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Abstract

Delusions of control in Schizophrenia are characterized by the striking feeling that
one's actions are controlled by external forces. We here tested qualitative
predictions inspired by Bayesian causal inference models, which suggest that such
misattributions of agency should lead to decreased intentional binding.
Intentional binding refers to the phenomenon that subjects perceive a
compression of time between their intentional actions and consequent sensory
events. We demonstrate that patients with delusions of control perceived less self-
agency in our intentional binding task. This effect was accompanied by significant
reductions of intentional binding as compared to healthy controls and patients
without delusions. Furthermore, the strength of delusions of control tightly
correlated with decreases in intentional binding. Our study validated a critical
prediction of Bayesian accounts of intentional binding, namely that a pathological
reduction of the prior likelihood of a causal relation between one’s actions and
consequent sensory events - here captured by delusions of control - should lead
to lesser intentional binding. Moreover, our study highlights the import of an
intact perception of temporal contiguity between actions and their effects for the

sense of agency.

Significance statement

Delusions of control describe the experience that external forces are causing one’s
own thoughts and actions. Being inspired by Bayesian causal inference models,
this study shows that explicit misconceptions of causal relationships in patients
suffering from such delusions are paralleled by disturbed perceptions of temporal
contiguity between actions and their effects. Our empirical study thus highlights
the value of Bayesian accounts to explain psychosis and, more specifically, it
depicts how such accounts could be used in the future to quantitatively assess and

possibly predict delusions of control in Schizophrenia.
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Introduction

Feeling in control over one’s actions is the basis of our experience as active agents.
This experience is referred to as the sense of agency (So4) (1). A core dimension
that allows inferring agency is time. For instance, any action A will always precede
its resulting outcome O in time (¢; ta < to). If this temporal order is disturbed (such
that to is perceived earlier than ta), an event is no longer judged as being self-
produced (compare (2)). Similarly, experimentally delaying the onset of O (to >>
ta) leads to a diminished perception of self-agency (3). Hence, establishing a SoA
critically depends on the temporal order of A and O as well as on their temporal
contiguity - as is true for any other causal inference (4).

Considering this import of time for establishing a SoA, it may surprise that
the temporal perception of one’s own actions and their consequences is heavily
distorted. The perceived time (pt) of an experimentally delayed action-outcome O
appears to be earlier than that of an identical delayed event X triggered by an
external cause (pto < ptx). At the same time, the onset of the self-action A is
perceived as happening closer to its outcome O as compared to the onset of the
same action in isolation (pta.aione < ptaoutcome) (5). This relative increase in
perceived temporal proximity between self-actions and their consequences is
referred to as “intentional binding” (1).

Yet, rather than hindering causal agency attribution by distorting the
perceived time of actions and consequent events, intentional binding may instead
reflect Bayes-optimal perceptual inference. According to Hume’s rule of
spatiotemporal contiguity, events that are closer together in time and space are
more likely perceived as causally related (4), and this rule seems to hold true for
actions and their sensory consequences as well (compare (6)). Now, if a person P
were asked to temporally estimate the onset of her action A and of a consequent
outcome O, her estimates are likely to be more accurate and precise, if she
combined these estimates with prior knowledge about the expected
spatiotemporal contiguity of A and O. Such integration is at the heart of Bayesian
perceptual inference, according to which current sensory information (i) is
combined with an estimate of its prior probability (ii) to determine the most likely
percept given (i) and (ii); and the result of this integration is often (close to)

optimal in natural settings (for review e.g. see (7)). Thus, if O followed A with an
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(artificial) delay that is longer than what she expects, integrating this prior belief
will lead to intentional binding (8-10). Similarly, since A causally predicts the
onset of O in time, integrating information about both events according to their
relative reliability (rather than considering information about each event in
isolation) would not only help reducing noise in P’s temporal estimates of A and
0. It would also attract both estimates towards one another (and thus induce
intentional binding), while the estimate with the larger relative variance would
get attracted more strongly (compare the framework of “optimal cue integration”;
e.g., see (11)). In fact, a recent study demonstrated that the lower the signal-to-
noise ratio of a sensory outcome O that followed a button press after a brief delay,
the more the perceived onset of O was attracted towards A and the lesser A was
attracted towards O (12). Importantly, such cue integration should happen only if
the action causes the sensory event (A -> O) and action and event do not occur
independently. Related Bayesian causal inference models of cue integration
therefore further consider the prior probability of an action causing an event (vs.
their independence) (13, 14). For example: One would not integrate one’s own key
press on a computer with thunder and lightning outside the window. Compatible
with these latter models, Desantis and colleagues have shown that strengthening
subjects’ causal beliefs in self-agency does in fact increase intentional binding
(15).

Given this influence of causal attribution on intentional binding, we here
asked whether causally linking one’s own actions to their sensory consequences
is necessary for the emergence of intentional binding. Studying conditions, in
which the SoA is pathologically altered, could allow critically testing predictions
put forward by Bayesian causal inference. A respective condition is delusions of
control in schizophrenia (DoC; sometimes also referred to as delusions of
influence) (16-20). Many patients with DoC experience their actions as being
controlled by someone or something else. Hence, their perceived agency is
pathologically reduced and, accordingly, these patients should exhibit weaker
intentional binding. In turn, there are also schizophrenia patients with grandiose
delusions, i.e., delusions about having inflated power, worth, knowledge, etc. (21),
that have an exaggerated SoA, which thus should lead to increased intentional

binding. So far, there is some evidence for altered intentional binding in
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Schizophrenia (22-25). Yet, the interpretation of these studies within the
Bayesian framework is difficult because studies which acquired both explicit
measures of perceived agency during the execution of the experimental tasks and
individual pathology measures are missing. Thus, it is unclear whether these
patients’ perceived agency was diminished, exaggerated, or unaltered.

We here aimed to establish a direct link between individual
psychopathology (DoC), perceived agency in our tasks, and the strength of
temporal binding. To this end, we investigated schizophrenia patients with and
without DoC as well as healthy controls. We hypothesized that DoC are
accompanied by a reduced explicit self-attribution of agency in our task.
Moreover, following the logic of Bayesian causal inference, we expected that the
strength of patients’ DoC should correlate with decreases in intentional binding.
Accordingly, we predicted that there should be less intentional binding in patients
suffering from DoC compared to healthy controls and to Schizophrenia patients

that do not display this symptom.

