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Abstract  24 

Delusions of control in Schizophrenia are characterized by the striking feeling that 25 

one's actions are controlled by external forces. We here tested qualitative 26 

predictions inspired by Bayesian causal inference models, which suggest that such 27 

misattributions of agency should lead to decreased intentional binding. 28 

Intentional binding refers to the phenomenon that subjects perceive a 29 

compression of time between their intentional actions and consequent sensory 30 

events. We demonstrate that patients with delusions of control perceived less self-31 

agency in our intentional binding task. This effect was accompanied by significant 32 

reductions of intentional binding as compared to healthy controls and patients 33 

without delusions. Furthermore, the strength of delusions of control tightly 34 

correlated with decreases in intentional binding. Our study validated a critical 35 

prediction of Bayesian accounts of intentional binding, namely that a pathological 36 reduction of the prior likelihood of a causal relation between one’s actions and 37 

consequent sensory events – here captured by delusions of control - should lead 38 

to lesser intentional binding. Moreover, our study highlights the import of an 39 

intact perception of temporal contiguity between actions and their effects for the 40 

sense of agency. 41 

 42 

 43 

 44 

Significance statement 45 

Delusions of control describe the experience that external forces are causing one’s 46 

own thoughts and actions. Being inspired by Bayesian causal inference models, 47 

this study shows that explicit misconceptions of causal relationships in patients 48 

suffering from such delusions are paralleled by disturbed perceptions of temporal 49 

contiguity between actions and their effects. Our empirical study thus highlights 50 

the value of Bayesian accounts to explain psychosis and, more specifically, it 51 

depicts how such accounts could be used in the future to quantitatively assess and 52 

possibly predict delusions of control in Schizophrenia.  53 



Introduction 54 Feeling in control over one’s actions is the basis of our experience as active agents. 55 

This experience is referred to as the sense of agency (SoA) (1). A core dimension 56 

that allows inferring agency is time. For instance, any action A will always precede 57 

its resulting outcome O in time (t; tA < tO). If this temporal order is disturbed (such 58 

that tO is perceived earlier than tA), an event is no longer judged as being self-59 

produced (compare (2)). Similarly, experimentally delaying the onset of O (tO >> 60 

tA) leads to a diminished perception of self-agency (3). Hence, establishing a SoA 61 

critically depends on the temporal order of A and O as well as on their temporal 62 

contiguity - as is true for any other causal inference (4).  63 

Considering this import of time for establishing a SoA, it may surprise that 64 

the temporal perception of one’s own actions and their consequences is heavily 65 

distorted. The perceived time (pt) of an experimentally delayed action-outcome O 66 

appears to be earlier than that of an identical delayed event X triggered by an 67 

external cause (ptO < ptX). At the same time, the onset of the self-action A is 68 

perceived as happening closer to its outcome O as compared to the onset of the 69 

same action in isolation (ptA_Alone < ptA_Outcome) (5). This relative increase in 70 

perceived temporal proximity between self-actions and their consequences is 71 referred to as “intentional binding” (1). 72 

Yet, rather than hindering causal agency attribution by distorting the 73 

perceived time of actions and consequent events, intentional binding may instead 74 

reflect Bayes-optimal perceptual inference. According to Hume’s rule of 75 

spatiotemporal contiguity, events that are closer together in time and space are 76 

more likely perceived as causally related (4), and this rule seems to hold true for 77 

actions and their sensory consequences as well (compare (6)). Now, if a person P 78 

were asked to temporally estimate the onset of her action A and of a consequent 79 

outcome O, her estimates are likely to be more accurate and precise, if she 80 

combined these estimates with prior knowledge about the expected 81 

spatiotemporal contiguity of A and O. Such integration is at the heart of Bayesian 82 

perceptual inference, according to which current sensory information (i) is 83 

combined with an estimate of its prior probability (ii) to determine the most likely 84 

percept given (i) and (ii); and the result of this integration is often (close to) 85 

optimal in natural settings (for review e.g. see (7)). Thus, if O followed A with an 86 



(artificial) delay that is longer than what she expects, integrating this prior belief 87 

will lead to intentional binding (8–10). Similarly, since A causally predicts the 88 

onset of O in time, integrating information about both events according to their 89 

relative reliability (rather than considering information about each event in 90 

isolation) would not only help reducing noise in P’s temporal estimates of A and 91 

O. It would also attract both estimates towards one another (and thus induce 92 

intentional binding), while the estimate with the larger relative variance would 93 

get attracted more strongly (compare the framework of “optimal cue integration”; 94 

e.g., see (11)). In fact, a recent study demonstrated that the lower the signal-to-95 

noise ratio of a sensory outcome O that followed a button press after a brief delay, 96 

the more the perceived onset of O was attracted towards A and the lesser A was 97 

attracted towards O (12). Importantly, such cue integration should happen only if 98 

the action causes the sensory event (A -> O) and action and event do not occur 99 

independently. Related Bayesian causal inference models of cue integration 100 

therefore further consider the prior probability of an action causing an event (vs. 101 

their independence) (13, 14). For example: One would not integrate one’s own key 102 

press on a computer with thunder and lightning outside the window. Compatible 103 

with these latter models, Desantis and colleagues have shown that strengthening 104 subjects’ causal beliefs in self-agency does in fact increase intentional binding 105 

(15). 106 

Given this influence of causal attribution on intentional binding, we here 107 

asked whether causally linking one’s own actions to their sensory consequences 108 

is necessary for the emergence of intentional binding. Studying conditions, in 109 

which the SoA is pathologically altered, could allow critically testing predictions 110 

put forward by Bayesian causal inference. A respective condition is delusions of 111 

control in schizophrenia (DoC; sometimes also referred to as delusions of 112 

influence) (16–20). Many patients with DoC experience their actions as being 113 

controlled by someone or something else. Hence, their perceived agency is 114 

pathologically reduced and, accordingly, these patients should exhibit weaker 115 

intentional binding. In turn, there are also schizophrenia patients with grandiose 116 

delusions, i.e., delusions about having inflated power, worth, knowledge, etc. (21), 117 

that have an exaggerated SoA, which thus should lead to increased intentional 118 

binding. So far, there is some evidence for altered intentional binding in 119 



Schizophrenia (22–25). Yet, the interpretation of these studies within the 120 

Bayesian framework is difficult because studies which acquired both explicit 121 

measures of perceived agency during the execution of the experimental tasks and 122 

individual pathology measures are missing. Thus, it is unclear whether these 123 patients’ perceived agency was diminished, exaggerated, or unaltered.  124 

We here aimed to establish a direct link between individual 125 

psychopathology (DoC), perceived agency in our tasks, and the strength of 126 

temporal binding. To this end, we investigated schizophrenia patients with and 127 

without DoC as well as healthy controls. We hypothesized that DoC are 128 

accompanied by a reduced explicit self-attribution of agency in our task. 129 

Moreover, following the logic of Bayesian causal inference, we expected that the 130 

strength of patients’ DoC should correlate with decreases in intentional binding.  131 

