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Abstract

Sense of agency refers to the feeling of being in control of one’s actions. Previous research

has demonstrated that sense of agency is produced through the sensorimotor system,

which is involved in comparing internal predictions with sensory feedback in motor control.

Therefore, sensorimotor deficits might impair agency through a sensorimotor system mal-

function. The present study examined this hypothesis by investigating post-stroke patients

who had suffered a subcortical stroke that damaged regions associated with sensorimotor

function. To examine agency judgments with respect to motor control, we adopted a self-

other attribution task and applied it to post-stroke patients. Participants traced a horizontal

straight line and received visual feedback through a cursor on a monitor. The cursor move-

ment reflected either the participants’ actual movement or the movement of an “other” that

had been previously recorded. Participants judged whether the cursor movement reflected

their own movement (self) or an other’s movement while they engaged in four cycles of the

horizontal tracing movement. After each trial, participants reported their self-other judgment

on a nine-point scale. Post-stroke patients completed the experiment with their paretic as

well as their non-paralyzed upper limbs. Compared to healthy controls, patients made signif-

icantly more self-attributions of others’ movements. Interestingly, such misattributions were

observed in the patients’ performance using both paretic and non-paralyzed upper limbs.

These results suggest that post-stroke patients with sensorimotor deficits form misattribu-

tions that cannot be explained solely by the sensorimotor system’s role in motor control. We

discuss these misattributions in post-stroke patients in terms of cue integration theory.

Introduction

Sense of agency refers to the subjective experience of controlling one’s actions [1–4]. Typically,

healthy individuals have no difficulty producing movement associated with voluntary action,

but individuals with motor disorders often experience difficulty controlling their intended

actions because their sense of agency may be altered. Previous studies have suggested that

sense of agency is altered in patients with motor disorders, such as Parkinson’s disease [5],

Gilles de la Tourette syndrome [6], or functional movement disorders [7,8], and that sense of

agency is not always stable, but rather might fluctuate as a function of motor control.
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In motor control, the prediction of action sensory feedback is based on efference copies of

the motor commands produced in the brain [9–11]. This internal prediction works not only in

motor control and motor learning, but also in the registration of agency [12,13], where it is

compared with actual sensory feedback. When the prediction matches the sensory feedback, a

sense of agency is produced through sensorimotor comparison [14]. Sense of agency may

depend on the consistency between predicted and actual movement, i.e., prediction error [15].

Asai [16] confirmed this in a study where participants received visual feedback (cursor move-

ment on a monitor) while tracing a target line. When the cursor feedback represented a fake

movement that was spatiotemporally similar to the actual movement (i.e., a prerecorded self-

movement), participants mistakenly attributed the fake movement to their own action. Con-

versely, when participants received cursor feedback representing a fake movement that was

unlike their actual movement (i.e., a prerecorded other’s movement), no significant misattri-

butions were observed. These results suggest that error detection in motor control plays an

important role in self-other sensory attribution [17,18]. Therefore, the experience of agency

might be altered by a malfunctioning sensorimotor system, which computes prediction error

by comparing internal prediction with sensory feedback.

If the sensorimotor system contributes to the registration of agency, its corruption may

result in disturbances in agency. However, the relationship between a malfunction in the sen-

sorimotor system (i.e., defects in the error detection processes) and sense of agency remains

unclear. Although previous research indirectly examined this relationship in healthy people by

experimentally manipulating visual feedback [19], it is necessary to examine sense of agency in

patients with motor disorders associated with the sensorimotor system. Several studies have

suggested that patients with motor disorders, such as Parkinson’s disease [5], Gilles de la Tour-

ette syndrome [6], or functional movement disorders [7,8] can experience an altered sense of

agency. Such patients are known to have impairments in sensorimotor integration associated

with sensory input and motor output central processing [20,21], which are reported to be

related to their altered sense of agency [5,6,8,22]. If sensorimotor deficits cause such agency

disturbances, the altered sense of agency might also be observed in patients with other motor

disorders. Investigating this possibility could reveal the relationship between a sensorimotor

system malfunction and an altered sense of agency; therefore, the present study focused on

sensorimotor deficits in post-stroke patients.