Results

To test our predictions experimentally, we measured temporal binding in a group
of 20 healthy controls and 20 patients with schizophrenia (see Methods for a
power analysis and for further details about our participant groups). The
experiment consisted of three different conditions, all of which required
participants to predict the time of a target-LED flash by pressing a target button
at the anticipated time of the flash (time of button press [TBP]). Depending on the
experimental condition, the target-LED flash would occur with a fixed temporal
interval, either (I) after a participant’s active press of a start button in the self
condition, (1I) after an observed press of the start button by a machine (machine
condition), or (IlI) after an observed signal-LED flash (baseline condition, Fig. 1a;
also see SI Appendix, Fig. S1 for more details). Hence, in (I) the participants’
intentional action caused the target-LED flash, in (II) it was caused by the machine,
and in (IIT) there was neither an intentional link between participants’ behavior
and the LED flashes nor was there any other obvious causal interrelation. Please
note that we minimized any other differences between our experimental

conditions (compare Methods for details). Based on previous research, we
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expected that healthy participants would perceive the target-LED flash as
happening earlier in time in the self condition compared to the baseline condition
due to temporal binding (5). Hence, subjects’ TBP should be earlier in the self
condition as compared to baseline (i.e. TBPseif < TBPbaseline; Fig. 1b). Following the
nomenclature of earlier studies, we refer to the expected temporal-difference
effect as intentional binding. Note, however, that intentional as well as mere causal
relationships could contribute to this effect (26-28). Because of this, we
introduced the machine condition, which - as compared to (1) - supposedly lacked
any intentional component. The machine condition was important, as it allowed
us to control whether any changes in patients’ intentional binding could be
accounted for by changes in causal binding or in perceived causality. Causal
binding would be revealed if participants perceived the target LED flash earlier in
the machine condition than in the baseline condition (TBPmachine < TBPbaseline; Fig.
1b). Thus, our experimental design enabled us to independently assess the
amount of temporal binding as a function of the intentional and/or causal
relationship between cause (pressing the button) and effect (the LED flash), and
to investigate the predicted changes of intentional binding in schizophrenia

patients with DoC.

Figure 1

All experimental conditions (self, machine, baseline) were performed in separate
experimental blocks (60 trials each). Within each block, the flash of the target-LED
always occurred after a fixed target interval. In each condition we obtained one
block with a 500 ms interval and a block with a 700 ms interval. The 700 ms
intervals merely served to vary the temporal intervals across blocks and to
thereby prevent learning effects (note that the results for the 700 ms interval are
shown exclusively in our SI Appendix as robust temporal binding is only expected
to occur for shorter intervals (5, 27)). Sequences of blocks were pseudo-
randomized within each subject-group but matched between control- and patient
group.

In every single trial and for every experimental condition, subjects had to estimate

the temporal onset of the target-LED flash as precisely as possible by pressing a
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response button at the respective time (so that, ideally, the flash and the button
press would coincide). The first 15 trials of each block were considered training
trials that should allow participants to adjust their responses to the current
interval and we excluded these trials from later analyses. In a random subset
(constituting 33%) of the remaining 45 trials, we overtly blocked participants’
view of the target-LED before the beginning of a trial. These ‘no feedback trials’
(NFT) served to prevent subjects from merely responding in a reactive fashion to
the target-LED flash and to force them to employ a predictive response strategy.
In the majority of trials (66%), however, feedback about the target-LED flash was
present (‘feedback trials’; FT; Fig. 1a). Note that comparing the TBP as a function
of feedback availability further allowed us to probe for any shift from a predictive
response pattern in no-feedback trials (i.e. TBP < 0 ms) to a reactive response
pattern whenever feedback was provided (i.e. TBP >> 0 ms). Given the evidence
of impaired predictive processes (forward models) in patients with schizophrenia,
we expected a more reactive response pattern in patients to compensate for this
deficit if feedback is available (23, 29).

Finally, we requested explicit estimates of SoA and of the perceived causal
relationships in our experiment by means of a questionnaire (also compare

Methods).

Agency Questionnaire

While exhibiting a correlation between DoC and decreases of intentional binding
was the main aim of our work, we first wanted to probe how healthy subjects as
well as Schizophrenia patients perceived self-agency and causality in our
experimental conditions. Since we expected a deficit in perceived self-agency
exclusively in patients suffering from DoC, for simplicity we present the patient
group as two subgroups, 10 DoC-patients and 10 NoDoC-patients, based on the
presence of DoC (for further details and for the definition of DoC see Methods;
note that patient-grouping was done only after collecting all data and that the
experimenter was not aware of the patients’ symptoms while carrying out the
experiment). Apart from the group-defining positive symptomatology, there were
no statistical differences between these subgroups in terms of age (independent

samples t-test, two-tailed: t = -0.751, p = 0.462), education (t = 0.447, p = 0.66),
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negative symptoms (30) (¢t =.0798, p = 0.438), general psychopathology (31) (t =
1.607, p = 0.129) or medication (t =-0.18, p = 0.859; see SI Appendix, Table S4 for
information on the patient group).

To assess perceived self-agency and causality in our tasks we used a questionnaire
which each participant answered separately for every condition after the
experiment. To investigate the subjects’ explicit assumptions of causation and
agency concerning the target LED flash, we asked: “Who or what determined the
time of the target LED flash?”. The answers participants could choose from were
T, ‘the experimenter’, ‘the computer’, ‘the machine’, ‘the button box’, and
‘nothing/no one’. Afterwards, participants had to rate on a Likert scale how
confident they felt when giving their answer, ranging from 1 (= not certain at all)
to 5 (= completely certain). Since we did not reveal any group differences in our
certainty measure (compare SI Appendix, Table S2; also compare (32)), we here
report a combined response index for each subject group and experimental
condition, i.e. self-, machine-, and baseline condition, and for each of the
corresponding answers of interest, namely “I”, “the machine”, and “the computer”,
respectively. This index was calculated by multiplying the average share of the
response (e.g. “I”) and the average of its corresponding confidence estimates
within the respective group of participants. Accordingly, this index can range from
0 (0% “I") to 5 (100% “I” times a confidence level of 5). According to our
experimental setup and instructions, in healthy subjects this index should be the
highest for “I” in the self condition, for “the machine” in the machine condition,
and for “the computer” in the baseline condition. Visual inspection of Figure 2 and
statistical analyses (also compare SI Appendix Table S1) show that this was clearly

the case.

Figure 2

In line with the hypothesis of their reduced sense of agency, the pattern of results
depicted in Figure 2 markedly differed between DoC-patients and healthy
controls. Moreover, while the response index of NoDoC-patients seemingly
resembles that of controls in both the self and the baseline condition, their pattern