Accordingly, we predicted that there should be less intentional binding in patients 132 

suffering from DoC compared to healthy controls and to Schizophrenia patients 133 

that do not display this symptom.  134 

 135 

Results 136 

To test our predictions experimentally, we measured temporal binding in a group 137 

of 20 healthy controls and 20 patients with schizophrenia (see Methods for a 138 

power analysis and for further details about our participant groups). The 139 

experiment consisted of three different conditions, all of which required 140 

participants to predict the time of a target-LED flash by pressing a target button 141 

at the anticipated time of the flash (time of button press [TBP]). Depending on the 142 

experimental condition, the target-LED flash would occur with a fixed temporal 143 

interval, either (I) after a participant’s active press of a start button in the self 144 

condition, (II) after an observed press of the start button by a machine (machine 145 

condition), or (III) after an observed signal-LED flash (baseline condition, Fig. 1a; 146 

also see SI Appendix, Fig. S1 for more details). Hence, in (I) the participants’ 147 

intentional action caused the target-LED flash, in (II) it was caused by the machine, 148 

and in (III) there was neither an intentional link between participants’ behavior 149 

and the LED flashes nor was there any other obvious causal interrelation. Please 150 

note that we minimized any other differences between our experimental 151 

conditions (compare Methods for details). Based on previous research, we 152 



expected that healthy participants would perceive the target-LED flash as 153 

happening earlier in time in the self condition compared to the baseline condition 154 

due to temporal binding (5). Hence, subjects’ TBP should be earlier in the self 155 

condition as compared to baseline (i.e. TBPself < TBPbaseline; Fig. 1b). Following the 156 

nomenclature of earlier studies, we refer to the expected temporal-difference 157 

effect as intentional binding. Note, however, that intentional as well as mere causal 158 

relationships could contribute to this effect (26–28). Because of this, we 159 

introduced the machine condition, which – as compared to (1) – supposedly lacked 160 

any intentional component. The machine condition was important, as it allowed 161 us to control whether any changes in patients’ intentional binding could be 162 

accounted for by changes in causal binding or in perceived causality. Causal 163 

binding would be revealed if participants perceived the target LED flash earlier in 164 

the machine condition than in the baseline condition (TBPmachine < TBPbaseline; Fig. 165 

1b). Thus, our experimental design enabled us to independently assess the 166 

amount of temporal binding as a function of the intentional and/or causal 167 

relationship between cause (pressing the button) and effect (the LED flash), and 168 

to investigate the predicted changes of intentional binding in schizophrenia 169 

patients with DoC. 170 

 171 

Figure 1 172 

 173 

All experimental conditions (self, machine, baseline) were performed in separate 174 

experimental blocks (60 trials each). Within each block, the flash of the target-LED 175 

always occurred after a fixed target interval. In each condition we obtained one 176 

block with a 500 ms interval and a block with a 700 ms interval. The 700 ms 177 

intervals merely served to vary the temporal intervals across blocks and to 178 

thereby prevent learning effects (note that the results for the 700 ms interval are 179 

shown exclusively in our SI Appendix as robust temporal binding is only expected 180 

to occur for shorter intervals (5, 27)). Sequences of blocks were pseudo-181 

randomized within each subject-group but matched between control- and patient 182 

group.  183 

In every single trial and for every experimental condition, subjects had to estimate 184 

the temporal onset of the target-LED flash as precisely as possible by pressing a 185 



response button at the respective time (so that, ideally, the flash and the button 186 

press would coincide). The first 15 trials of each block were considered training 187 

trials that should allow participants to adjust their responses to the current 188 

interval and we excluded these trials from later analyses. In a random subset 189 

(constituting 33%) of the remaining 45 trials, we overtly blocked participants’ 190 

view of the target-LED before the beginning of a trial. These ‘no feedback trials’ 191 

(NFT) served to prevent subjects from merely responding in a reactive fashion to 192 

the target-LED flash and to force them to employ a predictive response strategy. 193 

In the majority of trials (66%), however, feedback about the target-LED flash was 194 

present (‘feedback trials’; FT; Fig. 1a). Note that comparing the TBP as a function 195 

of feedback availability further allowed us to probe for any shift from a predictive 196 

response pattern in no-feedback trials (i.e. TBP ≤ 0 ms) to a reactive response 197 

pattern whenever feedback was provided (i.e. TBP >> 0 ms). Given the evidence 198 

of impaired predictive processes (forward models) in patients with schizophrenia, 199 

we expected a more reactive response pattern in patients to compensate for this 200 

deficit if feedback is available (23, 29). 201 

Finally, we requested explicit estimates of SoA and of the perceived causal 202 

relationships in our experiment by means of a questionnaire (also compare 203 

Methods). 204 

 205 

Agency Questionnaire 206 

While exhibiting a correlation between DoC and decreases of intentional binding 207 

was the main aim of our work, we first wanted to probe how healthy subjects as 208 

well as Schizophrenia patients perceived self-agency and causality in our 209 

experimental conditions. Since we expected a deficit in perceived self-agency 210 

exclusively in patients suffering from DoC, for simplicity we present the patient 211 

group as two subgroups, 10 DoC-patients and 10 NoDoC-patients, based on the 212 

presence of DoC (for further details and for the definition of DoC see Methods; 213 

note that patient-grouping was done only after collecting all data and that the 214 experimenter was not aware of the patients’ symptoms while carrying out the 215 

experiment). Apart from the group-defining positive symptomatology, there were 216 

no statistical differences between these subgroups in terms of age (independent 217 

samples t-test, two-tailed: t = -0.751, p = 0.462), education (t = 0.447, p = 0.66), 218 



negative symptoms (30) (t = .0798, p = 0.438), general psychopathology (31) (t = 219 

1.607, p = 0.129) or medication (t = -0.18, p = 0.859; see SI Appendix,  Table S4 for 220 

information on the patient group).  221 

To assess perceived self-agency and causality in our tasks we used a questionnaire 222 

which each participant answered separately for every condition after the 223 

experiment. To investigate the subjects’ explicit assumptions of causation and 224 agency concerning the target LED flash, we asked: “Who or what determined the 225 time of the target LED flash?”. The answers participants could choose from were 226 ‘I’, ‘the experimenter’, ‘the computer’, ‘the machine’, ‘the button box’, and 227 ‘nothing/no one’. Afterwards, participants had to rate on a Likert scale how 228 

confident they felt when giving their answer, ranging from 1 (= not certain at all) 229 

to 5 (= completely certain). Since we did not reveal any group differences in our 230 

certainty measure (compare SI Appendix, Table S2; also compare (32)), we here 231 

report a combined response index for each subject group and experimental 232 

condition, i.e. self-, machine-, and baseline condition, and for each of the 233 corresponding answers of interest, namely “I”, “the machine”, and “the computer”, 234 

respectively. This index was calculated by multiplying the average share of the 235 response (e.g. “I”) and the average of its corresponding confidence estimates 236 

within the respective group of participants. Accordingly, this index can range from 237 0 (0% “I”) to 5 (100% “I” times a confidence level of 5). According to our 238 

experimental setup and instructions, in healthy subjects this index should be the 239 highest for “I” in the self condition, for “the machine” in the machine condition, 240 and for “the computer” in the baseline condition. Visual inspection of Figure 2 and 241 

statistical analyses (also compare SI Appendix Table S1) show that this was clearly 242 

the case.  243 

 244 

Figure 2 245 

 246 

In line with the hypothesis of their reduced sense of agency, the pattern of results 247 

depicted in Figure 2 markedly differed between DoC-patients and healthy 248 

controls. Moreover, while the response index of NoDoC-patients seemingly 249 

resembles that of controls in both the self and the baseline condition, their pattern 250 

of results is more similar to that of DoC-patients in the machine condition. We 251 



compared the amount of each “correct” answer in the respective condition (“I” in 252 self condition, “machine” in machine condition, “computer” in baseline condition) 253 

between controls and the two patient subgroups using Mann-Whitney U tests 254 (Bonferroni corrected α = 0.025). As expected, there were no statistically 255 

significant differences in the baseline condition (response computer) between 256 

controls (3.3 ± 0.5) and either patient subgroup (DoC = 3.7 ± 0.6, U = 86.5, p = 257 

0.528; NoDoC= 2.3 ± 0.8, U = 82.5, p = 0.416). In the self condition, however, the 258 index of the answer “I”, i.e., signifying an intentional involvement in the task, was 259 

significantly smaller (namely at zero) for DoC-patients compared to the control 260 

group (1.8 ± 0.5, U = 60, p = 0.023, 2 = 0.18). There was no such difference 261 

between NoDoC-patients (1.0 ± 0.3) and healthy controls (U = 83, p = 0.368). 262 Finally, the index for the (correct) answer “machine” in the machine condition was 263 

either significantly higher or with a strong trend in controls (2.6 ± 0.6) compared 264 

to both patient subgroups (DoC = 0.5 ± 0.2, U = 56.5, p = 0.028, 2 = 0.17; NoDoC = 265 

