Schizophrenia Bulletin
https://doi.org/10.1093/schbul/sbaf054

Dissecting Sense of Agency in Schizophrenia: A Predictive Coding Perspective
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Background and hypothesis: A large body of literature sug-
gests that neurocognitive processes underlying the sense of
agency are disrupted in schizophrenia. We here tested the
sense of agency in schizophrenia patients, by controlling
for the potential confounding effect of temporal perception
biases, antipsychotics, attentional-executive functioning,
and illness duration. We also analyze the role of symptoms
such as delusions, hallucinations, and passivity experiences.
Study design: We capitalized on the intentional binding
phenomenon, an implicit measure of the sense of agency.
30 schizophrenia patients and 30 healthy controls com-
pleted 2 tasks. Experimental task participants pressed a
switch to turn a light bulb on (active condition) or let their
finger be moved by an automated switch (passive condi-
tion). They then judged the interval between the action (ac-
tive or passive) and the lighting of the bulb. Control task
participants estimated the time interval between two light
flashes presented in sequence. All participants underwent a
comprehensive neuropsychological assessment, while schiz-
ophrenia patients were also evaluated for positive, negative
symptoms, and passivity symptoms.

Study results: Control participants showed the expected
intentional binding effect, particularly at shorter action-
outcome delays. In contrast, the effect was absent in
schizophrenia patients. The alteration was significantly
moderated by temporal perception biases, hallucinations,
and delusions.

Conclusions: The study provides the first evidence in favor
of the relationship between agency disturbances, symptom-
atology, and temporal perception biases in schizophrenia
while excluding putative confounding factors like neurolep-
tics. Results are discussed in the light of a recent predictive
coding model of the sense of agency.

Key words: intentional binding; hallucination; delusion;
passivity; temporal perception bias.

Introduction

The “Sense of Agency” (SoA) is the experience of vol-
untarily controlling our actions and their sensory
outcomes.! Schizophrenia has been considered a “patho-
logical model” for the study of the SoA.? as patients may
suffer from symptoms interpretable as the result of per-
turbed SoA, such as passivity experiences whereby self-
generated actions and thoughts are attributed to external
sources.’

According to a recent model based on the predictive
coding theory,* the SoA relies on two hierarchical systems
that process the sensory feedback of self-generated action
in parallel. Both systems operate to infer the cause of the
sensory event, however exploiting different predictions:
the egocentric system is based on motor predictions gen-
erated by motor commands, while the allocentric system
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Figure 1. Egocentric-allocentric hierarchical model of SoA in schizophrenia. The predictive coding theory posits that the brain is a
“hierarchical prediction machine” in the constant attempt to infer the cause of sensory events.” According to the egocentric-allocentric
model, the sense of agency (SoA) depends on two inferential systems: the egocentric system and the allocentric system. Within these
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is based on perceptual predictions generated by “genera-
tive models” about how sensory events are caused' (Figure
1). (For instance, consider the case of a person who feels
pressure under his/her fingertip while voluntarily pressing
a button. Based on the egocentric inference, he/she can
straightforwardly explain that sensation by exploiting
predictions based on the voluntary motor command and
consider himself/herself as the cause of that sensation.
Conversely, consider the case of a person getting touched
on the shoulder while walking. On the one hand, egocen-
tric inference cannot explain that sensation. On the other
hand, allocentric inference may consider several possible
causes: eg, the person him/herself, if the subject considers
he/she accidentally bumped into an object, or another
person if, for instance, someone tapped him/her to catch
his/her attention.)

According to the model, in schizophrenia, im-
paired motor predictions fail to account for a
substantial portion of sensory input, leading to
excessive prediction errors “flooding” from the
egocentric to the allocentric system. This over-
flow—that gives rise to low-level perceptual aberra-
tions—results in inefficient updates of allocentric
models. To counteract this overwhelming bottom-
up signaling, the allocentric system assigns greater pre-
cision to high-level perceptual predictions. While this
mechanism helps mitigate perceptual abnormalities, it
also increases susceptibility to hallucinations and delu-
sions.* For instance, hallucinations might occur when
predictions disproportionately shape perceptual infer-
ence, causing perceptual experiences in the absence of
corresponding sensory input.®