of results is more similar to that of DoC-patients in the machine condition. We
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compared the amount of each “correct” answer in the respective condition (“I” in
self condition, “machine” in machine condition, “computer” in baseline condition)
between controls and the two patient subgroups using Mann-Whitney U tests
(Bonferroni corrected a = 0.025). As expected, there were no statistically
significant differences in the baseline condition (response computer) between
controls (3.3 * 0.5) and either patient subgroup (DoC = 3.7 £ 0.6, U = 86.5, p =
0.528; NoDoC= 2.3 + 0.8, U = 82.5, p = 0.416). In the self condition, however, the
index of the answer “I”, i.e., signifying an intentional involvement in the task, was
significantly smaller (namely at zero) for DoC-patients compared to the control
group (1.8 + 0.5, U = 60, p = 0.023, n? = 0.18). There was no such difference
between NoDoC-patients (1.0 £ 0.3) and healthy controls (U = 83, p = 0.368).
Finally, the index for the (correct) answer “machine” in the machine condition was
either significantly higher or with a strong trend in controls (2.6 * 0.6) compared
to both patient subgroups (DoC=0.5+0.2, U=56.5,p =0.028,12=0.17; NoDoC =
0.4+0.1,U=51,p=0.014,12=0.21). Note that statistical analyses of participants’
responses without multiplying them with the certainty measure led to exactly the
same qualitative results. In summary, both patient subgroups did not differ from
controls in their judgments concerning the baseline condition. Conversely, in the
machine condition neither patient subgroup felt the machine to be responsible for
the target LED flash. More importantly, compatible with the hypothesized deficit
in the self-attribution of agency, patients with DoC did not feel responsible for the
target LED flash in the self condition. As Figure 2 suggests, they instead assigned
agency to the computer. We therefore statistically compared the index of the
(wrong) answer “computer” in the self condition which was significantly higher in
DoC-patients (3.1 £ 1.0) as compared to the control group (1.15 + 0.4, U= 50.5, p
=0.015,n2=0.2).

Temporal Binding Experiment

To estimate when our participants expected the target LED to flash, we calculated
the median TBP relative to the actual time of the target LED flash in each
individual, i.e., negative numbers indicate button presses before, positive numbers
after the actual target LED flash. According to our hypothesis and in agreement

with subjects’ explicit agency ratings, we expected to reveal intentional (i.e.,
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TBPseif < TBPbaseline) as well as causal binding (i.e. TBPmachine < TBPbaseline) in the
control group. Figure 3 (see SI Appendix, Fig. S2 for performance of individual
participants) confirms our expectation: healthy participants exhibited the earliest
button presses in the self condition (as is indicated by more negative TBPs),
followed by the machine condition and the baseline condition. Performance in the
latter condition was highly accurate with TBPs close to zero.

In the healthy control group intentional binding (TBPself — TBPbaseline) was
significant (F1,19= 26.6, p = <.001, 2 = 0.59) and amounted to -52 * 7 ms (mean *
SEM.) in FT and -28 * 11 ms in NFT across subjects. Causal binding (TBPmachine —
TBPbaseline) was likewise significant (F1,19 = 5.088, p = 0.036, n2 = 0.21) and
averaged -20 £+ 6 msin FT and -11 + 10 ms in NFT. SI Appendix Fig. S4 provides an
additional overview of these binding estimates (and for the 700 ms interval
conditions). In addition, it provides Bayes-factors (BF; also compare Methods)
expressing evidence in favor (BF > 1) vs. against (BF < 1) the presence of temporal
binding. Evidence for intentional binding in the 500 ms interval ranged from
strong (BFnrr = 13.7) to decisive (BFrr = 10113). Evidence was very strong for
causal binding in FT (BF = 67.2) but indecisive for NFT (BF = 0.50). These results
suggest that our task was well suited to induce intentional binding in healthy

controls.

Figure 3

Like for controls and in agreement with their explicit agency ratings, intentional
binding within the NoDoC-patient subgroup was significant and supported by
strong to very strong evidence (F19=10.071, p = 0.011, 2 = 0.53; -80 * 28 ms in
FT [BF = 17.9] and -65 * 22 ms in NFT [BF = 32]). Causal binding estimates were
numerically smaller than intentional binding in NoDoC and evidence in
favor/against causal binding was indecisive (2 + 23 ms in FT [BF = 0.38] and -22
+ 20 ms in NFT [BF = 1.29]). Accordingly, causal binding also failed to reach
significance (F1,9= 0.253, p = 0.627). Importantly, intentional binding in the DoC-
patient subgroup showed an almost reversed pattern compared to both controls
and NoDoC patients: intentional binding estimates in these patients were 25 + 27

ms in FT and 30 + 26 ms in NFT and were not significant (F1,9=1.239, p = 0.295).
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Note that positive numbers indicate a temporal repulsion rather than binding.
This lack of significance was accompanied by substantial evidence for the absence
of intentional binding in both FT (BF = 0.24) and NFT (BF = 0.20). Causal binding
estimates were not significant (F1,9=0.496, p = 0.499) and likewise in the opposite
direction with 10 * 23 ms (FT) and 16 * 19 ms (NFT). Evidence against the
presence of causal binding also was substantial (BFrr = 0.28; BFnrr = 0.16). Note
that the aforementioned results on temporal binding within each subject group
are consistent with our hypotheses. Yet, they ultimately do not allow to assess
whether or not the expected differences between subject groups were present
(compare (33)).

Before further comparing groups for differences in temporal binding
across conditions, we first wanted to make sure that across the three groups,
subjects were able to provide equally accurate temporal estimates. To this end we
compared the temporal estimates in the baseline condition and in the absence of
feedback (NFT), as we did not expect to see any systematic group difference in this
condition. A one-way ANOVA confirmed this expectation as there were no
significant differences in the Baseline condition (NFT) between groups (F237 =
1.077, p = 0.354).

To statistically analyze temporal binding across groups, we conducted a
mixed-design 3 x 2 x 3 ANOVA with the between-subject-factor group [controls,
NoDoC-patients, DoC-patients] and the within-subject-factors feedback [FT, NFT]
and condition [self, machine, baseline]. We found main effects of condition (F2,74 =
5.33,p=0.007,m%2=0.13) and feedback (F137=17.9, p <.001,n2 = 0.33), a condition
X group interaction (Fs37 = 4.92, p = 0.002, n2 = 0.2) and a feedback x group
interaction (F237 = 8.00, p = 0.001, n? = 0.3). Additionally, we found a significant
linear effect of condition, i.e. an increase from the self-, over the machine-, to the
baseline condition, on the TBP (F1,37=8.68, p = 0.006, 2 = 0.19) and an interaction
between this effect and the factor group (F237 = 7.92, p = 0.001, n2 = 0.3). To
identify the specific group differences, which led to the interaction effects between
condition and group as well as between feedback and group, we performed three
corresponding post hoc 2 x 2 x 3 ANOVAs that allowed pairwise comparisons
between subgroups (Bonferroni corrected o = 0.017). These analyses led to the

following results: Apart from a feedback x group interaction (Fi28= 11.72, p =
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0.002, n2 = 0.3), there were no differences between NoDoC-patients and healthy
controls (condition x group: F2,28 = 2.73, p = 0.078; condition x feedback x group:
F274 = 1.66, p = 0.2). DoC-patients did, however, clearly differ from both other
groups in that there were significant interactions between the factors condition
and group in both respective analyses (DoC-patients vs. controls: F228=5.23, p =
0.008, N2 =0.16; DoC-patients vs. NoDoC-patients: F2,18=5.13, p = 0.01, 2 = 0.22).
The group x condition interaction was likewise present for the linear effect
estimate (DoC-patients vs. controls: F1,28=11.09, p=0.002, 1?2 = 0.28; DoC-patients
vs. NoDoC-patients: Fi,18 = 8.84, p = 0.008, n2 = 0.4). When contrasting DoC-
patients and controls, there was a significant interaction between the factors
group and feedback too (F1,28=14.19, p = 0.001, n2 = 0.34). Remember, the same
qualitative effect was present also when comparing NoDoC-patients and healthy
controls (see above). It was absent, however, when contrasting the two patient
subgroups (F1,18=0.003, p = 0.957).