0.4 ± 0.1, U = 51, p = 0.014, 2 = 0.21). Note that statistical analyses of participants’ 266 

responses without multiplying them with the certainty measure led to exactly the 267 

same qualitative results. In summary, both patient subgroups did not differ from 268 

controls in their judgments concerning the baseline condition. Conversely, in the 269 

machine condition neither patient subgroup felt the machine to be responsible for 270 

the target LED flash. More importantly, compatible with the hypothesized deficit 271 

in the self-attribution of agency, patients with DoC did not feel responsible for the 272 

target LED flash in the self condition. As Figure 2 suggests, they instead assigned 273 

agency to the computer. We therefore statistically compared the index of the 274 (wrong) answer “computer” in the self condition which was significantly higher in 275 

DoC-patients (3.1 ± 1.0) as compared to the control group (1.15 ± 0.4, U = 50.5, p 276 

= 0.015, 2 = 0.2). 277 

 278 

Temporal Binding Experiment 279 

To estimate when our participants expected the target LED to flash, we calculated 280 

the median TBP relative to the actual time of the target LED flash in each 281 

individual, i.e., negative numbers indicate button presses before, positive numbers 282 

after the actual target LED flash. According to our hypothesis and in agreement 283 

with subjects’ explicit agency ratings, we expected to reveal intentional (i.e., 284 



TBPself < TBPbaseline) as well as causal binding (i.e. TBPmachine < TBPbaseline) in the 285 

control group. Figure 3 (see SI Appendix, Fig. S2 for performance of individual 286 

participants) confirms our expectation: healthy participants exhibited the earliest 287 

button presses in the self condition (as is indicated by more negative TBPs), 288 

followed by the machine condition and the baseline condition. Performance in the 289 

latter condition was highly accurate with TBPs close to zero.  290 

In the healthy control group intentional binding (TBPself – TBPbaseline) was 291 

significant (F1,19 = 26.6, p = <.001, 2 = 0.59) and amounted to -52 ± 7 ms (mean ± 292 

SEM.) in FT and -28 ± 11 ms in NFT across subjects. Causal binding (TBPmachine – 293 

TBPbaseline) was likewise significant (F1,19 = 5.088, p = 0.036, 2 = 0.21) and 294 

averaged -20 ± 6 ms in FT and -11 ± 10 ms in NFT. SI Appendix Fig. S4 provides an 295 

additional overview of these binding estimates (and for the 700 ms interval 296 

conditions). In addition, it provides Bayes-factors (BF; also compare Methods) 297 

expressing evidence in favor (BF > 1) vs. against (BF < 1) the presence of temporal 298 

binding. Evidence for intentional binding in the 500 ms interval ranged from 299 

strong (BFNFT = 13.7) to decisive (BFFT = 1011.3). Evidence was very strong for 300 

causal binding in FT (BF = 67.2) but indecisive for NFT (BF = 0.50). These results 301 

suggest that our task was well suited to induce intentional binding in healthy 302 

controls. 303 

 304 

Figure 3 305 

 306 

Like for controls and in agreement with their explicit agency ratings, intentional 307 

binding within the NoDoC-patient subgroup was significant and supported by 308 

strong to very strong evidence (F1,9 = 10.071, p = 0.011, 2 = 0.53; -80 ± 28 ms in 309 

FT [BF = 17.9] and -65 ± 22 ms in NFT [BF = 32]). Causal binding estimates were 310 

numerically smaller than intentional binding in NoDoC and evidence in 311 

favor/against causal binding was indecisive (2 ± 23 ms in FT [BF = 0.38] and -22 312 

± 20 ms in NFT [BF = 1.29]). Accordingly, causal binding also failed to reach 313 

significance (F1,9 = 0.253, p = 0.627). Importantly, intentional binding in the DoC-314 

patient subgroup showed an almost reversed pattern compared to both controls 315 

and NoDoC patients: intentional binding estimates in these patients were 25 ± 27 316 

ms in FT and 30 ± 26 ms in NFT and were not significant (F1,9 = 1.239, p = 0.295). 317 



Note that positive numbers indicate a temporal repulsion rather than binding. 318 

This lack of significance was accompanied by substantial evidence for the absence 319 

of intentional binding in both FT (BF = 0.24) and NFT (BF = 0.20). Causal binding 320 

estimates were not significant (F1,9 = 0.496, p = 0.499) and likewise in the opposite 321 

direction with 10 ± 23 ms (FT) and 16 ± 19 ms (NFT). Evidence against the 322 

presence of causal binding also was substantial (BFFT = 0.28; BFNFT = 0.16). Note 323 

that the aforementioned results on temporal binding within each subject group 324 

are consistent with our hypotheses. Yet, they ultimately do not allow to assess 325 

whether or not the expected differences between subject groups were present 326 

(compare (33)).  327 

Before further comparing groups for differences in temporal binding 328 

across conditions, we first wanted to make sure that across the three groups, 329 

subjects were able to provide equally accurate temporal estimates. To this end we 330 

compared the temporal estimates in the baseline condition and in the absence of 331 

feedback (NFT), as we did not expect to see any systematic group difference in this 332 

condition. A one-way ANOVA confirmed this expectation as there were no 333 

significant differences in the Baseline condition (NFT) between groups (F2,37 = 334 

1.077, p = 0.354).  335 

To statistically analyze temporal binding across groups, we conducted a 336 

mixed-design 3 x 2 x 3 ANOVA with the between-subject-factor group [controls, 337 

NoDoC-patients, DoC-patients] and the within-subject-factors feedback [FT, NFT] 338 

and condition [self, machine, baseline]. We found main effects of condition (F2,74 = 339 

5.33, p = 0.007, 2 = 0.13) and feedback (F1,37 = 17.9, p < .001, 2 = 0.33), a condition 340 

x group interaction (F4,37 = 4.92, p = 0.002, 2 = 0.2) and a feedback x group 341 

interaction (F2,37 = 8.00, p = 0.001, 2 = 0.3). Additionally, we found a significant 342 

linear effect of condition, i.e. an increase from the self-, over the machine-, to the 343 

baseline condition, on the TBP (F1,37 = 8.68, p = 0.006, 2 = 0.19) and an interaction 344 

between this effect and the factor group (F2,37 = 7.92, p = 0.001, 2 = 0.3). To 345 

identify the specific group differences, which led to the interaction effects between 346 

condition and group as well as between feedback and group, we performed three 347 

corresponding post hoc 2 x 2 x 3 ANOVAs that allowed pairwise comparisons 348 between subgroups (Bonferroni corrected α = 0.017). These analyses led to the 349 

following results: Apart from a feedback x group interaction (F1,28 = 11.72, p = 350 



0.002, 2 = 0.3), there were no differences between NoDoC-patients and healthy 351 

controls (condition x group: F2,28 = 2.73, p = 0.078; condition x feedback x group: 352 

F2,74 = 1.66, p = 0.2). DoC-patients did, however, clearly differ from both other 353 

groups in that there were significant interactions between the factors condition 354 

and group in both respective analyses (DoC-patients vs. controls: F2,28 = 5.23, p = 355 

0.008, 2 = 0.16; DoC-patients vs. NoDoC-patients: F2,18 = 5.13, p = 0.01, 2 = 0.22). 356 

