely Restricting Type (AN-R:
patients lose weight restricting their caloric intake sometimes
to the extent of fasting, and/or engage in excessive physical
activity) or Binge-Purging Type (AN-BP: episodes of overeating
are followed by compensatory behaviors such as vomiting,
laxative or diuretic, and physical activity), and Bulimia Nerv-
osa (BN), dominated by recurrent episodes of binge eating
followed by inappropriate compensatory behaviours
(American Psychiatric Association, 2013). In both diagnostic
variants of AN the weight is significantly low than what is
expected for gender, age and developmental course, while in
BN the patients could be normal weight or overweight. The
key clinical characteristics associated with AN and BN are
negative body image, lack of self-confidence, impulsivity,
perfectionism, fear of failure (performance anxiety), mood
intolerance and self-criticism (Izydorczyk, 2022; Martini et al.,
2021; Noordenbos & Lammers, 2018). Importantly, a distorted
body image and representation is at the core of EDs aetiology
and maintenance (American Psychiatric Association, 2013):
patients with EDs overestimate their weight and shape and
are extremely concerned about their appearance. This
disturbance is deep and pervasive (Marzola et al., 2020), and
some studies described alterations even in implicit body-
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related components such as body schema and sense of agency
(Colle et al., 2023; Gadsby & Williams, 2018). All of that con-
tributes to the often reported feelings of disgust, alienation,
and shame towards the body (Glashouwer et al., 2019; Panero
etal., 2022). Furthermore, EDs have a dysfunctional system for
evaluating self-worth that contributes to the maintaining of
the disorder. Indeed, whereas most people evaluate them-
selves based on their perceived performance in a variety of
domains of life (e.g., the quality of relationships, work,
parenting, sporting ability, etc.), patients with EDs judge
themselves primarily, or even exclusively, based on their
eating habits, body shape or weight and their ability to control
them. Hence, their lives become centred on controlling eating,
body-shape and weight to achieve thinness and avoid weight
gain. Finally, their unhealthy eating behaviour is the means
for achieving a strong sense of self (Bruch, 1974; Fairburn et al.,
2003).

Over the past few years, a growing number of studies have
taken an interest in understanding the bodily-self represen-
tation in EDs (Caglar-Nazali et al., 2014), exploring whether
and to what extent the body representation is altered across
different EDs categories. However, the obtained results are
controversial (Carey & Preston, 2019; Case et al, 2012;
Eshkevari et al., 2012; Keizer et al., 2014). For example, to
explore the perceptual stability of the sense of body owner-
ship in EDs a few studies exploited the Rubber Hand Illusion
(RHI) (Botvinick & Cohen, 1998), a well-known experimental
paradigm that allows to induce an illusory feeling of
ownership over a fake hand by creating a multisensory
conflict across visual, tactile and proprioceptive channels
[either in a visuo-tactile version (Botvinick & Cohen, 1998) or
in a visuo-motor version (Kalckert & Henrik Ehrsson, 2012;
2014,b), see methods for details]. Studies that exploited the
visuo-tactile RHI showed that EDs individuals experienced
the illusion significantly more strongly than controls, sug-
gesting a more plastic bodily-self representation in EDs
(Eshkevari et al., 2012, 2013; Keizer et al., 2014). In line of
these, a study by Zopf and collaborators provided compelling
evidence that visual-proprioceptive body location perception
is altered in AN patients (Zopf et al., 2016). Indeed, to esti-
mate the hand location EDs are more influenced by external
visual hand information, relying less on proprioceptive sig-
nals. This suggests that the AN bias toward external visual
body information could be due to an altered processing of
afferent proprioceptive signals. The first and the only study
that exploited the visuo-motor RHI to investigate the stability
of the sense of agency and its interaction with body owner-
ship within EDs population is a study by Carey & Preston
(2019). The study showed that both EDs and controls dis-
played a similar subjective experience of illusory ownership
and agency towards the fake hand, thus supporting the view
of a normal bodily-self representation in EDs. However, since
this study jointly investigated the sense of body ownership
and agency through the active visuo-motor RHI, the specific
contribution of the sense of agency and the sense of body
ownership in giving rise to bodily-self representation cannot
be disentangled. The lack of difference between controls and
EDs in body ownership and agency may be explained by the
enhancement of subjective body ownership as a result of

subjective agency induced by the illusion condition within
the visuo-motor RHI.

Against this background, the aim of the present study is to
independently test the sense of body ownership and the sense
of agency in the same group of EDs patients affected by either
restrictive and bulimic variants of EDs. To this aim, we
exploited the three types of RHI, such as the classic visuo-
tactile RHI version (Botvinick & Cohen, 1998) and the visuo-
motor RHI (Kalckert & Henrik Ehrsson, 2012; 2014,b) in both
its active and passive forms. We anticipate that patients with
EDs will exhibit a stronger illusion of ownership in the visuo-
tactile RHI compared to healthy controls. This expectation is
supported by previous studies that have focused specifically
on the alterations of sense of body ownership in EDs
(Eshkevari et al., 2012, 2013; Keizer et al., 2014). On the con-
trary, in line with a previous study (Carey & Preston, 2019), in
the visuo-motor RHI we may expect to confirm that the
contribution of active movements, engaging more sensory
information including cutaneous afferents signalling skin
stretching and also muscle spindle receptors and joint re-
ceptors (Proske & Gandevia, 2012), would ground patients to
their sense of self restoring the RHI effects at the level
observed in controls. Furthermore, the comparison between
the active and the passive version of the visuo-motor RHI
would allow us to disentangle the contribution of the efferent
signals from the motor commands in giving rise to the feeling
of body ownership either when the finger is moved voluntarily
or when it is not as in the passive RHI. Moreover, we tested
whether the patients’ susceptibility to the RHI may be related
to the severity of eating-related symptoms assessed by the
administered self-report questionnaires. Finally, we have also
explored whether the body mass index (BMI) could have a
significant role in driving the susceptibility to the RHI.