These results show that intentional binding was significantly altered in
Schizophrenia patients with DoC as compared to patients without DoC and as
compared to healthy controls. This pattern of results well reflected the explicit
agency ratings of our subject groups. The latter is true also for causal binding,
which was absent for both subgroups of Schizophrenia patients. Finally, the
availability of feedback had a clear influence on patients’ temporal estimates
across all tasks, resulting in TBPs that were significantly delayed (and thus more
reactive). This effect was again present in both subgroups of patients.

SI Appendix Figure S3 provides additional information about the
variability of subjects’ temporal estimates across groups and conditions. Similar
to the more reactive response pattern of both patient groups, as was described
before, also the variability of patients’ estimates was higher than that of controls.
There were no further differences across groups that could have accounted for the
group differences in intentional binding. Yet, there was a global effect of condition,
which was explained by decreasing variabilities from the baseline- over the
machine- to the self- condition.

Finally, we performed additional Bayes-factor analyses to further support
the observed similarities and differences in intentional binding across groups.

First, this analysis revealed substantial evidence for the absence of group
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differences (BF < 1) between NoDoC-patients and healthy controls for intentional
binding (BFrr = 0.14; BFnrr = 0.11; compare SI Appendix, Table S3). Second, and
most importantly, there was substantial to very strong evidence for intentional
binding of both aforementioned groups being different from that of DOC-patients
(BF > 1. DoC-patients vs. controls: BFrt = 55.95; BFnrr = 5.09. DoC-patients vs.
NoDoC-patients: BFrr = 7.75; BFnrr = 8.79). As to be expected, complementary
analyses of causal binding revealed that evidence in favor/against group

differences were largely indecisive (compare SI Appendix, Table S3).

Correlations with Psychopathology

In a final step, we wanted to investigate the relationship between individual
behavior and psychopathology through linear correlation analyses. The idea of
these analyses was to exhibit specific links between (deficits in)
intentional/causal binding and different classes of positive symptoms. As we
already introduced in the introduction, we expected a decrease in intentional
binding with an increasing strength of DoC. Yet, as at least certain hallucinations
are also interpreted through an impaired SoA (e.g. see (34)), hallucinations might
as well be correlated with intentional binding. Another advantage of such within-
patient analyses is that they avoid systematic differences present between
patients and controls (such as medication, etc.). Specifically, we performed
correlation analyses between the respective temporal binding measures (i.e.,
intentional Binding: TBPself — TBPbaseline; causal binding: TBPmachine — TBPbaseline) and
all patients’ individual measures of psychopathology, as derived from the SAPS
score (35). These measures included the intensity of patients’ hallucinations
(SAPS item I), delusions (SAPS item II), delusions of control (a subscore of SAPS
item II, here denoted as item Ila; compare Methods), residual delusions (SAPS
items II - IIa), and residual positive symptoms (SAPS items III, IV, V). We thereby
were particularly interested to see, whether a lesser confidence in self-agency, as
quantified by the subscore assessing DoC, would correlate with intentional

binding, causal binding, or both.

Figure 4
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Using Kendall rank correlation, we found that DoC were indeed significantly
correlated (Bonferroni corrected o = 0.01, two-tailed) with the amount of
intentional binding in both FT (b = 0.515, p = 0.003) and NFT (7» = 0.532, p =
0.002). The more severe the DoC in a patient, the less intentional binding was
exhibited (Fig. 4a). In addition, the overall strength of delusions (which DoC are
part of) was significantly correlated with intentional binding, but in NFT only (b
= 0495 p = 0.003). There were no correlations between patients’
symptomatology and causal binding (Fig. 4b). Furthermore, current medication,
measured as Olanzapine equivalents, did not exhibit any correlation with
intentional (FT: b = 0.123, p = 0.454; NFT: b = 0.245, p = 0.135) or causal binding
(FT: 75 = 0.059, p = 0.72; NFT: 75 = 0.171, p = 0.297). In summary, our correlation
analyses clearly support the hypothesized intentional binding deficit in patients
suffering from DoC. There was no such correlation between the strength of DoC

and causal binding.

Reaction Time Control

In order to test for general differences in reaction time between groups that could
have systematically affected our TBP measure, we ran a simple manual reaction
time task before the actual experiment. For every participant we computed the
median reaction time. The average reaction time for controls was 238 + 12 ms
(mean = SEM). Both patient subgroups (DoC and NoDoC) had comparable reaction
times (228 + 6 ms and 273 * 21 ms, respectively). There were no significant
differences in reaction time between patient subgroups (U = 24, p = .094) or
between patient subgroups and controls (DoC: U= 81.5, p = 0.856; NoDoC: U = 60,
p = 0.112). There was also no influence of medication on patients’ reaction time
(b = -0.012, p = 0.944). Hence, our main results cannot be explained by a

difference in subjects’ ability to provide timely responses.

Discussion

We showed that the unique experience of patients with schizophrenia suffering
from delusions of control (DoC) - the feeling that someone or something else is
controlling their very own movements - is associated with absent temporal

binding between their intentional actions and these actions’ effects. More
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precisely, as we could show by means of our questionnaire, altered perception due
to DoC was present in the respective patients while performing the self condition.
Not only was these patients’ perceived self-agency significantly reduced, but at the
same time they were convinced that the computer caused the LED flash. In
agreement with the predictions put forward on the basis of Bayesian accounts of
intentional binding, this alteration of DoC patients’ SoA was accompanied by an
absence of temporal binding. This relationship between DoC and intentional
binding was further supported by specific correlations between symptom severity
and reductions in intentional binding. Thus, our results provide support for a
relationship between intentional binding and the conscious experience of agency.
Importantly, the performance in the reaction time task along with the equally
precise response accuracies across groups in the baseline condition without
feedback show that the patients were able to perform the task and that any
between-group differences could not be explained by general motor or perceptual
impairments, or medication. This was particularly important to demonstrate, as
our study solely studied the binding of outcomes to actions (but not vice versa).