The group x condition interaction was likewise present for the linear effect 357 

estimate (DoC-patients vs. controls: F1,28 = 11.09, p = 0.002, 2 = 0.28; DoC-patients 358 

vs. NoDoC-patients: F1,18 = 8.84, p = 0.008, 2 = 0.4). When contrasting DoC-359 

patients and controls, there was a significant interaction between the factors 360 

group and feedback too (F1,28 = 14.19, p = 0.001, 2 = 0.34). Remember, the same 361 

qualitative effect was present also when comparing NoDoC-patients and healthy 362 

controls (see above). It was absent, however, when contrasting the two patient 363 

subgroups (F1,18 = 0.003, p = 0.957). 364 

These results show that intentional binding was significantly altered in 365 

Schizophrenia patients with DoC as compared to patients without DoC and as 366 

compared to healthy controls. This pattern of results well reflected the explicit 367 

agency ratings of our subject groups. The latter is true also for causal binding, 368 

which was absent for both subgroups of Schizophrenia patients. Finally, the 369 availability of feedback had a clear influence on patients’ temporal estimates 370 

across all tasks, resulting in TBPs that were significantly delayed (and thus more 371 

reactive). This effect was again present in both subgroups of patients.  372 

SI Appendix Figure S3 provides additional information about the 373 variability of subjects’ temporal estimates across groups and conditions. Similar 374 

to the more reactive response pattern of both patient groups, as was described 375 before, also the variability of patients’ estimates was higher than that of controls. 376 

There were no further differences across groups that could have accounted for the 377 

group differences in intentional binding. Yet, there was a global effect of condition, 378 

which was explained by decreasing variabilities from the baseline- over the 379 

machine- to the self- condition.   380 

 Finally, we performed additional Bayes-factor analyses to further support 381 

the observed similarities and differences in intentional binding across groups. 382 

First, this analysis revealed substantial evidence for the absence of group 383 



differences (BF < 1) between NoDoC-patients and healthy controls for intentional 384 

binding (BFFT = 0.14; BFNFT = 0.11; compare SI Appendix, Table S3). Second, and 385 

most importantly, there was substantial to very strong evidence for intentional 386 

binding of both aforementioned groups being different from that of DOC-patients 387 

(BF > 1. DoC-patients vs. controls: BFFt = 55.95; BFNFT = 5.09. DoC-patients vs. 388 

NoDoC-patients: BFFT = 7.75; BFNFT = 8.79). As to be expected, complementary 389 

analyses of causal binding revealed that evidence in favor/against group 390 

differences were largely indecisive (compare SI Appendix, Table S3). 391 

 392 

 393 

Correlations with Psychopathology 394 

In a final step, we wanted to investigate the relationship between individual 395 

behavior and psychopathology through linear correlation analyses. The idea of 396 

these analyses was to exhibit specific links between (deficits in) 397 

intentional/causal binding and different classes of positive symptoms. As we 398 

already introduced in the introduction, we expected a decrease in intentional 399 

binding with an increasing strength of DoC. Yet, as at least certain hallucinations 400 

are also interpreted through an impaired SoA (e.g. see (34)), hallucinations might 401 

as well be correlated with intentional binding. Another advantage of such within-402 

patient analyses is that they avoid systematic differences present between 403 

patients and controls (such as medication, etc.). Specifically, we performed 404 

correlation analyses between the respective temporal binding measures (i.e., 405 

intentional Binding: TBPself – TBPbaseline; causal binding: TBPmachine – TBPbaseline) and 406 all patients’ individual measures of psychopathology, as derived from the SAPS 407 

score (35). These measures included the intensity of patients’ hallucinations 408 

(SAPS item I), delusions (SAPS item II), delusions of control (a subscore of SAPS 409 

item II, here denoted as item IIa; compare Methods), residual delusions (SAPS 410 

items II – IIa), and residual positive symptoms (SAPS items III, IV, V).  We thereby 411 

were particularly interested to see, whether a lesser confidence in self-agency, as 412 

quantified by the subscore assessing DoC, would correlate with intentional 413 

binding, causal binding, or both.  414 

 415 

Figure 4 416 



Using Kendall rank correlation, we found that DoC were indeed significantly 417 correlated (Bonferroni corrected α = 0.01, two-tailed) with the amount of 418 

intentional binding in both FT (τb = 0.515, p = 0.003) and NFT (τb = 0.532, p = 419 

0.002). The more severe the DoC in a patient, the less intentional binding was 420 

exhibited (Fig. 4a). In addition, the overall strength of delusions (which DoC are 421 

part of) was significantly correlated with intentional binding, but in NFT only (τb 422 

= 0.495, p = 0.003). There were no correlations between patients’ 423 

symptomatology and causal binding (Fig. 4b). Furthermore, current medication, 424 

measured as Olanzapine equivalents, did not exhibit any correlation with 425 

intentional (FT: τb = 0.123, p = 0.454; NFT: τb = 0.245, p = 0.135) or causal binding 426 

(FT: τb = 0.059, p = 0.72; NFT: τb = 0.171, p = 0.297). In summary, our correlation 427 

analyses clearly support the hypothesized intentional binding deficit in patients 428 

suffering from DoC. There was no such correlation between the strength of DoC 429 

and causal binding. 430 

 431 

Reaction Time Control 432 

In order to test for general differences in reaction time between groups that could 433 

have systematically affected our TBP measure, we ran a simple manual reaction 434 

time task before the actual experiment. For every participant we computed the 435 

median reaction time. The average reaction time for controls was 238 ± 12 ms 436 

(mean ± SEM). Both patient subgroups (DoC and NoDoC) had comparable reaction 437 

times (228 ± 6 ms and 273 ± 21 ms, respectively). There were no significant 438 

differences in reaction time between patient subgroups (U = 24, p = .094) or 439 

between patient subgroups and controls (DoC: U = 81.5, p = 0.856; NoDoC: U = 60, 440 

p = 0.112). There was also no influence of medication on patients’ reaction time 441 

(τb = -0.012, p = 0.944). Hence, our main results cannot be explained by a 442 difference in subjects’ ability to provide timely responses. 443 

 444 

Discussion 445 

We showed that the unique experience of patients with schizophrenia suffering 446 

from delusions of control (DoC) – the feeling that someone or something else is 447 

controlling their very own movements – is associated with absent temporal 448 binding between their intentional actions and these actions’ effects. More 449 



precisely, as we could show by means of our questionnaire, altered perception due 450 

to DoC was present in the respective patients while performing the self condition. 451 

Not only was these patients’ perceived self-agency significantly reduced, but at the 452 

same time they were convinced that the computer caused the LED flash. In 453 

agreement with the predictions put forward on the basis of Bayesian accounts of 454 intentional binding, this alteration of DoC patients’ SoA was accompanied by an 455 

absence of temporal binding. This relationship between DoC and intentional 456 

binding was further supported by specific correlations between symptom severity 457 

and reductions in intentional binding. Thus, our results provide support for a 458 

relationship between intentional binding and the conscious experience of agency.  459 

Importantly, the performance in the reaction time task along with the equally 460 

precise response accuracies across groups in the baseline condition without 461 

feedback show that the patients were able to perform the task and that any 462 

between-group differences could not be explained by general motor or perceptual 463 

impairments, or medication. This was particularly important to demonstrate, as 464 

our study solely studied the binding of outcomes to actions (but not vice versa). 465 