2. Material and methods
2.1. Participants

A total of 71 female participants was enrolled for the present
research, 31 of them as healthy control group (HC) and 40 as
experimental group (ED). Within the ED group, 20 partici-
pants were diagnosed with Anorexia Nervosa Restrictive
Type (AN-R), 20 participants with Anorexia Nervosa Binge/
Purging Type and Bulimia Nervosa (16 individuals with AN-
BP and 4 with BN), according to the criteria of the DSM-5
(American Psychiatric Association, 2013). Participants diag-
nosed with a bulimic variant of EDs (i.e., AN-BP and BN) were
grouped in one category (AN-BP/BN) since they show a
similar behavioural pattern in relation to the binge purging
behaviours of the disorders (Cuthbert & Kozak, 2013) [see
also (Sagiv et al., 2019) for a similar grouping method]. The
three groups showed a significant difference when
comparing their BMI (F, 57y = 42.040; p < .001; partial n* = .59).
Specifically, AN-R patients are significantly different
compared to both AN-BP/BN (p < .0001) and HC group
(p < .00001), and AN-BP/BN group is significantly different
compared to HC group (p = .0098). However, it is worth
noticing that the BMI information is available for only 20
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healthy participants. Concerning the pharmacology treat-
ment, in both AN-R and AN-BP/BN groups most of the pa-
tients were under pharmacological treatment. Specifically,
14 out of 20 AN-R patients and 17 out of 20 AN-BP/BN patients
took at least one psychotropic drug. The Fisher exact test did
not detect any difference between the two experimental
groups (AN-R and AN-BP/BN) (x*(1) = 1.29; p = .22). All pa-
tients were recruited at the Eating Disorders
Centre—University of Turin, AOU Citta della Salute e della
Scienza in Turin, Italy. Patients had not to be affected by
comorbid schizophrenia, schizo-affective disorder, bipolar
disorder or organic mental syndrome. The HC group had to
report no history of current or previous psychiatric illness.
Substance and/or alcohol use or dependence were consid-
ered as exclusion criteria. No significant distinction was
observed in the age among the three groups (HC, AN-R and
AN-BP/BN; Fp 65 = 2.93; p = .06; partial 7% = .08). However,
they differentiate at the educational level (F(;,65y = 30.98;
p < .001; partial n* = .48) since the HC group present a higher
number of years of education compared to the other two
groups. All subjects signed the informed consent. In accor-
dance with the Declaration of Helsinki, the experimental
procedure was approved by local ethics committee of both
the University of Turin (Prot. n. 3167, 1/02/2016) and Citta
della Salute e della Scienza (Prot. n. 0017116, 13/02/2019). See
Table 1 for demographical and clinical information.

To estimate the sample size of the experiment we exploi-
ted previous RHI data from our lab (Fossataro et al., 2018) and
G-Power software has been used to estimate, in an a priori
analysis, the sample size in a paired t test (two tailed), using
Cohens’ d = .94; « = .05; Power (1-B err prob) = .95. A total
sample size of 17 subjects was indicated. However, we esti-
mated, conservatively, a larger sample size because we plan-
ned to analysed data by means of a more complex model,
including three types of RHI and three experimental groups.
For this reason, we recruited 20 AN-R patients and 20 AN-BP/
BN and 31 healthy controls which is in line with the sample
of a previous RHI study on ED by Carey and Preston (Carey &
Preston, 2019).

Table 1 — Participants’ demographic information.

2.2. Experimental procedure

Participants underwent three versions of the RHI paradigm,
leading to three experimental procedures: visuo-tactile, visuo-
motor active and passive (see Fig. 1). The RHI was performed in a
vertical setting, as in a previous study by Kalckert and Ehrsson
(Kalckert & Henrik Ehrsson, 2012), wherein participants were
seated in front of a table and placed their right arm and hand
into a box, so that the right hand was covered from their view.
A rubber hand was positioned above the box, aligned to the
participants’ right shoulder.

Prior to each experimental procedures, participants un-
derwent a proprioceptive judgement task, in which they were
blindfolded and they had to estimate the perceived position of
their right index finger. To this aim, participants were
instructed to rapidly and accurately point with their left index
finger toward a measuring tape in centimeters located on the
side of the box to reach the perceived position of their right
index finger for six times. For each pointing participants were
asked to perform the pointing movement starting from the
baseline position (i.e., left hand on the left knee).

