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1.20 The observation that people with schizophrenia misattribute
the source of their own actions has led to the hypothesis that
they suffer from altered sensorimotor processes underlying
sense of agency. Furthermore, rubber hand studies suggest
an abnormal experience of embodiment in schizophrenia.
1.25 However, this latter finding is based on a procedure that
elicits ownership sensations for a fake hand by visuo-tactile
stimulation, leaving the agency subcomponent of embodiment relatively untouched. By using a visuo-motor version
of the embodiment illusion able to actively elicit also sense
1.30 of agency for an alien hand, we tested whether the putative
sensorimotor deficits are also involved in altering embodiment sensations in schizophrenia. Subjective (questionnaire)
and perceptual (forearm bisection performance) indexes of
the embodiment illusion were collected. Differently from
1.35 controls, both the explicit agency component and the implicit body metrics update were not modulated by the extent
of visuo-motor congruency in participants with schizophrenia. We conclude that motor prediction and/or temporal binding window impairments may alter the feeling of
1.40 embodiment and body representation in schizophrenia.
Key words: mirror box/multisensory/ownership/agency/r
ubber hand illusion/psychosis
1.45

Introduction

Embodiment is the sense of being located within own
bodily boundaries and it is conceptualized as essentially
stemming from 2 phenomenal experiences, ie, sense of
1.50 ownership and sense of agency upon our own body. Sense
of ownership is the conscious awareness that our body
belongs to us. Sense of agency is the feeling of initiating
and controlling a voluntary action and the sense of
1.54