So far only a few studies applied temporal binding paradigms in Schizophrenia
patients (22, 23, 25). Notably, the earliest of these studies reported a
“hyperbinding” effect, namely a stronger intentional binding in patients with
schizophrenia compared to healthy controls (22) (also compare (23)). While such
hyperbinding might appear in stark contrast to our findings, it is on the contrary
not unexpected: Hyperbinding might result from an exaggerated SoA in case of
grandiose delusions, i.e. delusions about having inflated power, worth, knowledge,
etc., which affect almost half of patients with schizophrenia (21). Unfortunately,
the aforementioned binding study lacks a detailed characterization of patients’
individual psychopathology, which could have helped clarify this point. Moreover,
an explicit rating on how subjects perceived agency in the respective experimental
tasks was missing in all earlier studies that reported hyperbinding (22, 23). We
now could show that patients with DoC did lack a conscious feeling of “being in
control” in our intentional binding task. At the same time, these DoC patients did
lack intentional binding. Whether grandiose delusions would lead to a respective
hyperbinding between actions and effects was not at the focus of our study and is

still open. However, others have at least shown that the same subjects with
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putative psychotic prodrome who showed hyperbinding (24), also exhibited an
explicit over-attribution of external events to the self (though in an independent
task) (36). Hence, consistent with predictions of Bayesian frameworks of
intentional binding (10, 13), there is a direct link between increases/decreases of
intentional binding in psychosis and an exaggerated/attenuated likelihood of
perceived self-agency, respectively.

Importantly, we do not want to suggest the conscious judgement of agency
as being the decisive factor for the occurrence of intentional binding. Instead, we
suggest that both intentional binding and subjects’ perceived agency largely (but
not only) depend on the outcome of an operation in the central nervous system
that allows it to differentiate between self- and externally- caused sensory inputs.
This basic operation provides the basis of perceptual stability (37) and precise
motor control (38), among many other things. Specifically, self- and externally
produced sensory inputs can be distinguished by the comparison of an internal
forward model, predicting the sensory consequences of one’s actions, with the
actual sensory information available. In case of a match, self-agency would be
assumed; in case of a mismatch, the residual sensory information would be
attributed to external causes (6, 38-40). Through such an automatic comparison
it is possible to infer one’s own influence on the environment and this comparator
is therefore considered a crucial mechanism informing the SoA (6, 18, 41). Please
note that on an abstract level of description, forward models solve a subset of the
same problems addressed by Bayesian causal inference models, namely, to infer
the most likely causal structure that explains sensory information (14). Moreover,
forward models themselves can be thought of “complex” priors in Bayesian terms
(42, 43).

Accordingly, disorders of agency, as observed in Schizophrenia patients
with delusions of control could be a result of an impaired forward model
mechanism or of an altered prior. In fact, previous studies showed that forward
model predictions about the consequences of self-action are unreliable in patients
with schizophrenia suffering from DoC (18, 19, 29, 44). Moreover, the stronger
patients suffered from DoC, the less reliable their forward models (29, 44).
Consequently, imprecise forward models (or priors) could reflecta common cause

that led to reduced explicit agency ratings in our patients with DoC as well as to
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their lack of intentional binding. Unfortunately, our study does not allow verifying
this assumption experimentally, as we did not monitor the precision of subjects’
internal models in our experiment. Yet, this will be an interesting endeavor for
future research. Such research could also address whether intentional temporal
binding is merely a reflection of a SoA, whether it is a consequence of the SoA, or,
lastly, whether it could even further perceived self-agency by increasing temporal
contiguity between actions and their effects. If intentional binding is at least
partially dependent on forward models (and not only on the perceived SoA), a
furthering of the SoA through temporal binding seems conceivable.

While perceived agency (and, supposedly, precise internal models) do
obviously further intentional binding, temporal binding can also be present while
observing externally caused events (26-28). We were able to capture these
specific contributions of perceived causality during intentional actions compared
to perceived causality in the absence of self-action through our measures for
intentional and causal binding, respectively. In particular, our experiment
consisted of two ‘causal conditions’, namely the self condition and the machine
condition, but only the self condition was also an ‘intentional condition’. In
contrast, the baseline condition mimicked a case in which there was a correlation
(in time) between two events (as in all other conditions), but where there was no
obvious causal (and/or intentional) interrelation between these events. In the
control group we observed significant temporal binding between causes (button
presses) and events (LED flashes) in the self- and in the machine condition. Hence,
temporal binding per se cannot be considered a proxy of the SoA - as the effect
might solely be based on perceived causality in the absence of any intentional
action. However, this does not preclude the additional presence of an intentional
binding component in the self condition. In fact, our measures of causal and
intentional binding differed significantly, with intentional binding being the larger
one. Such an ‘intentional boost’ has also been observed in previous research (27,
28). The presence of an “intentional boost” could be easily explained by the
availability of additional (causal) cues in the self vs. the machine condition such as
proprioception and forward models. The significant reduction of variability in
subjects’ time estimates from the baseline over the machine to the self-condition

is compatible with this interpretation (compare SI Appendix, Fig. S3 and SI
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Appendix, supplementary Discussion). It is an interesting question, though,
whether it would make a difference in temporal binding whether an external
agent or the machine elicited a sensory event via a button press. So far, we only
know that temporal binding is also present when observing actions (and their
consequences) of external agents (45). Yet, whether such binding could solely be
accounted for by “external causal cues” or, in addition, could be explained by
attributing intentionality to the external agent is still open. In any case, it is the
intentional boost over and above mere causal “machine binding” which should be
considered as an implicit marker of the SoA (or of the attribution of a SoA to
another agent).

Interestingly, both groups of Schizophrenia patients had a significantly
lowered response index for the machine in our causal control condition and,
accordingly, did not exhibit causal binding. Furthermore, there was no correlation
between causal binding and DoC. This does not rule out the possibility that
Schizophrenia patients also exhibit deficits in other causal inference mechanism,
as were suggested by earlier research (46). Ultimately, our study was not designed
to this possibility. However, it at least suggests that the observed deficit in
intentional binding in patients with DoC is not secondary to a deficit in causal
binding but does occur independently.

Apart from the deficit in intentional binding, which was specific to
Schizophrenia patients with DoC, we additionally exhibited a strong effect that
generalized across tasks and patient subgroups. In all patients, we found that the
time of the target button press was significantly delayed in FT (i.e., when the target
LED was visible) and, therefore, patients exhibited a more reactive response
pattern as compared to controls. This result was not unexpected - at least for
patients with DoC: Since internal forward models about self-actions are unreliable
in patients with DoC (19, 29, 41, 44, 47), these “priors” should weigh less than
external sensory cues (29, 48, 49). Accordingly, in our task patients might delay
their responses until more sensory evidence is available. In fact, during feedback
trials (FT) patients would delay their button presses up to a time at which reactive
responses to the LED target flash were more likely to occur. During NFT, on the
other hand, patients had to base their temporal estimate solely on internal cues

(as there was no visual feedback). The absence of feedback led to mean response
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times more similar to those of controls, but with higher variability (compare Fig.
3 and SI Appendix, Fig. S3). This also well resembles the fact that forward models
in Schizophrenia are imprecise but (on average) are as accurate as those of
controls (29) and that respective patients cannot benefit from intact Bayesian
causal inference, accordingly. Importantly, there is converging evidence for such
pathologically increased integration of retrospective sensory information from a
study investigating the influence of predictive and retrospective mechanisms on
intentional binding in Schizophrenia: while temporal binding in healthy subjects
depended on action-effect predictability, binding in Schizophrenia patients solely
built on the presence (vs. the absence) of a sensory action effect (23). The authors