In a recent review,” we propose that this model is the
most effective in integrating previous findings on SoA
in schizophrenia. We also highlight how several SoA in-
dices yielded robustly replicated results across studies
(eg, dampened sensory attenuation® or exaggerated SoA
judgment in patients), while studies investigating the in-
tentional binding (IB) effect—the subjective shrinkage
of the interval between voluntary actions and their con-
sequences’—did not. Depending on the study, patients
showed exaggerated 1B,'*'? reduced IB,"*!* IB similar to
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controls,'s or hyper-binding also during no-agency condi-
tions.!” Furthermore, the effect was often not fully repli-
cated in controls,'*'*!7 providing an unclear reference for
interpreting patients’ data. Additionally, almost all these
studies did not control for temporal perception biases
that may occur especially in patients.'$!%-20:2!

We here used a paradigm consistently replicating the
IB effect in five independent studies.?>2 The protocol in-
cludes two tasks. In the experimental task, participants
either actively or passively press a switch to turn on a
lightbulb; then, they estimate the action-outcome in-
terval. In the control task, introduced to derive an index
of temporal perception bias, participants estimate the in-
terval between two consecutive flashes of the bulb.

Inthisstudy, weinvestigated whetherdeficientmotor pre-
dictions affect patients’ temporal perception of active ac-
tions while controlling for the allocentric processes (via the
passive condition) and temporal perception biases (via
the control task) (Supplementary, Section 7). Building on
the “egocentric-allocentric model,” we expected:

(1) Controls to show a stronger time compression for
active than passive actions (IB effect), particularly at
shorter action-outcome intervals.?> 2

(2) Patients to show a reduced IB effect (similar time
compression between active and passive actions) because
strong perceptual predictions would guide temporal judg-
ments irrespective of action mode.

(3) Patients to show a reduced IB effect, even after
controlling for temporal perception biases, attentional-
executive functioning,? illness duration, and neuroleptics.

Methods

Participants

Thirty patients were recruited from the outpatient
clinics of Bolzano Hospital, Santi Paolo e Carlo
Hospital (Milan), and San Gerardo Hospital (Monza).
Inclusion criteria were: a diagnosis of schizophrenia or
schizoaffective disorder, clinical stability at the time of
testing, no history of neurological illness, and no current
substance abuse. All the patients were on stable antipsy-
chotic medication.

systems, the inferential processing proceeds in a hierarchical fashion. Basically, the upper layers represent and predict more abstract

and symbolic aspects (eg, the goal of an action), and the lower layers encode sensory features or low-level elements (eg, limb position).
These two systems operate in parallel to explain away the sensorimotor feedback of self-generated voluntary action. On the one hand,
the egocentric hierarchies elaborate sensorimotor feedback based on egocentric/motor predictions derived from the motor command.
On the other hand, the allocentric hierarchies elaborate sensorimotor feedback based on perceptual/allocentric predictions derived from
“generative models,” learned through experience, on how sensory events are caused (the allocentric processing can also operate to explain
away sensory events caused by external sources). The two systems are interconnected at the lower level as they both receive sensory
input from the same sources. In schizophrenia, deficient/imprecise egocentric predictions (see egocentric system, dotted arrow) leave a
large amount of sensory evidence unexplained, resulting in large prediction errors (see allocentric system, upward bold arrows). This
unsuppressed sensory input floods into the allocentric system, wherein it represents inherently unpredictable information that produces
large prediction errors propagating towards higher levels of the hierarchy. To artificially suppress such overwhelming bottom-up signals,
patients’ allocentric system allocates greater precision to high-level allocentric priors* (see allocentric system, downward bold arrows).
However, the enhancement of allocentric predictions renders the individual vulnerable to hallucinations and delusions.
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Table 1. Summary Demographic, Neuropsychological, and Clinical Data.