authorship over its consequences.1 The integration of coherent bodily related multisensory signals seems crucial
for bodily experiences to arise.2
People with schizophrenia suffer from an altered sense
of agency, especially those with passivity symptoms.
They may feel as if an external agent drove and/or
engendered their own actions and thoughts, eg, “I’m
forced to walk around. I’m being made to turn right and
left.”3 According to a classical model of schizophrenia,4,5
passivity stems from disturbances affecting central operations devoted to the monitoring and rapid correction of actions.6 This hypothesis is based on the premise
that the brain predicts kinematic and sensory outcomes
of the movement whenever a motor command is issued.
Predictions are then contrasted with actual sensory feedback by comparator mechanisms. In case of matching,
sensory attenuation7 and subjective sense of agency arise.4
Due to comparator model failure, delusional patients are
prone to assign action authorship to external forces.8–10
Nonetheless, this model cannot fully account for patients’
tendency to self-attribute others’ movements in action
recognition tasks.11–14 A line of reasoning suggests that
this inconsistency (ie, hypoattribution vs overattribution
of self-agency) is only apparent and it can be explained by
the high variability affecting motor prediction computation.10,14 For instance, findings of Synofzik et al14 suggest
that the disruption of internal cues (ie, motor prediction
and/or proprioception) prompts perceptual system of
people with schizophrenia to increase the weight of external cues about self-agency (eg, visual feedback), a fact
accounting for overattribution of self-agency in action
recognition tasks. The authors speculate that in case of
external cues unavailability, patients might assume that
external forces are causing or influencing their actions.
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In addition, Voss et al15 found that people with schizophrenia exhibit stronger intentional binding and overrely
on the retrospective component of agency based on sensory reafference more than on predictive mechanisms.15
The sense of ownership in schizophrenia16–20 has been
investigated by the rubber hand illusion (RHI).21 For the
RHI to emerge, the participant looks at a rubber hand
receiving repetitive tactile stimuli, while his own hand
hidden from view is synchronously stimulated. This procedure induces a sense of embodiment of the fake hand
and the biased localization of the real hand toward it (ie,
proprioceptive drift). Overall, patients demonstrated a
stronger RHI.16–19 In the study by Thakkar et al,18 patients
referred more intense ownership for the fake hand than
controls after both synchronous and asynchronous stimulation along with an enhanced proprioceptive drift after
synchronous stimulation. According to the authors, the
stronger RHI depends on the imbalanced interplay between multisensory integration and abnormally weak
preexisting models of the body.18,22 Ferri et al,20 instead,
observed that when the integration of actual visuo-tactile
stimuli is ruled out (because tactile stimuli approach
without touching the hand), patients declare lower RHI
intensities than controls. In authors’ view, these results
indicate that anticipation of sensory events is insufficient
for the illusion to occur in patients and that the abnormal
susceptibility to the classical RHI depends on altered integration of actual sensory afference more than on defective prestored body representations.20
In general, RHI studies suggest more malleable body
boundaries in schizophrenia. It is worth noting, however, that the RHI relies on visuo-tactile stimulation
that mostly gives rise to ownership sensations, while
influencing agency much less and possibly only indirectly
as a carryover effect of ownership modulation. To the best
of our knowledge, whether disrupted sense of agency (either hypoattribution or hyperattribution of self-agency)
and related sensorimotor processes affect the embodiment illusion in participants with schizophrenia has not
been investigated yet. To test this issue, we employed an
“active” version of the RHI by the mirror box (MB). This
procedure allows to directly investigate the contribution
of not only sense of ownership but also sense of agency
to the embodiment of an alien hand by manipulating the
congruency between motor command and visual feedback. To probe the occurrence of the illusion, 2 measures
were collected: the Embodiment questionnaire ratings, to
assess conscious feelings of incorporation of the external
limb,23 and the forearm bisection task,24–28 to quantify
post-MB changes in the perception of limb extension. As
concerns the latter task, previous studies brought evidence
that body metric representation is malleable. The active
training of the limb can modulate body metric representation inducing a shift of the estimation of the forearm
midpoint toward the hand.24–28 Crucially, a recent study26
suggested that the update of body metric representation
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can occur even when one performs motor training while
embodying another person’s hand by means of the MB.
The rationale is that “E is embodied if and only if some
properties of E are processed in the same way as the
properties of one’s body” (p.84).29 In agreement with this
definition, an MB training in poststroke patients induced
an update of affected limb metrics perception as a plausible consequence of the embodiment of the mirrored
image of the unaffected hand as if the impaired hand was
able to move again.26,30
According to previous evidence, we expected healthy
participants to show a perceived elongation of the
perceived limb length and stronger feelings of ownership
and agency for the alien hand according to the strength
of embodiment induced by the visuo-motor congruency experienced during the MB training. Conversely,
because of the impairment in agency-related processes,
participants with schizophrenia were expected to show an
altered modulation of explicit as well as implicit indexes
of embodiment.
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Methods
Subjects
Thirty-one people presenting a diagnosis of schizophrenia were recruited from the outpatient community
service ASST Fatebenefratelli—Sacco (Milan) and from
Bolzano Hospital Mental Health department. Diagnosis
for schizophrenia was made by treating psychiatrists and
confirmed through the Structured Clinical Interview for
DSM-IV-TR.31 Current severity of psychopathological
symptoms was evaluated using the Scale for the Assessment
of Negative Symptoms and the Scale for the Assessment
of Positive Symptoms.32,33 All patients were receiving
stable dose of antipsychotic medications at the time of
the assessment. Two patients were excluded because they
did not meet criteria for schizophrenia diagnosis. Thirtysix healthy controls were enrolled by word of mouth
and by the online recruitment system of Department of
Psychology (University of Milano-Bicocca).
The study was approved by the Ethical Committee
of the University of Milano-Bicocca and by the Ethical
Committees of Fatebenefratelli—Sacco Hospital (Milan)
and of Bolzano Hospital. The study was carried out in
accordance with the principles of the Declaration of
Helsinki.34 All participants provided written informed
consent.
Experimental Procedure
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Participants underwent 3 experimental conditions, each
one consisting of 4 phases (figure 1). Before starting the
experiment, they were invited to remove bracelets and
rings to enhance visual similarity between experimenter’s 2.110
and participant’s limb during MB training. To avoid noisy
tactile and proprioceptive clues during MB and bisection 2.112
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Fig. 1. Experimental procedure.

tasks, participants were often reminded to keep the tested
limb still; once post-training bisection task ended, they
could move their arm to restore baseline somatic feedback. The study was carried out by 2 experimenters. The
first experimenter produced the movements that were reflected in the mirror and administered the questionnaire,
while the second experimenter controlled for participants
tapping at the proper rate during MB training and measured the endpoint of bisection trials.
MB Training. After the pre-MB bisection task,
participants were required to keep their eyes closed, to
hold the upper limb (shortly before bisected) still on
the table, and to put the other one under the table. The
MB apparatus (ie, a triangle MB with a 60 × 50 cm reflective surface) was arranged so that the mirror was
parallel to participant’s midsagittal plane and his/her
limb was inside the MB. The experimenter sat near the
participant, placing his limb on the table in order that
its reflection matched the position of participant’s limb
behind the mirror. To reduce visual interference due
to the anatomical implausibility of the experimenter’s
limb, a black cloth was draped onto participants’ trunk
and experimenter’s shoulder.