Stroke is the most common disease to cause sensorimotor deficits, including hemiparesis,

ataxia, and spasticity [23]. Moreover, strokes can often result in severe neurological dysfunc-

tion, such as apraxia or anosognosia, by causing extensive damage to cortical regions such as

the parietal or premotor cortices [24–26]. Several studies have demonstrated that post-stroke

patients with such neurological dysfunction have impaired motor awareness [27–29]. How-

ever, few studies have investigated whether post-stroke patients without such neurological dys-

function demonstrate an altered sense of agency. To examine the impact of sensorimotor

deficits themselves, brain lesion sites should be considered. Recent meta-analysis studies have

found that sense of agency is associated with premotor areas, the posterior insula, occipital

lobe, and cerebellum, indicating that self-agency is associated with regions involved in motor

control and sensory processing [30,31]. Although lesions in these areas might result in agency

disturbances, they can also be associated with neurological dysfunctions, including anosogno-

sia, which may obscure the relationship between sense of agency and sensorimotor deficits. To

examine the impact of sensorimotor deficits, the present study recruited patients with a sub-

cortical stroke, separate from these cortical areas.

Post-stroke patients often have difficulty exerting voluntary control over one side of their

body and they receive insufficient sensory feedback regarding movement in their paretic limb

because of sensorimotor deficits, which may also result in an altered sense of agency. Several
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studies have reported motor recovery related to sensorimotor deficits [32,33], but few have

examined the impact of post-stroke sensorimotor deficits on sense of agency. If sensorimotor

deficits affect the ability to compare internal predictions with sensory feedback, post-stroke

patients would be expected to have difficulty identifying self versus other sensory attributions

in their paretic limb movements. The present study aimed to examine this hypothesis by using

Asai’s self-other attribution task [16] to investigate differences in paretic and non-paralyzed

upper limbs in self-other attribution. We assumed that if post-stroke patients with sensorimo-

tor deficits had error detection impairments, patients would formulate self-other attributions

that differed from those of healthy elderly individuals while performing the task with their

paretic upper limbs.

Methods and materials

Participants

A total of 10 post-stroke patients with sensorimotor deficits (mean age = 69.3 years, SD = 9.0,

range = 54–86 years; four females) and 10 healthy elderly individuals with no history of any

psychiatric or neurological disorders (mean age = 66.6 years, SD = 4.7, range = 57–75 years;

six females) participated in this study. All participants were right-handed. All patients were

hospitalized at the Jinjukai Ishikawa Hospital (Hyogo, Japan). Only patients who had been

diagnosed with a subcortical stroke (i.e., no lesions in the cortical areas including the parietal

region, prefrontal cortex, and insula) were included to exclude the presence of neurological

dysfunction such as apraxia or anosognosia (Fig 1). Participants did not have any cognitive

impairment diagnoses, such as dementia or other psychiatric or neurological disorders and

were assessed for anosognosia through clinical interview to verify that they were aware of the

sensorimotor deficit and to determine whether they could explain these deficits. They were

also assessed with the Catherine Bergego Scale for neglect (Table 1).

Participants’ motor deficits were assessed according to the Brunnstrom stage. A preliminary

experiment confirmed that only patients diagnosed with Brunnstrom stage 5 or 6, indicating

they were capable of performing horizontal movements in their paretic upper limb, were able

to complete the horizontal tracing movement task used in the present study. Therefore, only

such patients were included in the main experiment. Proprioceptive and tactile sensations of

the upper limb were evaluated by a clinical expert to assess sensory deficits. The proprioceptive

sensation assessment passively moved each of two joints (shoulder and 2nd metacarpophalan-

geal) back and forth in a plane and patients reported segment orientation (i.e., up-down test).

The test was repeated six times. Patients who responded without errors were rated “intact” for

proprioceptive sensation; patients unable to respond with confidence or with one error were

rated “mild.” Patients who were unable to respond or made two or more errors would have

been rated “absent” for proprioceptive sensation, but there were no patients whose proprio-

ceptive sensation was rated “absent.” In the tactile sensation assessment, patients responded

"yes" when the clinical expert touched their upper limb. This assessment was repeated five

times and the total number of correct responses comprised the overall score. A summary of

patients’ data is shown in Table 1.