Patients (n = 30) Controls (n = 30) P?
Sex, female/male 10/20 10/20 -
Age, mean (SD) 45.53 (10.90) 45.63 (11.52) 973
Educational level, mean (SD) 11.27 (3.07) 16.93 (4.30) <.001
Handedness, right/left/ambi 2171217 22/0/8 -
Neuropsychological tests
MMSE, mean (SD) 27.37 (1.69) 28.46 (1.37) .008
FAB, mean (SD) 14.09 (2.43) 16.72 (1.36) <.001
TMT, mean (SD)
A 34.37 (11.33) 28.27 (10.71) .038
B 115.68 (68.29) 76.64 (35.92) .008
B—A 81.41 (62.66) 48.57 (26.82) 011
Stroop, mean (SD)
Errors 1.35 (3.00) 0.33(1.23) .089
Time 24.79 (9.23) 16.19 (5.68) <.001
SDMT 38.08 (11.04) 60.48 (15.91) <.001
SANS
Affective blunting, mean (SD) 2.03 (3.03) N/A -
Alogia, mean (SD) 0.77 (1.48) N/A -
Avolition-Apathy, mean (SD) 2.80(3.41) N/A -
Anhedonia-Asociality, mean (SD) 4.03 (4.88) N/A -
Attention deficit, mean (SD) 2.73 (3.43) N/A -
Total, mean (SD) 12.37 (8.76) N/A -
SAPS
Hallucinations, mean (SD) 3.23(5.87) N/A -
Delusions, mean (SD) 3.67 (4.91) N/A -
Bizzarre behavior, mean (SD) 0.50 (1.11) N/A -
Formal Thought Disorder, mean (SD) 1.27 (2.98) N/A -
Total, mean (SD) 8.67 (11.49) N/A -
OED (mg/die), mean (SD) 13.13 (6.97) N/A -
Passivity, current/past/never 6/9/15 N/A -
Illness duration, mean (SD) 18.93 (10.89) N/A -

2Abbreviations. Educational level = number of years until the highest educational qualification; MMSE = Mini-Mental State Examination;
FAB = Frontal Assessment Battery; TMT(A) = Trial Making Test, part A; TMT(B) = Trial Making Test, part B; TMT(BA) = Trial Making
Test, part B—part A; STROOP (Error) = Stroop test, Interference Effect Errors; STROOP (Time) = Stroop test, Interference Effect Time;
SDMT = Symbol Digit Modalities Test; SANS = Scale for the Assessment of Negative Symptoms; SAPS = Scale for the Assessment of
Positive Symptoms; OED = Olanzapine Equivalent Dose; Illness duration = number of years from the first episode of psychosis.

Independent-sample t-test.

Thirty healthy controls were enrolled through word-of-
mouth. Inclusion criteria were: no history of neurological
or psychiatric illness, no psychotropic drugs intake, and
no first-degree relative(s) with a known or suspected dis-
order on the schizophrenia spectrum.

The experimental protocol was approved by all the
Ethical Committees of the Hospitals involved. The study
was carried out in accordance with the principles of the
Declaration of Helsinki (World Medical Organization,
1996). All participants signed written informed consent.
All participants were naive to the hypothesis of the study
and debriefed at the end of the experiment.

All subjects completed a neuropsychological assess-
ment, including Mini Mental-State Examination,”® Trail
Making Test, Symbol Digit Modalities Test,*® Frontal
Assessment Battery®', and Stroop Test.* Patients were
also assessed with the Scale for the Assessment of Negative
Symptoms, the Scale for the Assessment of Positive
Symptom®*, and the Passivity Symptoms Interview.’
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See Table 1 and Supplementary Table S32-34 for demo-
graphic, neuropsychological, and clinical data.

Since no previous study has employed this exact exper-
imental paradigm with schizophrenia patients, we opted
for a small-to-medium effect size assumption (Cohen’s f:
0.10 = small, 0.25 = medium, 0.40 = large) to guide our
sample size estimation. The power analysis determined
that a sample size of 30 participants per group was neces-
sary to reliably detect an effect size of 0.22, with a power of
0.8 and a = .05, given a 2 X 3 X 2 mixed ANOVA design.

Experimental Task

The protocol included two tasks (Figure 2) administered
in a counterbalanced order between participants.