In the visuo-tactile RHI protocol, the classical version of the
visuo-tactile RHI was exploited (Botvinick & Cohen, 1998;
Bruno et al., 2022; Fossataro et al., 2018; Galigani et al., 2021,
Rossi Sebastiano et al., 2021; Rossi Sebastiano et al., 2024). The
experimenter stroked the rubber hand and the participant's
hand in either a synchronous or an asynchronous fashion.

In the Active visuo-motor RHI (VM-Active) protocol (Kalckert
& Ehrsson, 2012), the participants and the rubber hand's index
finger were tied to two sticks that can be either connected to
each other or not. Participants were instructed to move their
right index finger performing a tapping. In the synchronous
condition, the sticks were linked together, thus when partic-
ipants lift their finger, the rubber hand's finger simultaneously
moved. In the asynchronous condition, the sticks were untied,
thus the stick of the fake finger was manually moved by the
experimenter introducing a delay with respect to the partici-
pant's movement, so that artificial finger appeared to be
moving in opposite phases.

Group label N Age Educational level Body Mass Index Pharmacological treatment
M + SD M + SD M+SD Frequency (type of drugs, Frequency)

HC 31 26.03 + 4.59 17.35 + 2.03 20.45 + 2.42° -

AN-R 20 22.55+7.32 13.15 + 1.98 14.31 + 1.96 14 AD =12
BDZ =9
AP =4
STAB =1

AN-BP/BN 16/4 23.10 + 4.98 13.50 + 2.46 16.40 + 2.05 17 AD =11
BDZ =13
AP =12
STAB =3

Abbreviations: HC = Healthy controls; AN-R = Anorexia Nervosa Restrictive; AN-BP/BN = Anorexia Nervosa Binge/Purging and Bulimia Nervosa;
AD = Antidepressant; BDZ = Benzodiazepines; AP = Antipsychotics; STAB = Mood stabilizers.

& BMI of 11 participants of the HC groups is missing.
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EXPERIMENTAL PROCEDURE

Synchronous Condition

VISUO-TACTILE RHI

VISUO-MOTOR RHI
Active/Passive

Asynchronous Condition

Proprioceptive Judgments PRE

Experimental Conditions

Proprioceptive Judgments POST
& Questionnaires

Fig. 1 — Experimental procedure: the figure represents the three RHI protocols (visuo-tactile, visuo-motor active and passive)
in both conditions (synchronous and asynchronous). All the RHI protocols begin with six proprioceptive judgements, during
which participants have to indicate where they feel their index finger by pointing on the ruler. The proprioceptive
judgments are followed by the illusion procedure, which can be either synchronous or asynchronous, according to the
condition. Then, six proprioceptive judgements and the subjective questionnaires are collected.

In the Passive visuo-motor RHI (VM-Passive) protocol
(Kalckert & Ehrsson, 2012), the participants and the rubber
hand's index finger were tied to two sticks as in the active one,
but participants were instructed to be relaxed while the
experimenter moved the two fingers by means of the two
sticks either simultaneously (synchronous condition) or not
(asynchronous condition).

In each protocol, the stimulation procedure, either syn-
chronous or asynchronous, lasted 90 s. The order of the three
RHI protocols was randomized between subjects, as well as
the order of conditions (i.e., synchronous, asynchronous) that
was counterbalanced between subjects and RHI types.

Immediately after the RHI stimulation phase, in both the
synchronous and the asynchronous conditions, the proprio-
ceptive judgement task was repeated to derive the proprioceptive
drift on the vertical plane, by subtracting the pre-stimulation
by the post-stimulation rates: positive values represent a
shift toward the position of the rubber hand.

Following the post-stimulation pointing task, participants
were administered with the body ownership and the sense of
agency questionnaires (Kalckert & Ehrsson, 2014b), investi-
gating the sense of ownership and agency toward the rubber
hand. Both questionnaires are composed of three items pre-
sented in randomized order (See Table 2). Subjects were asked
to express their agreement/disagreement regarding each item
of the questionnaires on a 7-points Likert Scale, going from —3
to +3, where 0 represents neutrality.

2.3. Self-report questionnaires

Participants completed a set of self-report questionnaires
allowing to collect different measures on several

psychological dimensions. Some of these questionnaires were
specifically focused on eating behaviours, i.e., IDEA and EDI 2,
while other psychiatric symptoms were assessed through
further questionnaires. It follows a brief and introductive
description for each test.

e Identity and Eating Disorders—IDEA (Stanghellini et al., 2012)
provides a clinical assessment of abnormalities about
identity's perception and experience of the perception of
one's own body. The questionnaire explores how different
variables such as the gaze of others, the dietary restriction
and objective features (e.g., weight) can alter and impact
the life and inner perception of participants' body. More-
over the tool investigates the sense of alienation from the
body, commonly reported by patients with eating
disorders.

Table 2 — Statements employed to measure the sense of
body ownership and agency during the experiment.

Body ownership items 1) Ifelt as if I was looking at my own hand
2) I felt as if the rubber hand was part of
my body
3) Ifelt as if the rubber hand was my hand

Agency items 1) I felt as if I could cause movements of
the rubber hand

2) Ifelt as if I could control movements of
the rubber hand

3) The rubber hand was obeying my will
and I can make it move just like I want
it
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e Eating Disorder Inventory 2—EDI 2 (Garner, 1991) assesses
psychological features associated with eating disorders. It
comprises eleven sub-scales, which include: drive for
thinness, bulimia, body dissatisfaction, perfectionism,
interpersonal distrust, interoceptive awareness, maturity
fears, ineffectiveness, asceticism, impulsiveness and social
insecurity.