To investigate the impact of sensorimotor deficits on sense of agency, these patients com-

pleted tests with both their paretic as well as their non-paralyzed upper limb. The test order

was counterbalanced across patients. Because some healthy elderly individuals did not agree to

complete the experiment twice, we consequently requested all healthy controls to perform the

experiment once using their right upper limb. The experiment was conducted with the

approval of the Ethics Committee of the Jinjukai Ishikawa Hospital (2018–1). Each participant

provided written informed consent.
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Apparatus

A monitor with a 60 Hz refresh rate (CF-SV7TBAQP, Panasonic) was set 20 cm vertically

above a digitizing tablet (Intuos Pro Large PTH-851/K, Wacom), as shown in Fig 2. The size of

the digitizer input area was set to be approximately equivalent to the plotting area of the moni-

tor (263 × 163 mm). A straight line (length: 230 mm) was horizontally displayed as a target

line in the middle of the monitor. The experiment was programmed using Hot Soup Processor

3.4 (Onion Software).

Fig 1. MRI/CT images presenting the lesion sites of 10 post-stroke patients.

https://doi.org/10.1371/journal.pone.0230603.g001

Table 1. Summary of patients’ clinical characteristics.

Case Lesion site Time since lesion (days) Paralysis side BRS (upper limb) Tactile sensation (upper limb) Proprioceptive

sensation (upper

limb)

CBS (objective) MMSE

Shoulder MCP

1 Lt. putamen 112 Rt V 2/5 Mild Mild 1 30

2 Lt. IC 53 Rt VI 4/5 Intact Mild 0 28

3 Rt. IC 64 Lt V 5/5 Intact Mild 2 25

4 Rt. midbrain 36 Lt V 5/5 Intact Mild 2 26

5 Lt. pons 61 Rt V 4/5 Intact Mild 1 29

6 Rt. pons 70 Lt V 5/5 Intact Mild 0 29

7 Lt. putamen 35 Rt V 5/5 Intact Mild 0 29

8 Rt. pons 61 Lt VI 4/5 Intact Mild 2 29

9 Lt. putamen 66 Rt V 5/5 Intact Mild 2 29

10 Lt. thalamus 27 Rt VI 5/5 Intact Mild 0 30

BRS: Brunnstrom stage, MCP: 2nd Metacarpophalangeal joint, CBS: Catherine Bergego Scale, MMSE: Mini-Mental State Examination, IC: internal capsule, Rt: Right,

Lt: Left.
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Procedure

To examine sense of agency in post-stroke patients in terms of motor control, the basic proce-

dure mimicked Asai’s study [16], except that we simplified the procedure so that post-stroke

patients could complete the experiment with their paretic upper limb. Participants traced the

target line of horizontal movement by manipulating a pen device on the digitizer and received

its visual feedback as the cursor on the monitor (Fig 2). Participants first placed the pen at the

start position (left side of the target line) during the preparation time of 5s. When a computer

started to count up from a sound at zero, participants started moving the pen towards the right

end of the target line. After the task began, participants performed four cycles of horizontal

movement so that the timing of the pen tip reaching the end of the target line (right or left

side) matched the counting from 1s to 8s. When post-stroke patients performed the task with

their left upper limb, they started the movement from the right side of the start position and

finished at the left side. The vertical distances between the pen position and target line, which

constituted movement error, were measured as an index of motor performance. Movement

error was used to confirm whether post-stroke patients were capable of completing the move-

ment task as accurately as healthy elderly individuals.

This experiment consisted of 20 trials in a random sequence, with 10 trials in each of the

two visual feedback conditions of SELF and OTHER. In the SELF condition, participants

received visual feedback of their actual movement as the cursor movement. In the OTHER

condition, participants received visual feedback of a cursor representing an other’s movement

(recorded in a preliminarily experiment). The others’ movements were randomly selected

from a dataset of 30 healthy adults’ movements. While participants performed the four cycles

of the horizontal movement, they were required to judge whether the cursor movement

reflected their own or an other’s movement by referring to the online spatiotemporal consis-

tency between their actual movement and the cursor’s movement. After each trial, participants

verbally reported their self-other judgment on a nine-point scale [34] displayed on the moni-

tor, ranging from 9 (completely self-movement) to 1 (completely the other’s movement).

Their responses were analyzed as an indicator of self-other attribution.

The cursor was masked during first and last 0.5s to prevent participants from distinguishing

between the self and other’s movements by the timing of the start and end of the movements.