The experimental task included active and passive
trials. In the active trials, the basis of the bulb turned
green. The green cue indicated to actively press the switch
with the right index. After the press, the light bulb flashed
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Figure 2. Experimental Set-up and Experimental Paradigm. (A) Experimental set-up: in both tasks, participants were presented with
a light bulb placed on a black shelf in front of them, the switch of the light bulb under the black shelf on the right side, and a five-
key response keypad on the left side. The basis of the bulb could colour either green or red, according to the task type and condition.
A visual analogue scale hung in front of them reminded interval-finger correspondences (50ms-thumb, 250ms-index, 450ms-middle,
650ms-ring finger, 850ms-pinkie). (B) Experimental paradigm: the figure depicts the sequence of events occurring in each condition of
the experimental task and control task. Based on the egocentric-allocentric model of SoA, we assumed that the egocentric and/or the
allocentric predictions could influence the temporal judgment according to the experimental condition and task. Both egocentric and
allocentric predictions would bear expectations about the time a light bulb usually takes to turn on after switch activation by an agent
(the self or another agent). During the active condition (experimental task), the action-outcome interval estimation would depend

on the processing of proprioceptive and visual feedback by the egocentric and the allocentric system. During the passive condition

(experimental task), the action-outcome interval estimation would depend on the processing of proprioceptive and visual feedback by the

allocentric system only (because no motor command is issued with a passive action, and no egocentric predictions are generated). During
the control task, the temporal judgment of the flash-flash interval would depend on the processing of the visual inputs by the allocentric
system only (because no motor command is issued). Nonetheless, the subject should not have particularly strong temporal expectations
about the incoming flash-flash delay. The temporal judgment would be mostly influenced by subject’s temporal resolution for sensory

(visual) stimuli.
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briefly (100 ms) with a delay randomly varying between
250 ms, 450 ms, and 650 ms. Participants were instructed
to judge the interval they perceived between their press
and the lighting of the light bulb by pressing with their
left hand one among five possible options on a keypad.
The lowest (50 ms) and the highest (850 ms) options were
included to allow for both the underestimation and the
overestimation of each delay. In the passive condition, the
basis of the bulb turned red. The red cue indicated to stay
still while the switch automatically went down and up in
~1 second. The time passing between the onset of the red
cue and the automatic switch activation varied randomly
between 500 and 2000 ms. The light bulb went on with a
variable delay similar to the active condition. Participants
judged the time that passed between the passive press and
the flash of the bulb. The switch held a load cell to detect
accidental presses during passive trials.

In the control task, participants had to judge the tem-
poral interval between two sequential flashes of the light
bulb. The time passing between the two flashes varied ran-
domly between 250 ms, 450 ms, and 650 ms, and partici-
pants had to estimate the time interval by choosing one
among the five options. Each pair of flashes was preceded
by a red cue. The time passing between the red cue and
the first flash varied randomly between 500 and 2000 ms.

Before each task, participants underwent a training
session (experimental task: 30 trials; control task: 15
trials). The experimental task included 60 trials, equally
distributed between conditions and delays. The control
task included 30 trials, 10 trials per delay. In both tasks,
the inter-stimulus interval varied randomly between 1500
and 2500 ms.

Statistical Analysis

Statistical analyses address these questions: (1) Is the
1B effect altered in schizophrenia? Do temporal percep-
tion biases play a role? Is the alteration explained by (2)
illness duration, (3) attentional-executive level of func-
tioning, and (4) neuroleptics? We also investigate the role
of symptomatology (hallucinations, delusions, passivity
experiences).

To address these questions, we analyzed “time com-
pression” (TC) values, that is, the difference between the
estimated and the actual duration of the action-outcome
delay in the experimental task. More negative values in-
dicate a stronger TC.

We ran an initial General Linear Model (GLM) in-
cluding the categorical predictors Delay (250 ms, 450 ms,
650 ms), Condition (Active, Passive), and Group (Controls,
Patients) and two GLMs separated by the group. All
the statistical models included the continuous predictor
named Temp_bias (ie, the within-subject mean of TC
values at the control task). We used Temp_bias values as
an indirect measure of the temporal perception bias: the
more negative the value, the larger the temporal bias.
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To explore the influence of clinical and cognitive vari-
ables, we added these measures as continuous predictors
in separate GLMs in which we tested their interactions
with our predictors Group, Condition, Delay, and Temp_
bias. This allowed us to assess whether the effect of our
predictors on TC values varied as a function of each con-
tinuous predictor, following a moderation analysis ap-
proach. The continuous predictors were: (1) Duration:
the number of years since the first psychotic episode;
(2) Olanzapine Equivalent Dose: the daily dose of neu-
roleptic (mg/die) converted in olanzapine equivalents®;
(3) Attentional-executive: a composite score summarizing
subjects’ attentional-executive level of functioning. To
derive this latter score, we conducted a principal com-
ponent analysis on the standardized scores of the neu-
ropsychological tests (Oblimin rotation). The parallel
analysis indicated that the Trail Making Test scores,
Stroop Interference Effect Time score, and Symbol Digit
Modalities Test all loaded onto a single component. From
this component, we extracted the component score we
labeled “Attentional-Executive” cognitive score. To test
whether the attentional-executive functioning mediates
the relationship between the categorical predictor Group
and the IB effect, we also conducted a mediation analysis
including Attentional-Executive functioning as mediator
(for a description, see the Supplementary).