)«

of this study likewise concluded that patients’ “experience of agency appeared to
be driven by immediate sensory evidence (...), without any reference to an
internal model” ((23), p. 3110). One remaining question is why the feedback effect
in our study was visible in all conditions and in all patients (with and without
DoC). One explanation could be that there is a more global deficit in forward
models in Schizophrenia patients with positive symptoms. In fact, internal
forward models not only inform about the consequences of self-action. The
nervous system also represents and updates forward models about external
events (e.g., compare (50)). It might well be that forward models (or priors) are
more generally impaired in Schizophrenia patients with positive symptoms (16,
51), an idea that is also reverberated by recent Bayesian accounts of psychosis in
Schizophrenia ((52-54); compare below). The general increase in response
variability across all patient groups, irrespective of the experimental task (SI
Appendix, Fig. S3), could certainly be explained through the additional presence
of disease/medication in patients. However, this finding is also compatible with
the aforementioned idea of a more general deficit in forward models or priors.
Though being an empirical study, our work was critically inspired by
qualitative predictions of Bayesian perceptual inference, and it allowed for
verifying some of these predictions experimentally. Throughout our work we also
highlight how these Bayesian accounts could, in turn, help to explain delusions of
control in Schizophrenia. Yet, rather than being a narrow framework that can only
explain a rather specific class of symptoms (such as “classical” forward model

approaches did only explain delusions of control and certain hallucinations (16,
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34)), Bayesian perceptual inference allows quantitatively capturing and
predicting a larger range of psychotic symptoms within the same general
framework (for reviews compare (52-54)).

In conclusion, patients with DoC did misperceive agency in our intentional
binding task, namely that they did not feel responsible for causing the LED flash
through their button press. At the same time, they also did not exhibit intentional
binding in the respective condition. These results agree with predictions put
forward by Bayesian models of intentional binding that suggest that the likelihood
of self-agency has a direct impact on the amount of intentional binding.
Importantly, this relationship was further supported by the correlation between
DoC symptom strength and reductions in intentional binding. Building on
previous research on Schizophrenia patients, we propose that imprecise forward
models (or priors) could explain both, the pathological alteration of perceived
agency in DoC as well as the deficit in intentional binding. We further suggest that
by enhancing the perceived spatiotemporal contiguity between one’s actions and
their sensory consequences, temporal binding could strengthen the subjective
experience of self-agency. Absent temporal binding could, in turn, be another
cause for the loss of an agentive self, as is experienced by numerous patients with

Schizophrenia.

Methods and Materials

Participants

Sample size was guided by a power analysis that built on our previous research in
schizophrenia patients, exhibiting a tight correlation between the strength of
delusions of control (DoC) and the (un)reliability of forward models (29, 44). Note,
that we assumed that such deficits in forward models also reflect the basis for
altered intentional binding (compare Discussion). Based on the average effect size
in these previous studies (r = 0.64), the estimated sample size amounted to 20
Schizophrenia patients, given an alpha-level of 0.01 (one-tailed; due to our prior
hypothesis that intentional binding decreases with the strength of DoC) and a
power of 0.8. Initially, we therefore recruited a total of 21 patients with
schizophrenia and 22 matched (see below for details) controls. One patient was

excluded because in the debriefing it became apparent that he did not understand
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the task correctly. One control had to be excluded because he only reacted to the
target LED flash as opposed to predicting it, which he described himself in the
debriefing after the experiment. Another control was excluded because of a
diagnosed psychiatric disorder other than schizophrenia. This led to a group of 20
patients with schizophrenia spectrum disorders (6 females, 14 males; age 33.8 =
2 years (% s.e.m.); 12 + 0.3 years of education (primary + secondary school); DoC
subgroup: 3 females, 7 males; age 32.3 + 1.4 years; 12.1 + 0.3 years of education;
NoDoC subgroup: 3 females, 7 males; age 35.3 + 3.5; 11.8 + 0.5 years of education)
and 20 age-matched healthy controls with equal levels of education (6 females, 14
males; age 33.3 + 2.4 years; 11.9 £ 0.3 years of education; see SI Appendix, Table
S4 and S5) that were used for analysis. All subjects had normal or corrected-to-
normal visual acuity and gave their written informed consent. Patients with
schizophrenia from in- and outpatient treatment at the Department of Psychiatry
and Psychotherapy of the University of Tibingen were recruited from the
Psychiatric University Hospital Tiibingen, Germany. The local ethics committee
approved the study. Patients were eligible for participation when they fulfilled the
diagnostic criteria of schizophrenia or schizoaffective disorder (patients # 1, 3, 4,
6, 11, 14; compare SI Appendix, Table S4) according to DSM-IV, diagnosis was
confirmed by a structured clinical interview (SCID-I). All patients had stable
medication for at least one week. Further inclusion criteria were no mental
retardation or current substance use disorder. All of the patients were treated
with second-generation antipsychotics.

Hallucinations and delusions were quantified by the Scale for the Assessment of
Positive Symptoms (SAPS) (35). The mean SAPS rating amounted to 19.7 + 5.2. We
additionally assessed the following subscores: score I hallucinations (SAPS
questions 1 to 7), 3.3 + 1.6; score Il delusions (questions 8 to 20), 11.4 + 2.8; score
[1a delusions of control (questions 15 to 19; as defined previously [6]), 3.8 * 1.4;
score IIb residual delusions (score Il - score I3, i.e., questions 8 to 14 and 20), 7.6
+ 1.6; score III to V residual positive symptoms (questions 21 to 35), 5 + 2.1. The
SAPS was acquired by an independent clinician in close temporal proximity to the
experiment (either on the same day or +/- one day). Importantly, the

experimenter was blind to this score when performing the experiment.
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Experimental Setup

All experiments were conducted on a MacBook Pro (mid 2010 model) using
PsyScope X (55) and an ioLab Systems USB (www.iolab.co.uk) response box. The
machine that we used in the machine condition was custom built and has been
described in detail elsewhere (27). In order to diminish auditory cues, we had our

participants wear noise-isolating earmuffs during the whole experiment.

Experimental Design

We told participants that their main task throughout the whole experiment was to
predict the time of the target LED flash with a press on the target button so that,
in an ideal case, both of these events would coincide. The predictive cues that
informed subjects’ temporal judgments varied across our three experimental
conditions, as will be detailed below. Accordingly, we provided our subjects with
detailed instructions for each of the three different conditions (Fig. 1 and SI
Appendix, Fig. S1). Each condition was performed twice in dedicated experimental
blocks, once with a 500 ms interval between the predictive cues and the target
LED flash and once with a 700 ms interval. We included the 700 ms intervals to
diminish learning across blocks. Given that previous research suggested robust
temporal binding to only occur for shorter intervals (5, 27), the results from the
700 ms blocks are shown exclusively in our SI Appendix. Each block consisted of
60 trials. The first 15 of these trials were considered training trials and provided
visible feedback about the target LED flash (feedback trials FT). The remaining 45
trials were comprised of 30 FT and 15 no feedback trials (NFT). We included NFT
trials to ensure that (at least in this subset of trials) subjects’ temporal estimates
of target LED onset would not be reactive (i.e., be triggered by the actual LED flash
in a given trial). FT and NFT trials were presented in randomized order. The
sequence of six experimental blocks (3 conditions x 2 temporal intervals) was
pseudorandomized within each subject-group but matched between control- and
patient group. Before the experiment, each participant completed a training

session with four trials (three FT and one NFT) of each condition.