During the training, participants had to raise and
lower the index of the hidden hand for 1 min, following
a metronome beating at 1 Hz. Meanwhile, they had to
look at experimenter’s hand in the mirror. To reduce cuta- 3.90
neous inputs, they were instructed to avoid touching table
surface with index finger.
Participants were exposed to 3 different types of
(alien) visual feedback: (1) In-Phase: the experimenter
tapped at the same frequency and in the same direction, 3.95
ie, lowering the index at every beat; (2) In-Antiphase:
the experimenter tapped at the same frequency but
180° out-of-phase, ie, raising the index at every beat;
and (3) Random: the experimenter accomplished completely different finger movements, ie, following casual 3.100
trajectories and irregular frequency. The order of
conditions and hand laterality were counterbalanced
across participants.
Bisection Task. In bisection task, participants were asked 3.105
to arrange forearms in parallel position and to point at
the middle of the tested limb with the contralateral hand.
They were instructed to consider the limb length ranging
from the elbow to the tip of the middle finger. Pointing
movements had to be as straight as possible without on- 3.110
line corrections once started.
3.112
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Table 1. Sample demographics

4.5 Age, years

Sex, male/female
Handedness, right/left/ambidextrous
Education, years
SANS
Affective flattening
4.10 Alogia
Avolition—Apathy
Anhedonia—Asociality
Attention
SAPS
Hallucinations
4.15 Delusions
Bizarre behavior
Formal thought disorders
Antipsychotic medication, type
First generation
Second generation
4.20 Both

Schizophrenic patients
(n = 29)

Controls
(n = 36)

41.34 (14.12)
18/11
25/3/1
12,41 (2.83)

25.75 (7.86)
6/30
31/5/0
15.44 (2.32)

3.28 (1.04)
2.90 (0.90)
3.90 (0.81)
3.92 (1.05)
3.44 (1.23)

—
—
—
—
—

1.65 (1.16)
2.06 (1.08)
2.90 (1.54)
2.30 (1.10)

—
—
—
—

2
26
1

—
—
—

Note: Values are presented as n or mean (SD). SANS, Scale for the Assessment of Negative Symptoms; SAPS, Scale for the Assessment
of Positive Symptoms.