So far only a few studies applied temporal binding paradigms in Schizophrenia 466 

patients (22, 23, 25). Notably, the earliest of these studies reported a 467 “hyperbinding” effect, namely a stronger intentional binding in patients with 468 

schizophrenia compared to healthy controls (22) (also compare (23)). While such 469 

hyperbinding might appear in stark contrast to our findings, it is on the contrary 470 

not unexpected: Hyperbinding might result from an exaggerated SoA in case of 471 

grandiose delusions, i.e. delusions about having inflated power, worth, knowledge, 472 

etc., which affect almost half of patients with schizophrenia (21). Unfortunately, 473 

the aforementioned binding study lacks a detailed characterization of patients’ 474 

individual psychopathology, which could have helped clarify this point. Moreover, 475 

an explicit rating on how subjects perceived agency in the respective experimental 476 

tasks was missing in all earlier studies that reported hyperbinding (22, 23). We 477 

now could show that patients with DoC did lack a conscious feeling of “being in 478 control” in our intentional binding task. At the same time, these DoC patients did 479 

lack intentional binding. Whether grandiose delusions would lead to a respective 480 

hyperbinding between actions and effects was not at the focus of our study and is 481 

still open. However, others have at least shown that the same subjects with 482 



putative psychotic prodrome who showed hyperbinding (24), also exhibited an 483 

explicit over-attribution of external events to the self (though in an independent 484 

task) (36). Hence, consistent with predictions of Bayesian frameworks of 485 

intentional binding (10, 13), there is a direct link between increases/decreases of 486 

intentional binding in psychosis and an exaggerated/attenuated likelihood of 487 

perceived self-agency, respectively.  488 

Importantly, we do not want to suggest the conscious judgement of agency 489 

as being the decisive factor for the occurrence of intentional binding. Instead, we 490 

suggest that both intentional binding and subjects’ perceived agency largely (but 491 

not only) depend on the outcome of an operation in the central nervous system 492 

that allows it to differentiate between self- and externally- caused sensory inputs. 493 

This basic operation provides the basis of perceptual stability (37) and precise 494 

motor control (38), among many other things. Specifically, self- and externally 495 

produced sensory inputs can be distinguished by the comparison of an internal 496 forward model, predicting the sensory consequences of one’s actions, with the 497 

actual sensory information available. In case of a match, self-agency would be 498 

assumed; in case of a mismatch, the residual sensory information would be 499 

attributed to external causes (6, 38–40). Through such an automatic comparison 500 

it is possible to infer one’s own influence on the environment and this comparator 501 

is therefore considered a crucial mechanism informing the SoA (6, 18, 41). Please 502 

note that on an abstract level of description, forward models solve a subset of the 503 

same problems addressed by Bayesian causal inference models, namely, to infer 504 

the most likely causal structure that explains sensory information (14). Moreover, 505 forward models themselves can be thought of “complex” priors in Bayesian terms 506 

(42, 43).  507 

Accordingly, disorders of agency, as observed in Schizophrenia patients 508 

with delusions of control could be a result of an impaired forward model 509 

mechanism or of an altered prior. In fact, previous studies showed that forward 510 

model predictions about the consequences of self-action are unreliable in patients 511 

with schizophrenia suffering from DoC (18, 19, 29, 44). Moreover, the stronger 512 

patients suffered from DoC, the less reliable their forward models (29, 44). 513 

Consequently, imprecise forward models (or priors) could reflect a common cause 514 

that led to reduced explicit agency ratings in our patients with DoC as well as to 515 



their lack of intentional binding.  Unfortunately, our study does not allow verifying 516 this assumption experimentally, as we did not monitor the precision of subjects’ 517 

internal models in our experiment. Yet, this will be an interesting endeavor for 518 

future research. Such research could also address whether intentional temporal 519 

binding is merely a reflection of a SoA, whether it is a consequence of the SoA, or, 520 

lastly, whether it could even further perceived self-agency by increasing temporal 521 

contiguity between actions and their effects. If intentional binding is at least 522 

partially dependent on forward models (and not only on the perceived SoA), a 523 

furthering of the SoA through temporal binding seems conceivable. 524 

While perceived agency (and, supposedly, precise internal models) do 525 

obviously further intentional binding, temporal binding can also be present while 526 

observing externally caused events (26–28). We were able to capture these 527 

specific contributions of perceived causality during intentional actions compared 528 

to perceived causality in the absence of self-action through our measures for 529 

intentional and causal binding, respectively. In particular, our experiment 530 consisted of two ‘causal conditions’, namely the self condition and the machine 531 

condition, but only the self condition was also an ‘intentional condition’. In 532 

contrast, the baseline condition mimicked a case in which there was a correlation 533 

(in time) between two events (as in all other conditions), but where there was no 534 

obvious causal (and/or intentional) interrelation between these events. In the 535 

control group we observed significant temporal binding between causes (button 536 

presses) and events (LED flashes) in the self- and in the machine condition. Hence, 537 

temporal binding per se cannot be considered a proxy of the SoA – as the effect 538 

might solely be based on perceived causality in the absence of any intentional 539 

action. However, this does not preclude the additional presence of an intentional 540 

binding component in the self condition. In fact, our measures of causal and 541 

intentional binding differed significantly, with intentional binding being the larger 542 one. Such an ‘intentional boost’ has also been observed in previous research (27, 543 

28). The presence of an “intentional boost” could be easily explained by the 544 

availability of additional (causal) cues in the self vs. the machine condition such as 545 

proprioception and forward models. The significant reduction of variability in 546 subjects’ time estimates from the baseline over the machine to the self-condition 547 

is compatible with this interpretation (compare SI Appendix, Fig. S3 and SI 548 



Appendix, supplementary Discussion). It is an interesting question, though, 549 

whether it would make a difference in temporal binding whether an external 550 

agent or the machine elicited a sensory event via a button press. So far, we only 551 

know that temporal binding is also present when observing actions (and their 552 

consequences) of external agents (45). Yet, whether such binding could solely be 553 accounted for by “external causal cues” or, in addition, could be explained by 554 

attributing intentionality to the external agent is still open. In any case, it is the 555 

intentional boost over and above mere causal “machine binding” which should be 556 

considered as an implicit marker of the SoA (or of the attribution of a SoA to 557 

another agent).  558 

Interestingly, both groups of Schizophrenia patients had a significantly 559 

lowered response index for the machine in our causal control condition and, 560 

accordingly, did not exhibit causal binding. Furthermore, there was no correlation 561 

between causal binding and DoC. This does not rule out the possibility that 562 

Schizophrenia patients also exhibit deficits in other causal inference mechanism, 563 

as were suggested by earlier research (46). Ultimately, our study was not designed 564 

to this possibility. However, it at least suggests that the observed deficit in 565 

intentional binding in patients with DoC is not secondary to a deficit in causal 566 

binding but does occur independently.  567 

Apart from the deficit in intentional binding, which was specific to 568 

Schizophrenia patients with DoC, we additionally exhibited a strong effect that 569 

generalized across tasks and patient subgroups. In all patients, we found that the 570 

time of the target button press was significantly delayed in FT (i.e., when the target 571 

LED was visible) and, therefore, patients exhibited a more reactive response 572 

pattern as compared to controls. This result was not unexpected – at least for 573 

patients with DoC: Since internal forward models about self-actions are unreliable 574 

in patients with DoC (19, 29, 41, 44, 47), these “priors” should weigh less than 575 

external sensory cues  (29, 48, 49). Accordingly, in our task patients might delay 576 

their responses until more sensory evidence is available. In fact, during feedback 577 

trials (FT) patients would delay their button presses up to a time at which reactive 578 

responses to the LED target flash were more likely to occur. During NFT, on the 579 

other hand, patients had to base their temporal estimate solely on internal cues 580 

(as there was no visual feedback). The absence of feedback led to mean response 581 



times more similar to those of controls, but with higher variability (compare Fig. 582 

3 and SI Appendix, Fig. S3). This also well resembles the fact that forward models 583 

in Schizophrenia are imprecise but (on average) are as accurate as those of 584 

controls (29) and that respective patients cannot benefit from intact Bayesian 585 

causal inference, accordingly. Importantly, there is converging evidence for such 586 

pathologically increased integration of retrospective sensory information from a 587 

study investigating the influence of predictive and retrospective mechanisms on 588 

intentional binding in Schizophrenia: while temporal binding in healthy subjects 589 

depended on action-effect predictability, binding in Schizophrenia patients solely 590 

built on the presence (vs. the absence) of a sensory action effect (23). The authors 591 

of this study likewise concluded that patients’ “experience of agency appeared to 592 be driven by immediate sensory evidence (…), without any reference to an 593 internal model” ((23), p. 3110). One remaining question is why the feedback effect 594 

in our study was visible in all conditions and in all patients (with and without 595 