Self Condition

In order to start the trial participants had to press the initialize button with their
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left hand, which was the leftmost button (on the left side) of the button box (SI
Appendix, Fig. S1a). After a variable delay between 2500 to 2750 ms, participants
could press the start button with their left hand. This button press signaled the
start of the interval until the flash of the target LED (500 or 700 ms, depending on
the current block) that subjects had to predict. Note that whenever the start
button was pressed the signal LED was flashed to make conditions more similar
(see baseline condition). After participants pressed the target button with their
right hand in order to report the estimated onset of the target LED flash, a new
trial could be initiated by pressing the initialize button on the left.

In case the current trial was a NFT, the experimenter blocked the subjects’ view of
the target LED with a piece of black cardboard before the beginning of the trial.
Hence, in NFT participants would always know in advance that during the

following trial no visual feedback from the target LED would be visible.

Machine Condition

In the machine condition, in order to start the trial, participants had to press a
button on the machine with their left hand that ‘initialized’ the machine (the
button was located on the left side, mimicking the spatial layout of the other two
conditions; SI Appendix, Fig. S1b). Participants were told that by pressing the
initialize button, a random number generator inside the machine was activated
which would lead to a press of the machine lever on the start button after a
randomly selected interval. To visually support this mechanism, the press on the
initialize button started a stopwatch on a display on the machine, which stopped
at the time that the lever moved. However, in reality the experimenter triggered
the lever movement with a small remote control and in a way that could not be
noticed by the subject. The working mode of the machine was shown and
explained in detail to the participants before the experiment and handling of the
machine (i.e., pressing the initialize button on the machine) was practiced during
training. Debriefing of participants showed that none of them had any suspicion
about how the machine worked. The machine has been described in detail before
(27).

After the machine pressed the start button, which as before also made the signal

LED flash, the target LED would flash after an interval of either 500 or 700 ms
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(depending on the current experimental block). As before, participants tried to
match their press on the target button to the target LED flash. The procedure in

NFT was the same as in the self condition.

Baseline Condition

In order to start the trial participants had to press the initialize button with their
left hand (SI Appendix, Fig. S1c). After a variable delay between 2500 to 2750 ms
the signal LED flashed, which signaled the start of the temporal interval until the
flash of the target LED (500 or 700 ms, depending on the current block) that
subjects had to predict. At the same time when the signal LED flashed a ‘click
sound’ was played through the computer speakers. This sound was recorded from
the machine’s action in the machine condition, and we used this auditory cue in
order to make the baseline condition more similar to the machine and the self
condition because in both of the latter conditions a button was pressed, producing
a gentle click sound. In addition, we tried to minimize any auditory influence using
noise-isolating earmuffs, as was noted above. After participants pressed the target
button with their right hand in order to report the estimated onset of the target
LED flash, a new trial could be initiated by pressing the initialize button on the left.

The procedure in NFT was the same as in the self condition.

Reaction Time Task

In order to control for differences in manual reaction time between our subject
groups, we included a reaction time experiment before the main experiment. This
additional experimental block consisted of 30 trials in which participants had to
start a trial by pressing the leftmost button, just as in the main experiment, and
after arandom interval between 1500 to 3530 ms, the target LED would flash. The
task for participants was to press the target button as fast as possible in response
to the target LED flash. Due to technical problems, one patient (patient #5) and

one control (control #20) could not complete the reaction time experiment.

Questionnaire
After the experiment, we asked participants the same four questions for all the

three experimental conditions. The scope of the questionnaire was to test for
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differences in subjects’ explicit interpretation of the causal and intentional
relationships inherent to our experiment (question 1). Furthermore, we wanted
to control for possible confounds, namely that patients with Schizophrenia might
feel differently about who “wants” the target LED to flash (e.g. patients might feel
control over the LED; question 2) or about the machine and its working
mechanism (e.g. patients might feel controlled by or in control of the machine;
questions 3 and 4). The questionnaire consisted of the following four questions.
1. Who or what determined in your opinion the time of the target LED flash?
2. Who or what wanted in your opinion the target LED to flash? Whose
intention was it?
3. Who or what in your opinion controlled the machine?
4. Who or what was in your opinion controlled by the machine?
Answers to choose from were:
1. 1
The Experimenter
The Computer
The Machine
The Signal LED/the Button Box
Nothing/No One

o 1ok W N

Additionally, participants had to rate how confident they felt with their answer on
a Likert scale from 1 (= not sure at all) to 5 (= completely sure). Importantly, we
stressed that the questions only apply to the time after (!) the trial was initialized
by pressing the respective buttons (on the response box or the machine) so that
the button press to initialize a trial would not factor into subjects’ answers.
Debriefing after the experiment revealed that the vast majority of participants had
difficulties with answering question 2. For that reason, we discarded question 2
and did not analyze it further. As described before, questions 3 and 4 solely
controlled for delusions of patients concerning the machine. We did not find any
indication that such delusions were present (no single patient reported being

controlled by the machine or feeling in control over the machine).

Analyses
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All analyses were performed using MATLAB R2014a (The MathWorks, Inc.). To
analyze participants’ responses in the temporal binding paradigm we discarded
the first 15 trials of every block (i.e., the initial 15 feedback trials [FT] that served
to familiarize subjects with a given temporal interval) and used the remaining 45
trials, comprised of 30 FT and 15 NFT, for all analyses. We expressed the time of
button press (TBP) relative to the actual target LED flash and took the median of
every participant’s time of button press (TBP). For group results we always
depicted the mean of the individual subjects’ medians and the standard error of
the mean (SEM) as a measure for variability. To estimate participants’ reaction
times, we took the median of all 30 trials for every participant and averaged across
these individual estimates for depicting our group results (i.e.,, mean+/-SEM).

In order to analyze the responses of the questionnaire we calculated a combined
response index reflecting the confidence with which participants rated their
answers as well as the share of the specific answer itself. More precisely, the index
was calculated by multiplying the share of the response (e.g. 70% answer “I”) with
the average corresponding confidence (e.g. 3). Accordingly, this index can range

from 0 (0% “I”) to 5 (100% ‘T’ times a confidence level of 5).