4.25

Participants performed 10 pointing movements
during each bisection task; as the task both preceded
and followed each MB training, a total of 60 repetitions
per subject were collected, ie, 10 trials × 2 bisection
4.30 tasks (pre-MB, post-MB) × 3 conditions (In-Phase,
In-Antiphase, Random). We measured both the subjective midpoint (ie, the distance between the middle fingertip and the point indicated by the subject) at each trial
and the total length (ie, the distance between the middle
4.35 fingertip and the olecranon). To normalize participants’
bisection estimates, the ratio between the 2 measures was
calculated [R = subjective midpoint/total length].24
Questionnaire. At the end of each block, participants
4.40 retrospectively rated their subjective experience
during the MB training via a 27-item questionnaire.
Statements were adapted from the RHI embodiment
questionnaire.23 Particular attention was paid to the assessment of the Embodiment component of illusion and
4.45 its subcomponents. Ownership items variously describe
the feeling that the mirrored hand is likely to belong
to one’s own body; Location items refer to a sense of
spatial congruency between one’s own hand and the
mirrored hand; Agency statements concern the sense
4.50 of being the agent of the movements performed by the
mirrored hand. For additional information, see supplementary material.
Participant had to verbally refer to what extent they
agree/disagree with each statement by referring to a
4.55 7-point Likert scale presented on a sheet of paper (+3:
4.56 strong agreement; 0: neither agreement nor disagreement;
Page 4 of 10
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−3: strong disagreement). Items were read to participants
and explained if needed.
To rule out participants’ response style effect, a withinsubject standardization was adopted [Ipsatisation: 4.85
y’ = (x-meanindividual)/SDindividual].35 Components scores were
calculated from ipsatisation rates.
Data Analysis
Bisection R values were analyzed via linear mixedeffects model (lmer function; lme4 package36). Maximum
Likelihood criterion was used to estimate fixed and
random parameters, whereas models’ goodness of fit was
compared by Likelihood Ratio test. Initially, a fixed intercept and by-subject random intercepts model was built to
control for repeated-measure structure of data. To further
specify random structure, Trial was entered as grouping
factor and checked for model goodness-of-fit. Then,
Group, Congruency, and Time of bisection task and their
interactions were incrementally added as fixed effects
and retained when they improved model goodness-of-fit.
Lastly, a type III mixed-design ANOVA was executed on
the final model.
Questionnaire scores relating to each component were
analyzed through separate 2 (between-subject factor
Group) × 3 (within-subject factor Congruency) ANOVAs
for unbalanced data (aov_ez function; afex package37).
Finally, an exploratory correlation analysis was computed
between questionnaire components (mean scores calculated on raw data) and psychopathological scales. All
data analyses were carried out in R environment.38
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Results
Bisection Judgements
5.5
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Bisection data were modeled as depending on all experimental predictors (fixed covariates: Group, Congruency,
and Time) after adjusting for random effects Trial and
Subject (see supplementary material). ANOVA run on the
final model revealed significant differences for the 2-way
interaction Group × Congruency [F2,3826.1 = 4.419; P = .012]
and the 3-way interaction Group × Congruency × Time
[F2,3826.1 = 4.562; P = .01]. Conversely, main effects Group
[F1,65 = 0.595; P = .443], Congruency [F2,3826.1 = 2.392;
P = .092], and Time [F2,3826.1 = 3.006; P = .083] and 2-way
interactions Group × Time [F2,3826.1 = 0.001; P = .980] and
Congruency × Time [F2,3826.1 = 2.496; P = .083] were not
significant.
To examine the 3-way interaction, the mean post-MB
midpoint displacement and 95% CI were calculated.
Controls showed a distal shift equal to 0.66% [CI: −1.39;
0.08] after the In-Phase MB training but a proximal shift
after both control conditions (In-Antiphase: 0.69% [CI:
−0.14; 1.52]; Random: 0.57% [CI: −0.21; 1.35]). Patients
displayed a less defined pattern, with a moderate proximal shift in all conditions (In-Phase: 0.33% [CI: −1.01;
1.66]; In-Antiphase: 0.07% [CI: −1.15; 1.30]; Random:
0.21% [CI: −1.23; 1.65]) (figure 2).
Questionnaire Responses

5.30

Significant effects were explored through graph inspection (figure 3). Ipsatisation makes between-group

comparisons unreliable because adjusted scores represent deviations from the within-subject mean, which is
035; however, within-subject variance across conditions
and interaction effects are not affected and reliably interpretable. Therefore, significant main effect Group will
be mentioned but not commented on. The effect size statistics for between-within designs (ηG2 ) will be provided
(0.02: small, 0.13: medium, 0.26: large).39
Embodiment: both main effects Group [F1,63 = 9.988;
P = .002; ηG2 = 0.06] and Congruency [F2,126 = 11.196; P <
.001; ηG2 = 0.09] were significant but not the interaction effect Group × Congruency [F2,126 = 1.691; P = .189; ηG2 = 0.01].
Ownership: both the main effects Group [F1,63 = 3.891;
P = .053; ηG2 = 0.03] and Congruency [F2,126 = 12.760; P
< .001; ηG2 = 0.08] were significant but not the interaction effect Group × Congruency [F2,126 = 1.839; P = .163;
ηG2 = 0.01]. Agency: the main effect Group [F1,63 = 1.661;
P = .202; ηG2 = 0.01] was not significant, but the main effect Congruency [F2,126 = 11.899; P < .001; ηG2 = 0.08] and
the interaction effect Group × Congruency [F2,126 = 5.561;
P = .005; ηG2 = 0.04] were significant. Location: the main
effect Group [F1,63 = 11.375; P = .001; ηG2 = 0.08] was significant, but the main effect Congruency [F2,126 = 2.699;
P < .071; ηG2 = 0.02] and the interaction effect Group ×
Congruency [F2,126 = 0.388; P = .679; ηG2 = 0.003] were not.
These results indicate that the general embodiment sensation and the feeling of ownership for the alien hand were
driven by the degree of visuo-motor congruency in both
groups: the higher the visuo-motor congruency, the higher
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Fig. 2. Post-MB forearm midpoint shift. Mean differences (±95% CI) between bisection performance before and after MB training
reported. The shift is reported as percentage of the total forearm and hand length. Positive and negative values indicate a shift toward the
elbow (proximal shift) and toward the hand (distal shift).
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6.35 Fig. 3. Embodiment questionnaire ratings. Estimated marginal means of Embodiment (panel A), Ownership (panel B), Agency (panel