Fig 2. Experimental setup.

https://doi.org/10.1371/journal.pone.0230603.g002

PLOS ONE Illusory agency judgment

PLOS ONE | https://doi.org/10.1371/journal.pone.0230603 March 18, 2020 5 / 17

https://doi.org/10.1371/journal.pone.0230603.g002
https://doi.org/10.1371/journal.pone.0230603


Participants were instructed, “You must not deliberately stop the movement and deviate the

pen position from the target line until you have completed four cycles of the horizontal move-

ment. While you are tracing the target line, you have to judge whether the cursor movement

reflects your own or another’s movement by referring to the spatiotemporal consistency

between your actual movement and the cursor’s movement.” Our pilot study confirmed that

healthy adults were capable of formulating correct self-other attributions of cursor movement

(i.e., no significant misattributions were observed) by performing four cycles of the horizontal

movement [35]. Before the main experiment, participants were trained to enable the horizon-

tal movement of their upper limb without compensatory movements of the trunk. Moreover,

participants were familiarized with the experimental procedure through training. After an

experimenter confirmed that participants understood the procedure following sample trials

under the SELF and OTHER conditions, the main experiment started.

Statistical analyses

Homoscedasticity and distribution tests. First, the homoscedasticity and distribution of

the data were analyzed by Bartlett’s test of homogeneity of variances and Shapiro-Wilk nor-

mality test, respectively. A famer test was conducted only for the between-participants data.

Although we conducted a two-way ANOVA to examine self-other judgment and identify an

interaction term, the homoscedasticity and distribution tests confirmed non-homoscedastic

and non-normal data distribution, so we also conducted non-parametric tests in each condi-

tion to compare the non-parametric and parametric test results.

Motor performance. An analysis of movement errors was conducted to investigate whether

post-stroke patients were capable of completing the movement task as accurately as healthy

elderly individuals. The average movement error for each cycle was calculated [16]. Moreover,

because differences in movement errors between the SELF and OTHER conditions and across

cycles were not of interest, we calculated movement error averages between these conditions and

across cycles. We analyzed differences in movement errors among paretic and non-paralyzed

upper limbs and healthy elderly scores with a one-way between-participants ANOVA.

Self-other judgment within post-stroke patients. To quantify participants’ incorrect

self-other judgments (i.e., misattributions), we subtracted the mean score from 9 (the correct

score) in the SELF condition and 1 from the mean score of the OTHER condition (i.e., the dif-

ference between the correct score and actual score was calculated). Three analyses were con-

ducted to test self-other judgment within post-stroke patients. First, a 2 × 2 within-participants

ANOVA analyzed differences in the incorrect responses between the paretic and non-para-

lyzed upper limbs scores and between the SELF and OTHER conditions.

Second, to examine the relationship between the severity of motor deficits and misattribu-

tion, post-stoke patients were divided into two groups based on whether their Brunnstrom

stages were 5 or 6 and the Wilcoxon rank sum exact test was used in each of the SELF and

OTHER conditions. (We selected a non-parametric test for this analysis because of the small

number of participants in each group.)

Finally, to investigate potential lesion site influence, post-stroke patients were divided into

two groups depending on whether they had supratentorial or infratentorial lesions. These

lesion categories were adopted because there were too few participants for each lesion site and

because we wanted to investigate the influences of higher cognitive impairments, which are

associated with supratentorial lesions more than infratentorial lesions. If impairments of the

higher cognitive functions can affect self-other judgments in this study, the misattributions in

patients with a supratentorial lesion would be greater than those in patients with an infraten-

torial lesion. Although only patients with a subcortical stroke were included in this study, we
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further investigated this possibility by applying the Wilcoxon rank sum exact test in each of

the SELF and OTHER conditions.

Self-other judgment between post-stroke patients and healthy elderly. To analyze dif-

ferences in incorrect responses between post-stroke patients and healthy elderly, we calculated

the average of the incorrect responses from the paretic and non-paralyzed upper limb scores

and applied a 2 × 2 mixed design ANOVA to analyze the differences.

Additional analyses. The experiment was completed twice because post-stroke patients

completed the experiment using both their paretic and non-paralyzed upper limbs, whereas

healthy elderly individuals completed the experiment using their right upper limb only. To inves-

tigate the influence of this difference, two additional analyses were conducted: one analysis com-

pared the results of the first experiment between post-stroke patients and healthy elderly

individuals. The other analysis compared the results from the right upper limb of post-stroke

patients to those of healthy elderly individuals. Both analyses used a 2 × 2 mixed design ANOVA.