Body Shape Questionnaire—BSQ (Cooper et al., 1987; Marzola
et al., 2022) evaluates the levels of body dissatisfaction
investigating in particular the feelings towards body shape
and the perception of being fat, typically reported by pa-
tients with EDs as a core concern. The tool has 34 items and
focuses on the previous four weeks; a higher global score
indicates a more marked body dissatisfaction.

e Body Checking Questionnaire—BCQ (Reas et al., 2002) as-
sesses, with 23 items, the frequency of body checking be-
haviours, such as check the diameter of the wrist or
pinching cheeks to check the fatness. It considers the
current level of involvement in these conducts that could
transform into compulsions or body
dissatisfaction.

Body Image Avoidance Questionnaire—BIAQ (Rosen et al., 1991)
estimates the levels of body image avoidance with 19 items
organized in four factors: clothing (i.e., wearing large and/or
covering clothes), social activities (i.e., the avoidance of
contest in which the attention of others could be on food or
weight), eating restrain (i.e., restriction of caloric intake),
grooming and weighing (i.e., behaviors that involve the
confrontation with the body).

e Beck Depression Inventory—BDI (Beck et al., 1961) measures
the incidence and severity of depressive symptoms,
investigating both the cognitive-affective component and
the somatic one. The questionnaire is composed by 21
items based on how he/she felt in the previous two weeks
about specific areas of daily life: sadness, pessimism, sense
of failure, loss of pleasure, guilt, feelings of punishment,
self-esteem, self-criticalness, suicidal thoughts, crying,
agitation, loss of interest, indecision, sense of worthless-
ness, loss of energy, changes in sleeping, irritability,
changes in appetite, concentration, fatigue, and loss of
libido.

State-Trait Anxiety Inventory—STAI-Y (Spielberger &
Sydeman, 1994) assesses in individual anxiety trough two
sub-scales. The Y1 investigates state anxiety (i.e., how the
individual feels in the specific moment of the administra-
tion of the questionnaire, and describes his/her current
moods), while the Y2 evaluates trait anxiety (i.e., the par-
ticipants' usual mood, their stable and persistent
emotional state). Both scales contain 20 items, and the
score is assigned on a 4-point Likert's scale in which 1
corresponds to “not at all” and 4 to “very much”.

worsen

2.4. Data analysis

Firstly, to assess whether different susceptibilities to the
illusion emerged within each group of participants based on
the types of RHI, we conducted a 3*2 repeated-measures
ANOVA separately for each dependent variable (i.e., sense of
body ownership questionnaire; sense of agency

questionnaire; proprioceptive drift) and for each group (HG;
AN-R; AN-BP/BN). The within-subject factors were “Type of
RHI” (3 levels: visuo-tactile; visuo-motor active; visuo-motor
passive) and “Condition” (2 levels: synchronous; asynchro-
nous). Correction for multiple comparison were performed by
applying Bonferroni post-hoc tests.

Then, to compare the fllusion effect induced by each type of RHI between
groups, we calculated a RHI index, by subtracting the asynchronous condition
by the synchronous one, so that the greater the RHI index the greater the
illusion effect. Thus, the obtained index for each measure (e, sense of body
ownership questionnaire; sense of agency questionnaire; proprioceptive drift),
representing the pure effect of the RHI susceptibility, were analysed separately
for each type of RHI by means of a one-way ANOVA with “Group” (3levels: HC,
AN-R, AN-BP/BN) as between-subject factor. Correction for multiple compari-
son were performed by applying Bonferroni post-hoc tests.

Finally, to explore any possible relation between clinical
symptoms of ED and the RHI susceptibility, the obtained RHI
indexes (i.e., body ownership and sense of agency question-
naires, and proprioceptive drift) and body-image related self-
report questionnaires scores were correlated by means of
Spearman correlation tests and p-values were FDR corrected
for multiple comparisons. Specifically, the RHI indexes were
correlated with three subscales of the EDI-2 commonly
adopted to highlight the core symptoms of EDs (i.e., Drive for
Thinness; Bulimia; Body Dissatisfaction), and the question-
naires specifically assessing body image disturbance, namely
the BSQ, the BCQ and the BIAQ scores in the two groups of
patients (i.e., AN-R: AN-BP/BN). Furthermore, we have also
performed a Spearman correlation between RHI indexes and
BMIL

Statistical analyses were performed by means of Statistica
Software release 7 and IBM SPSS Statistics Software release
29.0.1.0.

3. Results
3.1. Rubber hand illusion

For the within-group analyses, each dependent variable was
entered in a 3*2 repeated measures ANOVA with “Type of RHI”
(3 levels: visuo-tactile; visuo-motor active; visuo-motor pas-
sive) and “Condition” (2 levels: synchronous; asynchronous)
as within-subject factors, separately for each group.

For the between-group analyses, the RHI indexes obtained
in each type of RHI were entered in three one-way ANOVAs
with “Group” (3 levels: HC, AN-R, AN-BP/BN) as between-
subject factor, one for each RHI version (i.e., visuo-tactile;
visuo-motor active; visuo-motor passive).