As regard the analyses on hallucinations and delusions,
we used the continuous severity scores of delusions and
hallucinations SAPS subscales (Hallucinations, Delusions).
For the analyses on passivity, we both used the categorical
predictor Passivity (Past, Present, Never) based on the
Passivity Symptoms Interview and the continuous severity
score Passivity, ,; we calculated by summing items 15-19
of the SAPS Delusion subscale, as in.¥"*

Significant effects were explored using Tukey-corrected
post-hoc comparisons. We performed simple slope ana-
lyses to interpret significant interaction effects with
continuous predictors. Because the categorical pre-
dictor Delay did not meet the assumption of sphericity
(Mauchly’s test, P <.001), Greenhouse—Geisser correc-
tion was applied. For a complete description of the sta-
tistical models, see Supplementary.

Results

We here reported only significant results answering our
experimental questions (see the Supplementary for the
complete output of the analyses).

Of 52 patients and 33 controls recruited, 8 patients
and 1 control were unable to complete the experiment,
while 14 patients and 2 controls refused to participate.
The reasons for patients’ inability to complete the exper-
iment varied. For example, one patient provided clearly
unreliable responses, selecting options in a systematic
pattern (eg, 50-250-450...) and maintaining this response
style despite repeated instructions from the experimenter.
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Another patient fixated on the light bulb and exhibited an
abnormally slow response time when required to answer.
A different patient struggled to maintain attention to the
experimental stimuli, frequently talking throughout the
task. Another patient experienced severe hand tremors,
leading to involuntary presses of either the switch or
response buttons at unintended moments. In these and
other cases where patients’ behavior did not allow the
smooth administration of the protocol, we decided to
terminate the experiment to prevent unnecessary distress.

Preliminarily to analyses, 33 out of 3600 trials were re-
moved due to accidental presses detected by the load cell
during the passive condition.

Is the IB Effect Altered in Schizophrenia? Do Temporal
Perception Biases Play a Role?

To address this question, we analyzed TC values with
a GLM including the categorical predictors Group
(Controls, Patients), Condition (Active, Passive) and
Delay (250 ms, 450 ms, 650 ms), and the continuous
predictor Temp_bias. This analysis showed a significant
Condition X Delay x Group (F|, 5 = 3.238, P =.044,
nz = .005) effect, highlighting a between-group difference
in the IB effect.

On the one hand, this result indicates that the IB effect
occurs in controls, and it is particularly evident at shorter
action-outcome delays—as expected. Post-hoc compari-
sons indeed indicated that, in the control group, active
TC values are significantly smaller than passive ones only
at 250 ms (7., = —4.166, P = .006). Conversely, the IB ef-
fect is altered in schizophrenia. Post-hoc comparisons did
not show any significant difference between active and
passive TC values at any delay.

We also analyzed TC values separated by group in
two independent GLMs including Condition (Active,
Passive), Delay (250 ms, 450 ms, 650 ms) and Temp_bias
as predictors. The GLM on controls’ data showed a sig-
nificant ConditionxDelay (F, , ., = 7.053, P = .002, 77%;
= 0.028) effect, replicating results commented shortly
above (Supplementary Table S3-4). The GLM con-
ducted on patients’ data showed a significant interac-
tion Condition X Temp_bias (F ,;,,,, = 49.966, P < .001,
nz = 0.275). Based on the simple slope analysis, this sig-
nificant effect indicated that patients with less negative
Temp_bias values (ie, with less temporal perception bias)
exhibited a significant difference between active and pas-
sive TC values (z,, = =2.766, P =.01) (Supplementary
Table S5-7). Therefore, temporal perception biases can
affect the IB effect in schizophrenia.