Statistics

Statistical analyses were performed using Matlab R2014a (The MathWorks, Inc.)
and SPSS 24 (IBM). Participants’ performance in the temporal binding paradigm
was analyzed by means of ANOVAs. We tested for sphericity (Mauchly’s test) and
adjusted the F statistic using Huynh-Feldt-correction when the assumption of
sphericity was not met (mentioned in main text). We furthermore confirmed the
assumption of normality by Shapiro-Wilk tests (p>0.01; no correction for multiple
comparisons). Effect sizes are expressed as (partial) n2 To control for multiple
comparisons, we applied Bonferroni correction when necessary (see main text).
To assess the evidence in our data in favor of the hypothesis that temporal binding
was present vs. the evidence in favor of the alternative hypothesis that there was
no temporal binding, we calculated Bayes factors within each subject group.
Bayesian statistics can confirm whether (or not) in those instances where we
reported a non-significant orthodox statistical test on temporal binding, there was

substantial evidence in favor of the null-hypothesis. This was important, as it
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documents that we did not miss any relevant differences simply due to a lack of
statistical sensitivity. Based on previous reports using comparable (450 ms)
delays and the Libet clock procedure (5) as well as procedures directly
comparable to ours (27), we expected temporal binding of about 33 ms on
average. Following the recommendations by Dienes (56), we modelled the
prediction for the hypothesis that there is temporal binding as a two-tailed normal
distribution with a mean of 33 ms and a standard deviation of half the mean. The
Bayes factor BF was then calculated using the routines provided by the same
author. Note that a Bayes factors of more than 1 provides evidence for the
hypothesis over the alternative hypothesis whereas factors of less than 1 favor the
alternative hypothesis. Following the nomenclature proposed by Jeffreys (57), we
considered Bayes factors above 3 and below 1/3 as substantial evidence. Finally,
we also quantified evidence in favor of the hypothesis for group differences in
temporal binding vs. the evidence in favor of the absence of such differences
(alternative hypothesis). Respective Bayes factors were calculated using the
bayesFactor toolbox for Matlab by Krekelberg (Bart Krekelberg (2023).
BayesFactor (https://github.com/klabhub/bayesFactor), GitHub. Retrieved
February 2, 2023).

Correlations between temporal binding and Psychopathology

To correlate the amount of patients’ temporal binding with individual
psychopathology we used Kendal rank correlation coefficients because of non-
normally distributed residuals in linear correlation analyses. Statistics on the
Pearson correlation coefficients of these prior regression analyses led, however,
to the same qualitative results. To control for multiple comparisons, we applied

Bonferroni correction when necessary (see main text).

Agency Questionnaire

We checked for the expected response pattern in controls by first using Friedman
tests to establish statistically significant differences in each of the three responses
of interest (I, computer, machine) between conditions, as our response indices
were not normally distributed. Wilcoxon signed-rank tests were applied for post

hoc analyses (see SI Appendix, Table S1). For comparison between groups, we
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used Mann-Whitney U tests. As an effect size measure, we calculated n? using the

z2

N-1

following formula: n? =

To control for multiple comparisons, we applied Bonferroni corrections (see main

text).

Reaction Time
The distribution of reaction times was non-normally distributed. Therefore, we

used Mann-Whitney U tests to compare reaction times between groups.

Code availability
In this study we utilized standard software and published analytical routines, as
are specified in detail in our methods section. Related Matlab and PsyScope codes

are available from the corresponding author upon reasonable request.

Data Availability
The data that support the findings of this study are available from the

corresponding author upon reasonable request.
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Fig 1 | Experimental paradigm and predicted results in healthy individuals. a, Participants had to predict
the time of a target-LED flash (depicted in yellow) and were instructed to press a target button (blue)
simultaneously with the flash. Depending on the experimental condition, the target-LED flash was caused by
the participant’s press on the start button (self condition), caused by a machine’s press on the start button
(machine condition), or it was only associated with a signal-LED flash (baseline condition). In all cases, the
initial event preceded the target LED flash by a fixed temporal interval of 500ms. In two thirds of trials
participants could see the target LED flash (feedback trials, FT) while in the remaining trials view of the
target-LED was explicitly blocked by the experimenter before a trial started (no feedback trials, NFT). These
NFTs prevented subjects from responding merely in a reactive fashion to the target-LED flash and forced
them to engage in a predictive response strategy. b, Based on previous research, we expected temporal
binding and, therefore, earlier times of button press (TBP) in the self condition compared to baseline. We
refer to this difference as intentional binding. TBPs in the machine condition should also occur earlier
compared to baseline, an effect we here denote as causal binding. Given the lack of an active intentional
component in the machine condition, we predict TBPs in the machine condition to be closer to baseline than
those in the self condition. For further details please refer to the Discussion.

Figure 2
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Fig. 2 | Explicit judgments of agency/causality in response to the question “Who or what determined
the time of the target LED flash?” (mean + SEM). a, Controls showed the expected pattern of results with
the response index for “I” being highest in the self-condition, the index for “the machine” being highest in the
machine-condition, and the index for “the computer” being highest in the baseline condition. Patients with
schizophrenia suffering from DoC did not feel responsible for causing the target-LED to flash. As compared to
controls this led to a significantly smaller response index for the answer “I” in the self condition (which was
actually zero). Instead, they attributed significantly stronger levels of agency to the computer in this
condition. In the machine condition, patients with DoC attributed significantly less agency to the machine
than controls. b, Patients without DoC had a very similar response pattern as controls, the only significant
difference being a lower response index for the machine in the machine condition. Significant group
differences are indicated (Mann-Whitney U tests; n.s. = not significant, * p < 0.05 corrected, ** p < 0.01).
Control group: N = 20, patient subgroups: N = 10, each.



1093
1094

1095

1096
1097
1098
1099
1100
1101

1102
1103

1104

Figure 3

Feedback Trials No Feedback Trials
Patients w/ DoC
80 ’ Patients w/o DoC
— et | #f---- Il Controls
3 :
o 40t g
i 20 F K . -
IR
5 ) i P - i [ -
@ -20f +- S + - I
y— . rd /— -
O - -
o 40 ’/'
£ ’
= -60}
sl & & Ry &
%, %, %, %,
() (3] (] ®

Fig. 3 | Time of button press across conditions and subject groups (interval 500 ms; mean * SEM). Time
of button press in controls (dark blue) and the subgroups of Schizophrenia patients with DoC (green) and
without DoC (light blue). Note that patients without DoC showed strong intentional binding. This effect was
absent and numerically even reversed (repulsion) in patients with DoC. Both patient subgroups exhibited
later TBPs in feedback trials (FT). For details refer to Results. Controls: N = 20, all patients: N = 20, patient
subgroups: N = 10, each.
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Fig. 4 | Correlation between intentional or causal binding and individual psychopathology. a,
Reductions in intentional binding were positively correlated with the strength of patients’ DoC (and in one
case also with the strength of overall delusions which DoC are a part of). b, There was no relationship between
the amount of causal binding and DoC or other psychopathologies investigated here. Significant correlations
are indicated (Kendall rank correlation, two-tailed; * p < 0.05 corrected). N = 20, each. a and b, shaded bars
represent an exploratory correlation with only question 15 of the SAPS which directly asks for the experience

of being controlled (Kendall rank correlation, two-tailed; * p < 0.05, ** p < 0.01).