3.1.1. Body ownership questionnaire

3.1.1.1. WITHIN-GROUP RESULTS. For all groups, we found a main
effect of condition, with significantly higher ratings in syn-
chronous compared to asynchronous stimulation (HC:
Fi30 = 133.21, p < .001; partial * = .82; AN-R: F; 19 = 47.56,
p <.001; partial 7% =.71; AN-BP/BN: F119=42.0, p <.001; partial
7> = .69).

3.1.1.2. BETWEEN-GROUPS RESULTS. In any of the RHI versions, the
one-way ANOVAs over the body ownership questionnaire
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showed no differences between groups (visuo-tactile:
= 1.76, p = .18, partial 7% = .05; visuo-motor active:
Foes = 3.01, p = .06, partial #° = .08; visuo-motor passive:
Foes = .92, p = .41, partial »° = .03). See Fig. 2.

Faes

3.1.2. Sense of agency questionnaire

3.1.2.1. WiTHIN-GROUP RESULTS. In the HC group, the ANOVA
showed a significant Type of RHI*Condition interaction
(F2,60 = 38.85, p < .001; partial 5 = .56), suggesting that par-
ticipants gave significantly higher ratings in synchronous
compared to asynchronous only in the visuo-motor active
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Fig. 2 — Ownership questionnaire results. A) Subjective ratings at the Body Ownership questionnaire in the three RHI types
(Visuo-Tactile, VM-Active, VM-Passive) for Controls (in magenta), AN-R patients (in blue) and AN-BP/BN patients (in green).
B) RHI index in each type of RHI among groups. In the boxplot, whiskers represent the minimum and the maximum value,
the limits of the box represent the first and the third quartile, the median is depicted by the line that divides the box into two
parts, the cross represents the mean value and the circles represent single-subjects’ values. *p < .05. **p < .005
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(p <.001) and passive (p < .001) RHI, and not in the visuo-tactile
(p = .52). Further, ratings given in the synchronous condition
of the visuo-motor active RHI are significantly greater than
those of all the other conditions (ps always <.001). In the AN-R
group as for the HCs, the ANOVA showed a significant Type of
RHI*Condition interaction (F,33 = 9.46, p < .001; partial
n* = .33), suggesting that patients gave significantly higher
ratings in synchronous compared to asynchronous only in the
visuo-motor active (p < .001) and passive (p = .002) RHI, and not
in the visuo-tactile RHI (p = .27). Moreover, AN-R patients re-
ported higher ratings in the synchronous condition of the
visuo-motor active than in all the other conditions (ps always
<.001). In the AN-BP/BN group, we found a significant Type of
RHI*Condition interaction (F3s = 7.61, p = .002; partial
n? = .29). Indeed, despite ratings given in the synchronous
condition of the visuo-motor active are significantly higher
than those given in all the other conditions (ps always <.001)
as in HC and AN-R groups, in the AN-BP/BN group a significant
RHI effects (with higher ratings in synchronous compared to
asynchronous) is present in all the types of RHI, including the
visuo-tactile RHI (visuo-tactile: p < .001; visuo-motor active:
p < .001; visuo-motor passive: p = .02).

3.1.2.2. BETWEEN-GROUPS RESULTS. In the visuo-tactile RHI, the
one-way ANOVA over the sense of agency questionnaire
showed a main effect of Group (F6s = 3.93, p = .02, partial
n? = .10), suggesting that AN-BP/BN patients demonstrated a
stronger illusory agency over the rubber hand compared to HC
(p = .02), but not against AN-R patients (.17). No difference
emerged when comparing HC and AN-R (p = 1). Neither in the
active nor in the passive visuo-motor RHI, any significant ef-
fect of groups was observed (visuo-motor active: F, g5 = 2.31,
p = .11, partial »* = .06; visuo-motor passive: F, g = .13, p = .88,
partial #° = .004). See Fig. 3.

3.1.3.  Proprioceptive drift

3.1.3.1. WITHIN-GROUP RESULTS. In the HC group, the ANOVA
showed a main effect of condition (F;30 = 26.93, p < .001;
partial n* = .47), suggesting that independently from the type
of RHI, the shift of the perceived position of the own hand was
significantly greater in the synchronous than asynchronous
condition. In the AN-R group, the ANOVA showed a significant
Type of RHI*Condition interaction (F5 35 = 4.54, p = .02; partial
n? = .19), suggesting that the shift of the perceived position of
the own hand was significantly greater in the synchronous
than asynchronous only in the visuo-tactile (p = .002) and
visuo-motor passive (p = .001) RHI, and not in the visuo-motor
active (p = .1). In the AN-BP/BN group, we found a significant
main effect of Condition (Fy 19 = 4.51, p = .047; partial »* = .19),
suggesting that independently from the type of RHI, the shift
of the perceived position of the own hand was significantly
greater in the synchronous than asynchronous condition.

3.1.3.2. BETWEEN-GROUPS RESULTS. In the visuo-tactile RHI, the
one-way ANOVA over the proprioceptive drift showed no
differences among groups (F, ¢ = .18, p = .84, partial * = .005).
In the visuo-motor active RHI, we found a significant main
effect of Group (F,6s = 5.60, p = .006, partial > = .14), with a
smaller proprioceptive drift compared to HC in AN-R patients
(p = .008) and marginally significant in AN-BP/BN (p = .07). In

the visuo-motor passive RHI, a significant main effect of
Group (F,6s = 4.84, p = .01, partial % = .12) was observed, as
AN-BP/BN demonstrated a weaker proprioceptive drift
compared to HC (p = .009). See Fig. 4.