Is the Alteration Explained By Illness Duration?

The GLM on patients’ data only, including Condition
(Active, Passive), Delay (250 ms, 450 ms, 650 ms),
Duration and Temp_bias as predictors, did not indicate
any moderation of the illness duration on TC values

Schizophrenia Bulletin, 2025, Vol. XX, No. XX

across conditions (Supplementary Table S8-9). Therefore,
the alteration of the IB effect is not moderated by compli-
cations related to illness progression.

Is the Alteration Explained by ( Reduced) Attentional-
Executive Abilities?

Patients exhibited lower scores at all the neuropsycho-
logical tests (Table 1). See also Supplementary Table S10
for correlation matrices. The GLMs, run on controls’ and
patients’ data separately, including Condition (Active,
Passive), Delay (250 ms, 450 ms, 650 ms), Attentional-
Executive and Temp_bias as predictors, did not highlight
any significant effect of Attentional-Executive neither in
controls (Supplementary Table S11-12) nor in patients
(Supplementary Table S13-15). Therefore, the IB effect is
not moderated by the attentional-executive functioning,
neither in controls nor in patients.

The supplementary mediation analysis suggested
that the attentional-executive functioning may partially
mediate the lack of the IB effect in patients. However,
it cannot totally account for it (Supplementary Table
S16-17).

Is the Alteration Explained by Neuroleptics Dosage?

The GLM on patients’ data only, including Condition
(Active, Passive), Delay (250ms, 450ms, 650ms),
Olanzapine Equivalent Dose and Temp_bias as predictors
did not reveal any significant moderation effect of an-
tipsychotic medication on TC values (Supplementary
Table S18-20). Accordingly, the alteration of the IB effect
cannot be simply ascribed to neuroleptic agents.

The Role of Hallucinations, Delusions, and Passivity

The GLM on patients’ data only, including Condition
(Active, Passive), Delay (250 ms, 450 ms, 650 ms),
Hallucinations and Temp_bias as predictors, showed a
significant Condition X Hallucinations X Temp_bias ef-
fect (FL26 =4.202, P =.051, nz = 0.018). Post-hoc com-
parisons indicated that patients with less severe or mildly
severe hallucinations and less temporal perception bias
showed the IB effect (less severe: 7, = —=2.837, P = .009;
mildly severe: 7, = =2.675, P = .013). Post-hoc compari-
sons also showed an inversion of the IB effect in patients
with less severe hallucinations but more temporal bias
(t,,=2.259, P =.033) (Figure 4, Supplementary Table
S21-23).

The GLM on patients’ data only, including Condition
(Active, Passive), Delay (250 ms, 450 ms, 650 ms),
Delusions and Temp_bias as predictors, revealed a sig-
nificant Condition X Delusions X Temp_bias effect
(F,, = 6.101, P =.020, 1 = 0.026). Post-hoc compari-
sons indicate that patients with less severe delusions
and less temporal bias show the IB effect (z,, = —3.555,
P =.002) (Figure 5, Supplementary Table S24-26).
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The GLM on patients’ data only, including Condition
(Active, Passive), Delay (250ms, 450ms, 650ms), Passivity
(Current, Past, Never) and Temp_bias as predictors, did
not show any significant link between the occurrence of
these symptoms and the modulation of TC values across
conditions (Supplementary Table S27-28). Similarly, the
GLM on patients’ data only, including Condition (Active,
Passive), Delay (250 ms, 450 ms, 650 ms), Passivity, .
and Temp_bias as predictors, did not show any sig-
nificant effect of the severity of passivity symptoms
(Supplementary Table S29).

Discussion

In this study, we investigated whether the SoA is altered
in individuals with schizophrenia, using the implicit
measure known as the intentional binding (IB) effect.
Unlike previous studies taking advantage of this effect,
we employed a paradigm designed to specifically assess
the contribution of egocentric/motoric predictions while
controlling for potential temporal perception biases
and other confounding factors such as antipsychotic
medication, illness duration and attentional-executive
functioning.
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Several aspects of our results warrant discussion. First,
the control group displayed the expected IB effect, con-
sistent with previous studies on younger populations.?* 2
Specifically, time compression was greater in active com-
pared to passive conditions, coherently with the hypoth-
esis that the IB effect may depend on the additional
effect of egocentric predictions during active actions.
Furthermore, the effect was greater at the shortest (i.e., the
more ecological) delay, in agreement with the hypothesis
that (egocentric/allocentric) predictions are tuned to eco-
logical contingencies (see the Supplementary, Section 7).