DoC). One explanation could be that there is a more global deficit in forward 596 

models in Schizophrenia patients with positive symptoms. In fact, internal 597 

forward models not only inform about the consequences of self-action. The 598 

nervous system also represents and updates forward models about external 599 

events (e.g., compare (50)). It might well be that forward models (or priors) are 600 

more generally impaired in Schizophrenia patients with positive symptoms (16, 601 

51), an idea that is also reverberated by recent Bayesian accounts of psychosis in 602 

Schizophrenia ((52–54); compare below). The general increase in response 603 

variability across all patient groups, irrespective of the experimental task (SI 604 

Appendix, Fig. S3), could certainly be explained through the additional presence 605 

of disease/medication in patients.  However, this finding is also compatible with 606 

the aforementioned idea of a more general deficit in forward models or priors. 607 

Though being an empirical study, our work was critically inspired by 608 

qualitative predictions of Bayesian perceptual inference, and it allowed for 609 

verifying some of these predictions experimentally. Throughout our work we also 610 

highlight how these Bayesian accounts could, in turn, help to explain delusions of 611 

control in Schizophrenia. Yet, rather than being a narrow framework that can only 612 explain a rather specific class of symptoms (such as “classical” forward model 613 

approaches did only explain delusions of control and certain hallucinations (16, 614 



34)), Bayesian perceptual inference allows quantitatively capturing and 615 

predicting a larger range of psychotic symptoms within the same general 616 

framework (for reviews compare (52–54)).  617 

In conclusion, patients with DoC did misperceive agency in our intentional 618 

binding task, namely that they did not feel responsible for causing the LED flash 619 

through their button press. At the same time, they also did not exhibit intentional 620 

binding in the respective condition. These results agree with predictions put 621 

forward by Bayesian models of intentional binding that suggest that the likelihood 622 

of self-agency has a direct impact on the amount of intentional binding. 623 

Importantly, this relationship was further supported by the correlation between 624 

DoC symptom strength and reductions in intentional binding. Building on 625 

previous research on Schizophrenia patients, we propose that imprecise forward 626 

models (or priors) could explain both, the pathological alteration of perceived 627 

agency in DoC as well as the deficit in intentional binding. We further suggest that 628 

by enhancing the perceived spatiotemporal contiguity between one’s actions and 629 

their sensory consequences, temporal binding could strengthen the subjective 630 

experience of self-agency. Absent temporal binding could, in turn, be another 631 

cause for the loss of an agentive self, as is experienced by numerous patients with 632 

Schizophrenia.  633 

 634 

Methods and Materials 635 

Participants 636 

Sample size was guided by a power analysis that built on our previous research in 637 

schizophrenia patients, exhibiting a tight correlation between the strength of 638 

delusions of control (DoC) and the (un)reliability of forward models (29, 44). Note, 639 

that we assumed that such deficits in forward models also reflect the basis for 640 

altered intentional binding (compare Discussion). Based on the average effect size 641 

in these previous studies (r = 0.64), the estimated sample size amounted to 20 642 

Schizophrenia patients, given an alpha-level of 0.01 (one-tailed; due to our prior 643 

hypothesis that intentional binding decreases with the strength of DoC) and a 644 

power of 0.8. Initially, we therefore recruited a total of 21 patients with 645 

schizophrenia and 22 matched (see below for details) controls. One patient was 646 

excluded because in the debriefing it became apparent that he did not understand 647 



the task correctly. One control had to be excluded because he only reacted to the 648 

target LED flash as opposed to predicting it, which he described himself in the 649 

debriefing after the experiment. Another control was excluded because of a 650 

diagnosed psychiatric disorder other than schizophrenia. This led to a group of 20 651 

patients with schizophrenia spectrum disorders (6 females, 14 males; age 33.8 ± 652 

2 years (± s.e.m.); 12 ± 0.3 years of education (primary + secondary school); DoC 653 

subgroup: 3 females, 7 males; age 32.3 ± 1.4 years; 12.1 ± 0.3 years of education; 654 

NoDoC subgroup: 3 females, 7 males; age 35.3 ± 3.5; 11.8 ± 0.5 years of education) 655 

and 20 age-matched healthy controls with equal levels of education (6 females, 14 656 

males; age 33.3 ± 2.4 years; 11.9 ± 0.3 years of education; see SI Appendix,  Table 657 

S4 and S5) that were used for analysis. All subjects had normal or corrected-to-658 

normal visual acuity and gave their written informed consent. Patients with 659 

schizophrenia from in- and outpatient treatment at the Department of Psychiatry 660 

and Psychotherapy of the University of Tübingen were recruited from the 661 

Psychiatric University Hospital Tübingen, Germany. The local ethics committee 662 

approved the study. Patients were eligible for participation when they fulfilled the 663 

diagnostic criteria of schizophrenia or schizoaffective disorder (patients # 1, 3, 4, 664 

6, 11, 14; compare SI Appendix, Table S4) according to DSM-IV, diagnosis was 665 

confirmed by a structured clinical interview (SCID-I). All patients had stable 666 

medication for at least one week. Further inclusion criteria were no mental 667 

retardation or current substance use disorder. All of the patients were treated 668 

with second-generation antipsychotics. 669 

Hallucinations and delusions were quantified by the Scale for the Assessment of 670 

Positive Symptoms (SAPS) (35). The mean SAPS rating amounted to 19.7 ± 5.2. We 671 

additionally assessed the following subscores: score I hallucinations (SAPS 672 

questions 1 to 7), 3.3 ± 1.6; score II delusions (questions 8 to 20), 11.4 ± 2.8; score 673 

IIa delusions of control (questions 15 to 19; as defined previously [6]), 3.8 ± 1.4;  674 

score IIb residual delusions (score II – score IIa, i.e., questions 8 to 14 and 20), 7.6 675 

± 1.6; score III to V residual positive symptoms (questions 21 to 35), 5 ± 2.1. The 676 

SAPS was acquired by an independent clinician in close temporal proximity to the 677 

experiment (either on the same day or +/- one day). Importantly, the 678 

experimenter was blind to this score when performing the experiment. 679 

 680 



Experimental Setup 681 

All experiments were conducted on a MacBook Pro (mid 2010 model) using 682 

PsyScope X (55) and an ioLab Systems USB (www.iolab.co.uk) response box. The 683 

machine that we used in the machine condition was custom built and has been 684 

described in detail elsewhere (27). In order to diminish auditory cues, we had our 685 

participants wear noise-isolating earmuffs during the whole experiment. 686 

 687 

Experimental Design 688 

We told participants that their main task throughout the whole experiment was to 689 

predict the time of the target LED flash with a press on the target button so that, 690 

in an ideal case, both of these events would coincide. The predictive cues that 691 

informed subjects’ temporal judgments varied across our three experimental 692 

conditions, as will be detailed below. Accordingly, we provided our subjects with 693 

detailed instructions for each of the three different conditions (Fig. 1 and SI 694 

Appendix, Fig. S1). Each condition was performed twice in dedicated experimental 695 

blocks, once with a 500 ms interval between the predictive cues and the target 696 

LED flash and once with a 700 ms interval. We included the 700 ms intervals to 697 

diminish learning across blocks. Given that previous research suggested robust 698 

temporal binding to only occur for shorter intervals (5, 27), the results from the 699 

700 ms blocks are shown exclusively in our SI Appendix. Each block consisted of 700 