3.2 Self report questionnaire

Results of self-report questionnaires are resumed in Table 3.
Note that BSQ, BCQ and BIAQ have been completed only by
patients and not by controls.

3.3. Correlations

For what concerns correlation between RHI effect and ED
symptoms, Spearman Correlation tests revealed a statistically
significant positive correlation between body ownership
questionnaire scores following the visuo-tactile RHI and Body
Dissatisfaction (rs = .382, pcorr = .046) subscale of the EDI-2.
Whereas, only a trend approaching the significant level has
been observed for the Drive for Thinness of the EDI-2 (rs = .408,
Pecorr = .06) and the Eating Restraint subscale of the BIAQ
(rs = .424, peorr = .09). See Fig. 5, panel A), B) and C). Conversely,
no significant correlations emerged between RHI measure and
BMI

4, Discussion

The present study aimed at independently testing the sense of
body ownership and the sense of agency in AN, by exploiting
the visuo-tactile RHI, the passive visuo-motor RHI, and active
visuo-motor RHI.

As far as the sense of body ownership is concerned, overall
we observed no differences in the strength of the illusory
ownership between patients with AN and healthy controls.
Indeed, irrespective of the type of RHI, all groups reported
higher sense of body ownership over the fake hand in syn-
chronous than in asynchronous condition. This evidence is
apparently in contrast with previous findings (Eshkevari et al,,
2012; Keizer et al., 2014) describing an altered sense of body
ownership in AN patients, that exhibit a more plastic repre-
sentation of the own body, as depicted by the greater dispo-
sition to incorporate the rubber hand. Nonetheless, despite
our results suggests that patients with AN do not show such
altered multisensory integration mechanism, exhibiting a
normal susceptibility to the illusion as that one experienced
by healthy controls, correlation results highlight that the
susceptibility to the illusion is guided by the severity of ED
symptoms. Specifically, Body Dissatisfaction subscale of EDI-2
is related to the amount of illusory body ownership reported
in the visuo-tactile RHI. This suggests that a higher level of
body dissatisfaction is linked to a more malleable body rep-
resentation which is highly sensible to visual capture. Thus,
we may speculate that a negative affective disposition toward
one's own body appearance affects the perceptual component
of the body, leading to a higher malleability of body repre-
sentation. This, in turn, makes patients more susceptible to
physical ideals promoted by society. This is especially relevant
in AN patients in which a strong drive for thinness repre-
senting the core of the psychopathology is positively
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Fig. 3 — Sense of agency questionnaire results. A) Subjective ratings at the Sense of Agency questionnaire in the three RHI
types (Visuo-Tactile, VM-Active, VM-Passive) for Controls (in magenta), AN-R patients (in blue) and AN-BP/BN patients (in
green). B) RHI index in each type of RHI among groups. In the boxplot, whiskers represent the minimum and the maximum
value, the limits of the box represent the first and the third quartile, the median is depicted by the line that divides the box
into two parts, the cross represents the mean value and the circles represent single-subjects’ values. *p < .05. **p < .005

reinforced by the ‘thinspiration’ driven by media websites
(Griffiths et al., 2018), thus increasing the dissatisfaction to-
wards the body (Salvato, Romano, et al., 2020). The persistent
drive for thinness reinforced by media, alongside a rigidly
perceived body image in anorexia nervosa (AN), contributes to
maintaining the disorder. This phenomenon aligns with the
allocentric lock hypothesis proposed by Riva (2012),

suggesting that individuals with AN remain “locked” into a
distorted body memory that does not update in response to
changes in their actual appearance or physical condition. This
rigid body image results from an inability to accurately inte-
grate new sensory information about one's own body (such as
weight gain/loss) into an updated self-representation. The
allocentric lock hypothesis postulates that this distortion
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Proprioceptive Drift
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Fig. 4 — Proprioceptive drift scores results. A) Subjective ratings at the Proprioceptive drift in the three RHI types (Visuo-
Tactile, VM-Active, VM-Passive) for Controls (in magenta), AN-R patients (in blue) and AN-BP/BN patients (in green). B) RHI
index in each type of RHI among groups. In the boxplot, whiskers represent the minimum and the maximum value, the
limits of the box represent the first and the third quartile, the median is depicted by the line that divides the box into two
parts, the cross represents the mean value and the circles represent single-subjects’ values. *p < .05. **p < .005

arises from an allocentric (externally anchored) perspective, Concerning the sense of agency, in line with a previous
where individuals rely on an outdated memory of their body study by Carey & Preston (2019), our data show that patients
rather than real-time, egocentric (self-centred) sensory in- with AN exhibited a spared sense of agency in the visuo-motor
puts. In this vein, media messages glorifying thinness exac- active and passive RHI types compared to healthy controls.
erbate such mismatch between perception and reality, thus Typically the sense of agency is not addressed in the classic
reinforcing an idealized body image that individuals with AN visuo-tactile RHI, which has been explored here because this

may strive to attain despite health risks. study is focused on the comparison among the three types of
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Table 3 — Means, standard deviations and comparisons for all self-report questionnaires.