6.90

C), and Location (panel D).

the rates provided by subjects. Instead, sense of agency, which
follows the extent of visuo-motor congruency in controls,
6.40 stands on average at similar values across conditions in
patients. For further results, see supplementary material.
Correlation Analysis
Correlation analysis suggests that hallucination se6.45 verity moderately correlated with Ownership (r = .41,
S
Puncorr = .026), Location (rS = .41, Puncorr = .026), Agency
(rS = .43, puncorr = .021), and Movement (rS = .38,
Puncorr = .045) scores in Random condition. Location
items related to In-Phase condition mildly correlated
6.50 with alogia severity (r = .41, P
= .029). For the entire
S
uncorr
correlation matrix, see supplementary material.
Discussion
6.55 In this study, we aimed to test the impact of sense of
6.56 agency impairment on embodiment in people suffering
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from schizophrenia. The MB illusion specifically allowed
to modulate the agency subcomponent of the bodily
awareness in participants.
As expected, higher cross-modal congruency between
sensory reafferent signals (ie, coherence between the
visual feedback from the alien hand and the proprioceptive feedback from the participant’s hand) can evoke
feelings of embodiment for the hand in the mirror in
healthy people.40–43 This result also agrees with the proposal that the coherence between afferent and efferent information increases the likelihood that an extra-personal
limb is tagged as “mine”,44 albeit obvious morphological
differences. In the current study, when the alien hand kinematically mimicked participant’s hand movements, the
visual feedback in the mirror could effectively approximate predictions. The generation of internal predictions
is thought to enable the sensorimotor system to precisely anticipate temporal and postural parameters of
the movement that is just about to be accomplished,

6.95

6.100

6.105

6.110
6.112

Copyedited by: ABC

Mirror Box Illusion in Schizophrenia

7.5

7.10

7.15

7.20

7.25

7.30

7.35

7.40

7.45

7.50

7.55
7.56

crucially improving self-recognition.45 We hypothesize
that an “inclusion” of the image of the alien limb within
one’s own body representation may occur during the
MB training.26,30 Specifically, the prolonged view of an
alien hand moving in accordance with motor predictions
would lead comparator mechanisms to embody it as a
self-generated sensory feedback. The visual feedback provided by the alien hand might then be used by the motor
system to feed up the dynamic short-term sensorimotor
representations serving action program and guidance.29
Bisection data show that the strength of visuoproprioceptive congruency also impacts on perceived
body metrics. Indeed, the post-MB estimation of limb
length increases/decreases along the forearm proximodistal axis across conditions. The distal midpoint shift
after the In-Phase condition replicates the study of Tosi
et al,26 wherein hemiplegic patients showed an extension
of the perceived length of the paretic limb induced by
the motor training with MB. The bidirectional relocation
of the subjective midpoint observed here is suggestive of
a relative “elongation” of the limb representation, when
embodiment of the alien hand occurs, but of a “shortening,” when embodiment is prevented. These effects are
consistent with the hypothesized plastic modifications of
bodily representation serving motor control, ie, the body
schema.46 We propose that post-MB bisection shifts may
reflect top-down regulation of proprioception when body
schema update is induced by the MB training. Otherwise
stated, body schema may be subject to increased/reduced
weighting of the hand segment representation as a result
of the extent of visuo-motor congruency experienced
during the MB training. Such an update may in turn
induce an increased/reduced proprioceptive representation of the hand, as suggested by the distal and proximal shifts. This hypothesis agrees with the previously
suggested dampening of proprioception following sensorimotor incongruency.42 Conversely, a mere effect of multiple muscles and joints activation and/or of the sustained
visual attention on the hand can be ruled out because if
this were the case, the midpoint shift would have been
constantly distal across conditions.
Differently from controls, patients exhibited similar
levels of agency across conditions. Consistently, bisection
performance does not show a clear trend of proximodistal modulation (see CI, figure 2). Overall, these results
suggest that these aspects of the illusion are not driven by
visuo-proprioceptive congruency in schizophrenia.
Two, not mutually exclusive, impairments might explain
these findings. On the one hand, they might depend on the
putative defective computation of motor predictions.47
Impaired predictions might have prevented the correct
detection of kinematic similarities/dissimilarities in the
mirrored hand, abolishing the modulation of the agency
ratings across conditions. Furthermore, the high variance
of bisection performance may support the hypothesis
that internal motor prediction in schizophrenia is highly