Second, the IB effect was absent in the patient group,
as TC values were not statistically different between ac-
tive and passive actions across all intervals. This result is
in line with our initial expectation: With unreliable egocen-
tric/motoric predictions, patients may rely more heavily on
allocentric/perceptual predictions during both active and
passive conditions. In line with this interpretation, active
and passive TC values correlated in patients but not in con-
trols (see the Supplementary, Section 7, correlation tables).

Furthermore, our study highlights the impact of pa-
tients’ temporal perception bias on the alteration of the
IB effect. As a premise, we believe that Temp_bias values
offer indirect insight into the extent of the “temporal
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binding window” for sensory events (ie, the interval
during which separate sensory stimuli are perceived as si-
multaneous): the more negative the Temp_bias value, the
wider the temporal binding window. In this regard, pre-
vious studies have shown an expanded temporal binding
window in schizophrenia.*?! In the present study, the
GLM on patients’ data showed that patients with less neg-
ative Temp_bias values (namely, with a reduced temporal
perception bias) exhibited the IB effect. Accordingly,
our data might indicate that a severely enlarged tem-
poral binding window in patients could impact on the
arising of the IB phenomenon, because proprioceptive
and visual feedback would be sampled so close in time, in
both movement conditions, that time compression from

(even preserved) egocentric predictions would be useless
to make the temporal compression stronger during active
actions.

Importantly, this study shows for the first time that the
abnormal IB effect in patients is not moderated by the
effects of illness progression, neuroleptic treatments and
attentional-executive level of functioning, suggesting that
the alteration of the IB phenomenon in this clinical pop-
ulation cannot be a mere consequence of secondary fea-
tures of the syndrome.

Lastly, it should be noted that patients’ temporal com-
pression increases at longer delays irrespective of the
condition (Figure 3). This effect, attributable to an in-
creased proneness to choose shorter response options
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(50/250 ms), is compatible with two interpretations. First,
patients’ allocentric predictions, yet attuned to ecological
contingencies (ie, the typical occurrence of a brief in-
terval between switch activation and the light turning on
in real-life situations), overrule temporal judgments at the
expense of sensory evidence across delays. Alternatively,
because longer delays are more difficult to estimate, the
weight allocated to (allocentric) predictions rather than
sensory evidence increases, leading to a greater “com-
pressive” influence of predictions on temporal judgments
at longer delays. Whatever the case, this modulation oc-
curs both in active and passive conditions, being thus
independent of the occurrence of our agency-related phe-
nomenon of interest (ie, IB effect).

Regarding the role of symptomatology, our analyses sug-
gest that even patients with less severe hallucinations and de-
lusions, as well as a reduced temporal bias, show differences
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between TC values in the active and passive conditions.
Conversely, patients with more severe symptoms and/or
greater temporal perception bias did not (Figures 4-5).

We propose that the severity of hallucinations and
delusions may offer insight into the state of the percep-
tual system: less severe symptoms indicate a balanced
weighting between egocentric and allocentric processing,
whereas more severe symptoms indicate a shift toward
allocentric dominance. Speculatively, patients with milder
hallucinations and delusions may engage both egocen-
tric and allocentric processing, allowing the IB effect to
emerge; the effect would disappear only if they exhibited
a broader temporal binding window. In contrast, the IB
effect would be absent in patients with more severe hallu-
cinations and delusions, regardless of the extent of their
temporal binding window, as their temporal judgments
would be governed by allocentric processing.
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We also analyzed the role of passivity experiences, that
are paradigmatic examples of the SoA disturbance. Patients
suffering from these symptoms regard some of their move-
ments and thoughts as not being the result of their own
will and may attribute them to external causes (ie, under-
attribution of self-agency). Assuming that these symptoms
would be secondary, at least in part, to deficient egocentric
predictions,* one might expect a significant inverse correla-
tion between the IB effect and the occurrence of these symp-
toms. On the one hand, this association cannot be confirmed
based on the present study, possibly because of the small
number of patients reporting these symptoms. On the other
hand, previous studies found inconsistent results. In Roth et
al. (2023), patients with delusions of control showed hypo-
binding compared to controls and patients without such
delusions.”” In Graham-Schmidt et al. (2016) patients with
passivity symptoms showed hyper-binding compared to con-
trols and patients without passivity (but please note, in this
study controls did not show the canonical IB effect)."* Taken
together, the present and prior studies cannot disentangle
the relationship between clinically evident disturbances of
agency and the IB phenomenon in schizophrenia.