Self-report
Questionnaire

AN-R (N), M + SD

AN-BP/BN (N), M + SD

HC (N), M + SD

McDonald/
Cronbach
coefficients

Statistics*

Post-hoc
comparisons

IDEA

EDI 2

BDI-II

STAI-Y
State

Trait

BSQ

BCQ

BIAQ

(17), 2.12 + 0.70

(20), 102.6 + 48.19

(20), 17.58 + 8.87

(20), 57.65 + 12.71

(20), 61.65 + 9.62

(15), 120.67 + 45.28
(14), 63.21 + 24.66

(14), 45.14 + 16.81

(18), 2.34 + 0.98

(20), 126.7 + 50.03

(20), 22.28 + 8.03

(20), 63.95 + 8.88

(20), 68.15 + 7.79

(11), 135.09 + 48.04
(13), 61.08 + 36.35

(12), 45.92 + 18.76

(31), 0.648 + 0.396

(31), 39.903 + 45.949

(31), 7.58 + 8.75

(31), 35.84 + 12.53

(31), 42.19 + 11.87

w = 0.96

w = 0.95

w = 0.97

a = 0.95

a = 0.89

a = 0.96

a=0.97

a=0.78

Fo,63) = 45.66"
p < 0.001

%2 2 = 30.06°
p < 0.001

12 @) = 24.62°
p < 0.001

Fo68 = 41.33 7
p < 0.001

Fo,68 = 44.89%
p < 0.001

AN-R vs HC
(p < 0.001)
AN-BP/BN vs HC
(p < 0.001)
AN-R vs AN-BP/BN
=1
AN-R vs HC
(p < 0.001)
AN-BP/BN vs HC
(p < 0.001)
AN-R vs AN-BP/BN
(p = 0.742)
AN-R vs HC
(p = 0.002)
AN-BP/BN vs HC
(p < 0.001)
AN-R vs AN-BP/BN
(p=0.58)

AN-R vs HC
(p < 0.001)
AN-BP/BN vs HC
(p < 0.001)
AN-R vs AN-BP/BN
(p = 0.28)
AN-R vs HC
(p < 0.001)
AN-BP/BN vs HC
(p < 0.001)
AN-R vs AN-BP/BN
(p = 0.15)
AN-R vs AN-BP/BN (p
=0.44)
AN-R vs AN-BP/BN (p
=0.86)
AN-R vs AN-BP/BN (p
=0.91) ¢

Abbreviations: IDEA: Identity and Eating Disorders; EDI-2: Eating Disorder Inventory, version 2; BDI-II: Beck Depression Inventory II; STAI-Y: State-Trait Anxiety Inventory; DERS: Difficulties in Emotion
Regulation Scale; BSQ: Body Shape Questionnaire; BCQ: Body Checking Questionnaire; BIAQ: Body Image Avoidance Questionnaire.
* = Different statistics were used following the assumptions for the distribution of each self-report test; a = One-way ANOVA and Bonferroni post-hoc test; b = Kruskal-Wallis test and Dunn’s post-hoc

test; ¢ = paired t-test.
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Correlation Results
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Fig. 5 — Correlations results. The figure depicts the correlation between clinical symptoms of EDs and RHI susceptibility for
the sense of body ownership questionnaire (panel A), the sense of agency questionnaire (panel B), and the proprioceptive
drift (panel C). The colour bar represents the correlation coefficient (Spearman 1), *p < .05; A .06<p < .09. EDI-2 DT (Drive for
Thinnes); EDI-2 BU (Bulimia); EDI-2 BD (Body Dissatisfaction); BIAQ C (Clothing); BIAQ ER (Eating Restraint); BIAQ SA (Social

Activity); BIAQ GW (Grooming and weighing).

RHI. Interestingly, as novel finding we demonstrated that AN-
BP/BN patients showed an abnormal illusory agency in the
visuo-tactile RHI, wherein no active movements are per-
formed. Indeed, no illusory agency should be observed in this
type of RHI and, actually, healthy controls and AN-R patients
did not report agency in both synchronous and asynchronous
conditions, whereas AN-BP/BN patients showed higher rat-
ings of agency in the synchronous than asynchronous con-
dition. As stated in the introduction, sense of body ownership
and agency jointly contribute to build a coherent bodily-self
representation (Fossataro et al.,, 2020; Pyasik et al.,, 2021,
Tsakiris et al.,, 2010). However, while the sense of body
ownership is ever present the sense of agency depends on the
presence of voluntary actions. Indeed, it has been proposed
that self-awareness is fed by two sources, the “acting self,”
that owns the efferent information and the consequent bodily
sensations, and the “sensory self” that solely owns bodily
sensations not intentionally generated, but only passively
experienced (Tsakiris & Haggard, 2005). We may speculate
that the higher disposition in feeling agency toward a static
fake hand observed in AN-BP/BN patients can be ascribed to
their overreliance on the “acting self” to generate the illusory
body ownership as if the passively experienced sensations
were not enough to attribute a body parts to their own body.
Thus, we may argue that AN-BP/BN patients build self
awareness on the interplay between the “sensory self” and the
“acting self” more extensively than controls and AN-R pa-
tients. Relatedly, Stanghellini et al. (2012), proposed a
conceptualization of EDs as a specific disorder of the “lived
body” (i.e., the one's own experience of directly live the body
from within, in first person). Thus patients with EDs, living
their body as “alien”, could be prone to exhibit different pat-
terns of illusions compared to healthy subjects. Interestingly,
this data is intertwined with the need for compulsive exercise
that patients often develop with the aim, not only of reducing
weight, but also of having a feeling of control and well-being

correlated with active proprioception and body awareness
(Casper, 2022).