60 trials. The first 15 of these trials were considered training trials and provided 701 

visible feedback about the target LED flash (feedback trials FT). The remaining 45 702 

trials were comprised of 30 FT and 15 no feedback trials (NFT). We included NFT 703 

trials to ensure that (at least in this subset of trials) subjects’ temporal estimates 704 

of target LED onset would not be reactive (i.e., be triggered by the actual LED flash 705 

in a given trial). FT and NFT trials were presented in randomized order. The 706 

sequence of six experimental blocks (3 conditions x 2 temporal intervals) was 707 

pseudorandomized within each subject-group but matched between control- and 708 

patient group. Before the experiment, each participant completed a training 709 

session with four trials (three FT and one NFT) of each condition.  710 

 711 

Self Condition 712 

In order to start the trial participants had to press the initialize button with their 713 



left hand, which was the leftmost button (on the left side) of the button box (SI 714 

Appendix, Fig. S1a). After a variable delay between 2500 to 2750 ms, participants 715 

could press the start button with their left hand. This button press signaled the 716 

start of the interval until the flash of the target LED (500 or 700 ms, depending on 717 

the current block) that subjects had to predict. Note that whenever the start 718 

button was pressed the signal LED was flashed to make conditions more similar 719 

(see baseline condition). After participants pressed the target button with their 720 

right hand in order to report the estimated onset of the target LED flash, a new 721 

trial could be initiated by pressing the initialize button on the left. 722 In case the current trial was a NFT, the experimenter blocked the subjects’ view of 723 

the target LED with a piece of black cardboard before the beginning of the trial. 724 

Hence, in NFT participants would always know in advance that during the 725 

following trial no visual feedback from the target LED would be visible. 726 

 727 

Machine Condition 728 

In the machine condition, in order to start the trial, participants had to press a 729 button on the machine with their left hand that ‘initialized’ the machine (the 730 

button was located on the left side, mimicking the spatial layout of the other two 731 

conditions; SI Appendix, Fig. S1b). Participants were told that by pressing the 732 

initialize button, a random number generator inside the machine was activated 733 

which would lead to a press of the machine lever on the start button after a 734 

randomly selected interval. To visually support this mechanism, the press on the 735 

initialize button started a stopwatch on a display on the machine, which stopped 736 

at the time that the lever moved. However, in reality the experimenter triggered 737 

the lever movement with a small remote control and in a way that could not be 738 

noticed by the subject. The working mode of the machine was shown and 739 

explained in detail to the participants before the experiment and handling of the 740 

machine (i.e., pressing the initialize button on the machine) was practiced during 741 

training. Debriefing of participants showed that none of them had any suspicion 742 

about how the machine worked. The machine has been described in detail before 743 

(27). 744 

After the machine pressed the start button, which as before also made the signal 745 

LED flash, the target LED would flash after an interval of either 500 or 700 ms 746 



(depending on the current experimental block). As before, participants tried to 747 

match their press on the target button to the target LED flash. The procedure in 748 

NFT was the same as in the self  condition. 749 

 750 

Baseline Condition 751 

In order to start the trial participants had to press the initialize button with their 752 

left hand (SI Appendix, Fig. S1c). After a variable delay between 2500 to 2750 ms 753 

the signal LED flashed, which signaled the start of the temporal interval until the 754 

flash of the target LED (500 or 700 ms, depending on the current block) that 755 

subjects had to predict. At the same time when the signal LED flashed a ‘click 756 sound’ was played through the computer speakers. This sound was recorded from 757 the machine’s action in the machine condition, and we used this auditory cue in 758 

order to make the baseline condition more similar to the machine and the self 759 

condition because in both of the latter conditions a button was pressed, producing 760 

a gentle click sound. In addition, we tried to minimize any auditory influence using 761 

noise-isolating earmuffs, as was noted above. After participants pressed the target 762 

button with their right hand in order to report the estimated onset of the target 763 

LED flash, a new trial could be initiated by pressing the initialize button on the left.  764 

The procedure in NFT was the same as in the self  condition. 765 

 766 

Reaction Time Task 767 

In order to control for differences in manual reaction time between our subject 768 

groups, we included a reaction time experiment before the main experiment. This 769 

additional experimental block consisted of 30 trials in which participants had to 770 

start a trial by pressing the leftmost button, just as in the main experiment, and 771 

after a random interval between 1500 to 3530 ms, the target LED would flash. The 772 

task for participants was to press the target button as fast as possible in response 773 

to the target LED flash. Due to technical problems, one patient (patient #5) and 774 

one control (control #20) could not complete the reaction time experiment. 775 

 776 

Questionnaire 777 

After the experiment, we asked participants the same four questions for all the 778 

three experimental conditions. The scope of the questionnaire was to test for 779 



differences in subjects’ explicit interpretation of the causal and intentional 780 

relationships inherent to our experiment (question 1). Furthermore, we wanted 781 

to control for possible confounds, namely that patients with Schizophrenia might 782 feel differently about who “wants” the target LED to flash (e.g. patients might feel 783 

control over the LED; question 2) or about the machine and its working 784 

mechanism (e.g. patients might feel controlled by or in control of the machine; 785 

questions 3 and 4). The questionnaire consisted of the following four questions. 786 

1. Who or what determined in your opinion the time of the target LED flash? 787 

2. Who or what wanted in your opinion the target LED to flash? Whose 788 

intention was it? 789 

3. Who or what in your opinion controlled the machine? 790 

4. Who or what was in your opinion controlled by the machine? 791 

Answers to choose from were: 792 

1. I 793 

2. The Experimenter 794 

3. The Computer 795 

4. The Machine 796 

5. The Signal LED/the Button Box 797 

6. Nothing/No One 798 

 799 

Additionally, participants had to rate how confident they felt with their answer on 800 

a Likert scale from 1 (= not sure at all) to 5 (= completely sure). Importantly, we 801 

stressed that the questions only apply to the time after (!) the trial was initialized 802 

by pressing the respective buttons (on the response box or the machine) so that 803 the button press to initialize a trial would not factor into subjects’ answers. 804 

Debriefing after the experiment revealed that the vast majority of participants had 805 

difficulties with answering question 2. For that reason, we discarded question 2 806 

and did not analyze it further. As described before, questions 3 and 4 solely 807 

controlled for delusions of patients concerning the machine. We did not find any 808 

indication that such delusions were present (no single patient reported being 809 

controlled by the machine or feeling in control over the machine). 810 

 811 

Analyses 812 



All analyses were performed using MATLAB R2014a (The MathWorks, Inc.). To 813 analyze participants’ responses in the temporal binding paradigm we discarded 814 

the first 15 trials of every block (i.e., the initial 15 feedback trials [FT] that served 815 

to familiarize subjects with a given temporal interval) and used the remaining 45 816 

trials, comprised of 30 FT and 15 NFT, for all analyses. We expressed the time of 817 

button press (TBP) relative to the actual target LED flash and took the median of 818 every participant’s time of button press (TBP). For group results we always 819 depicted the mean of the individual subjects’ medians and the standard error of 820 

the mean (SEM) as a measure for variability. To estimate participants’ reaction 821 

times, we took the median of all 30 trials for every participant and averaged across 822 

these individual estimates for depicting our group results (i.e., mean+/-SEM). 823 

In order to analyze the responses of the questionnaire we calculated a combined 824 

response index reflecting the confidence with which participants rated their 825 

answers as well as the share of the specific answer itself. More precisely, the index 826 

was calculated by multiplying the share of the response (e.g. 70% answer “I”) with 827 

the average corresponding confidence (e.g. 3). Accordingly, this index can range 828 from 0 (0% “I”) to 5 (100% ‘I’ times a confidence level of 5).  829 