unreliable, as suggested by Synofzik et al.14 In this study,
when asked to indicate the visual endpoint of pointing
movements previously executed in the absence of visual
feedback, patients demonstrated greater intertrial variability than controls. Given that endpoint estimation could
be based on internal cues only, these results have been
interpreted as a possible index of highly variable internal
predictions.14 Accordingly, it is likely that the comparison
between predicted and actual feedback, which would
contribute to the inclusion of the alien hand within one’s
own body schema, is also affected by high variability. As
a result, the modulation of body metrics cannot clearly
emerge. It is worth noticing, however, that other reasons
for this high variability cannot be completely ruled out.
For instance, the previously found link between passivity
profile and body representation distortions.19,48 We carried
out a posteriori analysis, dividing schizophrenia group
according to passivity symptom severity. Nonetheless,
an unclear trend of bisection performance still resulted,
conceivably because of small subgroup size (supplementary material). Moreover, deficits of sustained attention
in schizophrenia49 may play a role because fluctuations in
the maintenance of the attentional focus on the mirrored
hand may have altered the embodiment processes.
A second potential explanation for the anomalous modulation of embodiment indexes is the width of the temporal binding window (TBW), ie, the time interval within
which different sensory stimuli are very likely to be bound
in the same percept. Prior work has shown wider visuoproprioceptive TBW in schizophrenia12 with respect to
healthy people.12,50,51 Therefore, lack of agency and bisection
performance modulation might relate to lower multisensory
temporal acuity. Interestingly, Ferri et al52 show that audiotactile TBW, which is positively associated to the level of
cognitive-perceptual schizotypy (an index of psychoses
proneness), can be predicted by the temporal structure of spontaneous activity in auditory cortex. A causal
link between temporal properties of resting-state neural
fluctuations and multisensory TBW has been postulated
in the “spatiotemporal” model of schizophrenia,53 which
posits that the breakdown of intrinsic brain’s activity dynamics (both at spatial and temporal level) constitutes the
neurobiological substrate of different psychopathological
symptoms. In the case of ego disturbances (like agency
disruption), the unbalance between the Default Mode
Network, which is highly implicated in self-related processing, and Central Executive Network, conversely devoted
to the processing of exogenous stimuli, would entail the
pathological mixing of internally and externally oriented
thoughts.53,54 Accordingly, reasons for the abnormal trend
of bisection data and sense of agency might lie in the impairment of bottom-up sensory mechanisms and in the
abovementioned impossibility to discretely distinguish between internal vs external perceptual contents. As regards
correlation analysis, we avoided strong claims based on it
given that it was mainly for exploratory purposes.
Page 7 of 10

7.60

7.65

7.70

7.75

7.80

7.85

7.90

7.95

7.100

7.105

7.110
7.112

Copyedited by: ABC

I. Rossetti et al

To conclude, this study yields 2 main findings. First,
perceived body metrics bidirectionally update according
to the strength of embodiment illusion, an effect that
is compatible with an online reconfiguration of body
8.5 schema. Second, patients did not demonstrate significant
body metrics and sense of agency modulation, indicating
that not only compromised visuo-tactile integration16–20
but also impaired visuo-motor integration may affect
body representation building up in schizophrenia.
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