How do current findings fit into the existing literature
on SoA disturbances in schizophrenia? As we argued in
our recent literature review,’ to make sense of the avail-
able evidence it is imperative to consider the different
experimental tasks separately and to accept that dif-
ferent outcomes are largely due to differences in the par-
adigm, tapping in different cognitive processes and their
alterations.

Sensory attenuation paradigms and judgements of agency.
The measures of sensory attenuation point to under-
attribution of self-agency in schizophrenia,”® while ex-
plicit judgements of agency suggested over-attribution of
self-agency.” As explained by the “egocentric-allocentric
model” proposed by Leptourgos and Corlett* (Figure 1)
and its predictive coding perspective, this inconsistency
may be only apparent. Patients’ under-attribution of self-
agency should be expected and it was found in sensory
attenuation studies because of weak egocentric (motor)
predictions; on the other hand, over-attribution of self-
agency was to be expected and it was found in agency
judgment studies because strong allocentric (perceptual)
predictions boost the effect of a hyper-prior prioritizing
vision over proprioception.*

Intentional binding paradigms. 1If possible, the IB liter-
ature is even more problematic. Indeed, previous studies
investigating the IB effect'®!” are, in our view (but see*),
difficult to integrate into the existing literature on the SoA
in schizophrenia. These studies have yielded highly hetero-
geneous results, making it nearly impossible to determine
whether patients exhibit an increase or a decrease in the IB
effect (ie, hyper-binding vs. hypo-binding). Several factors
may have contributed to these inconsistencies, particularly
the failure of some studies to observe the canonical 1B
effect in healthy participants.'®'*!” One other factor may

Schizophrenia Bulletin, 2025, Vol. XX, No. XX

have been the lack of inclusion of reference tasks control-
ling for general biases in temporal judgment tasks.

In our study, control participants demonstrated the
expected IB effect, confirming the robustness of our ex-
perimental protocol and, more importantly, providing a
clear reference point for interpreting any IB alterations in
the clinical group. Specifically, our patients did not show
a significantly greater TC in the active condition com-
pared to the passive condition. This result, indicating the
absence of the IB effect in schizophrenia, possibly points
to agency-related “hypo-binding.” This also suggests that
the implicit SoA experienced for active actions is similar
to passive actions, indicating an under-attribution of self-
agency. Such a pattern likely arises from their inability to
rely on agency-related egocentric predictions. Finally, the
inclusion of a control task ensures that this effect cannot
be attributed solely to a general bias in time perception.

A couple of limitations need to be acknowledged.
First, although we can speculate that the passive condi-
tion properly controls for allocentric mechanisms under-
lying the self-attribution bias and the intentionality bias,*
this possibility cannot be empirically confirmed based on
the present data. Furthermore, healthy individuals were
not matched on educational levels, possibly introducing a
bias; however, the control task was included to formally
account for potential basic interindividual differences, in-
cluding the educational level.

In conclusion, this study provides some compelling ev-
idence for abnormal SoA in schizophrenia, as assessed by
the IB effect. The alteration of the effect is in line with the
hypothesis of patients’ over-reliance on the allocentric in-
ference together with a poorer temporal acuity for sen-
sory information. Moreover, the alteration does not seem
to depend on confounding factors like illness progression,
neuroleptic treatments and attentional-executive level of
functioning. Future studies, possibly targeting the symp-
toms rather than the diagnosis,* are warranted to further
investigate the relationship between the alteration of the
IB and symptomatology.

Supplementary material

Supplementary material is available at https://academic.
oup.com/schizophreniabulletin.
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