 830 

Statistics 831 

Statistical analyses were performed using Matlab R2014a (The MathWorks, Inc.) 832 and SPSS 24 (IBM). Participants’ performance in the temporal binding paradigm 833 was analyzed by means of ANOVAs. We tested for sphericity (Mauchly’s test) and 834 

adjusted the F statistic using Huynh-Feldt-correction when the assumption of 835 

sphericity was not met (mentioned in main text). We furthermore confirmed the 836 

assumption of normality by Shapiro-Wilk tests (p>0.01; no correction for multiple 837 

comparisons). Effect sizes are expressed as (partial) . To control for multiple 838 

comparisons, we applied Bonferroni correction when necessary (see main text).  839 

To assess the evidence in our data in favor of the hypothesis that temporal binding 840 

was present vs. the evidence in favor of the alternative hypothesis that there was 841 

no temporal binding, we calculated Bayes factors within each subject group. 842 

Bayesian statistics can confirm whether (or not) in those instances where we 843 

reported a non-significant orthodox statistical test on temporal binding, there was 844 

substantial evidence in favor of the null-hypothesis. This was important, as it 845 



documents that we did not miss any relevant differences simply due to a lack of 846 

statistical sensitivity. Based on previous reports using comparable (450 ms) 847 

delays and the Libet clock procedure (5) as well as procedures directly 848 

comparable to ours (27), we expected temporal binding of about 33 ms on 849 

average. Following the recommendations by Dienes (56), we modelled the 850 

prediction for the hypothesis that there is temporal binding as a two-tailed normal 851 

distribution with a mean of 33 ms and a standard deviation of half the mean. The 852 

Bayes factor BF was then calculated using the routines provided by the same 853 

author. Note that a Bayes factors of more than 1 provides evidence for the 854 

hypothesis over the alternative hypothesis whereas factors of less than 1 favor the 855 

alternative hypothesis. Following the nomenclature proposed by Jeffreys (57), we 856 

considered Bayes factors above 3 and below 1/3 as substantial evidence. Finally, 857 

we also quantified evidence in favor of the hypothesis for group differences in 858 

temporal binding vs. the evidence in favor of the absence of such differences 859 

(alternative hypothesis). Respective Bayes factors were calculated using the 860 

bayesFactor toolbox for Matlab by Krekelberg (Bart Krekelberg (2023). 861 

BayesFactor (https://github.com/klabhub/bayesFactor), GitHub. Retrieved 862 

February 2, 2023). 863 

 864 

Correlations between temporal binding and Psychopathology 865 To correlate the amount of patients’ temporal binding with individual 866 

psychopathology we used Kendal rank correlation coefficients because of non-867 

normally distributed residuals in linear correlation analyses. Statistics on the 868 

Pearson correlation coefficients of these prior regression analyses led, however, 869 

to the same qualitative results. To control for multiple comparisons, we applied 870 

Bonferroni correction when necessary (see main text). 871 

 872 

Agency Questionnaire 873 

We checked for the expected response pattern in controls by first using Friedman 874 

tests to establish statistically significant differences in each of the three responses 875 

of interest (I, computer, machine) between conditions, as our response indices 876 

were not normally distributed. Wilcoxon signed-rank tests were applied for post 877 

hoc analyses (see SI Appendix, Table S1). For comparison between groups, we 878 



used Mann-Whitney U tests. As an effect size measure, we calculated  using the 879 

following formula: 𝜂2  =   𝑧2𝑁 − 1880 

To control for multiple comparisons, we applied Bonferroni corrections (see main 881 

text). 882 

 883 

Reaction Time 884 

The distribution of reaction times was non-normally distributed. Therefore, we 885 

used Mann-Whitney U tests to compare reaction times between groups.  886 

 887 

Code availability 888 

In this study we utilized standard software and published analytical routines, as 889 

are specified in detail in our methods section. Related Matlab and PsyScope codes 890 

are available from the corresponding author upon reasonable request. 891 

 892 

Data Availability 893 

The data that support the findings of this study are available from the 894 

corresponding author upon reasonable request. 895 
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Figures 1053 

 1054 

Figure 1 1055 

 1056 

 1057 

Fig 1 | Experimental paradigm and predicted results in healthy individuals. a, Participants had to predict 1058 
the time of a target-LED flash (depicted in yellow) and were instructed to press a target button (blue) 1059 
simultaneously with the flash. Depending on the experimental condition, the target-LED flash was caused by 1060 the participant’s press on the start button (self condition), caused by a machine’s press on the start button 1061 
(machine condition), or it was only associated with a signal-LED flash (baseline condition). In all cases, the 1062 
initial event preceded the target LED flash by a fixed temporal interval of 500ms. In two thirds of trials 1063 
participants could see the target LED flash (feedback trials, FT) while in the remaining trials view of the 1064 
target-LED was explicitly blocked by the experimenter before a trial started (no feedback trials, NFT). These 1065 
NFTs prevented subjects from responding merely in a reactive fashion to the target-LED flash and forced 1066 
them to engage in a predictive response strategy. b, Based on previous research, we expected temporal 1067 
binding and, therefore, earlier times of button press (TBP) in the self condition compared to baseline. We 1068 
refer to this difference as intentional binding. TBPs in the machine condition should also occur earlier 1069 
compared to baseline, an effect we here denote as causal binding. Given the lack of an active intentional 1070 
component in the machine condition, we predict TBPs in the machine condition to be closer to baseline than 1071 
those in the self condition. For further details please refer to the Discussion. 1072 

 1073 

 1074 

 1075 

Figure 2 1076 

 1077 



 1078 

Fig. 2 | Explicit judgments of agency/causality in response to the question “Who or what determined 1079 
the time of the target LED flash?” (mean ± SEM). a, Controls showed the expected pattern of results with 1080 the response index for “I” being highest in the self-condition, the index for “the machine” being highest in the 1081 
machine-condition, and the index for “the computer” being highest in the baseline condition. Patients with 1082 
schizophrenia suffering from DoC did not feel responsible for causing the target-LED to flash. As compared to 1083 controls this led to a significantly smaller response index for the answer “I” in the self condition (which was 1084 
actually zero). Instead, they attributed significantly stronger levels of agency to the computer in this 1085 
condition. In the machine condition, patients with DoC attributed significantly less agency to the machine 1086 
than controls. b, Patients without DoC had a very similar response pattern as controls, the only significant 1087 
difference being a lower response index for the machine in the machine condition. Significant group 1088 
differences are indicated (Mann-Whitney U tests; n.s. = not significant, * p < 0.05 corrected, ** p < 0.01). 1089 
Control group: N = 20, patient subgroups: N = 10, each. 1090 
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Figure 3 1093 

 1094 

 1095 

Fig. 3 | Time of button press across conditions and subject groups (interval 500 ms; mean ± SEM). Time 1096 
of button press in controls (dark blue) and the subgroups of Schizophrenia patients with DoC (green) and 1097 
without DoC (light blue). Note that patients without DoC showed strong intentional binding. This effect was 1098 
absent and numerically even reversed (repulsion) in patients with DoC. Both patient subgroups exhibited 1099 
later TBPs in feedback trials (FT). For details refer to Results. Controls: N = 20, all patients: N = 20, patient 1100 
subgroups: N = 10, each. 1101 
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Figure 4 1105 

 1106 

 1107 

Fig. 4 | Correlation between intentional or causal binding and individual psychopathology. a, 1108 Reductions in intentional binding were positively correlated with the strength of patients’ DoC (and in one 1109 
case also with the strength of overall delusions which DoC are a part of). b, There was no relationship between 1110 
the amount of causal binding and DoC or other psychopathologies investigated here. Significant correlations 1111 
are indicated (Kendall rank correlation, two-tailed; * p < 0.05 corrected). N = 20, each. a and b, shaded bars 1112 
represent an exploratory correlation with only question 15 of the SAPS which directly asks for the experience 1113 
of being controlled (Kendall rank correlation, two-tailed; * p < 0.05, ** p < 0.01). 1114 
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