As far as the proprioceptive drift, from the between group
comparison, no differences emerged in the visuo-tactile RHI,
thus suggesting that all groups showed a similar shift toward
the fake hand position. Interestingly, in the visuo-motor
active RHI, both AN-R and AN-BP/BN patients showed a
significantly lower RHI index compared to controls. This can
be explained by the fact that AN patients shifted the perceived
position of the own hand toward the fake hand in both syn-
chronous and asynchronous stimulations, thus suggesting a
stronger susceptibility to the visual-capture of proprioception
even when the movements of the own and the rubber hand
are out of phase. Moreover, in the visuo-motor passive RHI a
similar pattern is observed only in the AN-BP/BN group, thus
suggesting that the absence of voluntary movements bring
AN-R patients back to correctly perceive the own hand loca-
tion. Our results are in line with the data on proprioceptive
drift in visuo-motor active RHI by Carey and Preston (Carey &
Preston, 2019) who found in AN patients a proprioceptive drift
in both illusion and control conditions even though not sig-
nificant. Based on this result, we may argue that, despite AN
patients explicitly reported a normal illusory body ownership
and agency over the fake hand in the visuo-motor RHI, they
implicitly revealed an enhanced susceptibility to the visual-
capture of proprioception.

Overall, the results of our study may corroborate the
“interactive” model of sense of agency and body ownership
proposed by Seghezzi and collaborators (Seghezzi et al., 2019).
Such neurocognitive model describes a neurofunctional
overlap between sense of agency and body ownership, which
can be reflected in the strong interplay between “sensory self”
and “acting self” shown by AN patients to give rise to a
cohesive sense of self. Hence, given the behavioral evidence
that the interconnection between agency and ownership in
AN patients is particularly enhanced, they may represent a


https://doi.org/10.1016/j.cortex.2025.02.011
https://doi.org/10.1016/j.cortex.2025.02.011

282 CORTEX 185 (2025) 270—285

valuable model to deepen in future studies the neurofunc-
tional interplay between these constructs.

Despite the novel findings of the study, some limitations
deserve attention and must be taken into account in inter-
preting the results and their implication. First of all, we
acknowledge that the sample enrolled in the study is rela-
tively small. Furthermore, in our sample of EDs, we included
the AN-BP and BN variants in the same group, which mainly
consisted of AN-BP patients and only a few BN patients. This
grouping method has been adopted because participants
diagnosed with a bulimic variant of EDs (i.e., AN-BP and BN)
show a similar behavioural pattern in relation to the binge
purging behaviours of the disorders (Cuthbert & Kozak, 2013;
Sagiv et al., 2019). However, future experiments relying on a
more significant number of EDs patients would allow better
exploring alterations of bodily-self representation in the EDs
spectrum. Further research addressing EDs categories in
different phases of the illness, comparing individuals in the
acute phase with those in the recovery phase, would be
informative on the role of body ownership/agency interplay in
the course of the illness.

5. Conclusion

Overall our results indicate that in EDs different components
contribute to the alteration of bodily experience. It is therefore
confirmed how the alteration of body image and shape is a
complex and multidimensional construct (Prnjak et al., 2022).
Our findings provide evidence for a tight link between the
sense of body ownership and the sense of agency in driving
bodily-self awareness (Seghezzi et al., 2019). Indeed, our data
support the idea that individuals with AN-BP/BN must simul-
taneously rely on both the “acting self” and the “sensory self” to
attribute a body parts to their own body. Interestingly, despite
EDs patients experienced the RHI similar to controls at the
explicit level, when the RHI effect is assessed by implicit
measures the susceptibility to the illusion resulted abnormal
in the visuo-motor RHI. Hence, such dissociation between
explicit and implicit RHI measures demonstrates a more
plastic bodily-self representation when the RHI enlists hand
movements, leading to a stronger visual-capture of proprio-
ception. Finally, as suggested by correlations between body
image related questionnaire and the RHI effect, our findings
emphasize the intricate link between the perceptual and
cognitive-affective aspects of body representation. Further
researchis necessary to uncover the pathological conditions in
which emotional bodily experiences are linked to perceptual
changes in body representation, deepening the complexity of
this relationship. This may pave the way for possible thera-
peutic interventions aimed at improving body image percep-
tion through virtual reality-based treatments targeting body
ownership. By enhancing the sense of ownership over one's
own body, these interventions could help alleviate body
dissatisfaction in clinical populations.

This study contributes to highlight how the body-related
impairment is pervasive and complex, going beyond the
most known body image disturbance and showing different
facets in the diagnostic variants of EDs. Lastly, future studies

could investigate how therapeutic motor activities can be
useful in recovering correct body perception.
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