Results

Motor performance

The Bartlett test (K2 = .58, df = 2, p = .75) and Shapiro-Wilk normality test (W = .92, p = .38 in

the PARALYSIS, W = .89, p = .16 in the NON-PARALYSIS, W = .85, p = .06 in the

HEALTHY) were not significant. A one-way between-participants ANOVA with a factor of

group (PARALYSIS, NON-PARALYSIS, and HEALTHY) revealed no significant differences

across groups, F(2, 27) = .38, p = .69, ηp
2 = .027 (Fig 3).

Self-other judgment within post-stroke patients

Three analyses were conducted to test self-other judgment in post-stroke patients. First, we

analyzed differences in the incorrect responses between the paretic and non-paralyzed upper

limbs scores (Fig 4). For the paretic upper limbs scores, the Shapiro-Wilk normality test was

significant in the SELF condition (W = .83, p = .03) and not significant in the OTHER condi-

tion (W = .94, p = .59). For the non-paralyzed upper limbs scores, the Shapiro-Wilk normality

test was not significant in the SELF (W = .86, p = .07) or OTHER (W = .92, p = .33) conditions.

Since this test confirmed non-normal data distribution, we conducted a non-parametric test

after we considered an interaction term using a two-way ANOVA. A 2 × 2 within-participants

ANOVA with factors of upper limb (PARALYSIS and NON-PARALYSIS) and movement

(SELF and OTHER) revealed a significant main effect of movement, F(1, 9) = 6.16, p = .035,

ηp
2 = .41, indicating that the number of incorrect responses in the OTHER condition was sig-

nificantly higher than in the SELF condition. The interaction term, F(1, 9) = .00, p = 1.00, ηp
2

= .00, and upper limb main effect, F(1, 9) = .06, p = .81, ηp
2 = .01, were not significant. The

Wilcoxon rank sum exact test showed no significant differences between the PARALYSIS and

NON-PARALYSIS in the SELF (W = 47, p = .83) or OTHER (W = 48.5, p = .93) conditions.

These results were consistent with the ANOVA results.

Second, we investigated the relationship between motor deficit severity and misattributions

(Fig 5). There were seven patients with Brunnstrom stage 5 and three with Brunnstrom stage 6

(see Table 1). The Wilcoxon rank sum exact test showed no significant differences between the

stage 5 and stage 6 groups in the SELF (W = 9, p = .83) or OTHER (W = 18.5, p = .075)

conditions.

Finally, to investigate the possibility that the impairments in higher cognitive functions

affected self-other judgments in post-stoke patients, we compared the incorrect responses in

patients with supratentorial lesions to those with infratentorial lesions (Fig 5). Six patients had

supratentorial lesions and four had infratentorial lesions (see Table 1). The Wilcoxon rank
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sum exact test showed no significant differences between the supratentorial and infratentorial

groups in the SELF (W = 15, p = .61) or OTHER (W = 10, p = .074) conditions, indicating that

this result did not support the possibility that lesion type significantly affected self-other

judgements.

Self-other judgment between post-stroke patients and healthy elderly

The Bartlett test was not significant (K2 = 2.95, df = 3, p = .40). Regarding the post-stroke

patients scores, the Shapiro-Wilk normality test was not significant in the SELF (W = .88, p =

.13) and OTHER (W = .96, p = .81) conditions. Regarding the healthy elderly scores, the Sha-

piro-Wilk normality test was significant in the SELF (W = .54, p< .001) and OTHER (W =

.37, p< .001) conditions. Since this test confirmed the non-normal distribution in the healthy

elderly data, we conducted a non-parametric test after we considered an interaction term by a

two-way ANOVA. A 2 × 2 mixed design ANOVA with factors of group (STROKE and

HEALTHY) and movement (SELF and OTHER) revealed a significant two-way interaction, F
(1, 18) = 7.43, p = .014, ηp

2 = .29 (Fig 6). A simple effect analysis revealed that the number of

incorrect responses in the OTHER condition was significantly higher than in the SELF condi-

tion in the STROKE group, F(1, 9) = 6.16, p = .035, ηp
2 = .41, and the OTHER condition in the

HEALTHY group, F(1, 18) = 10.91, p = .004, ηp
2 = .38. Moreover, no significant differences

were observed between the STROKE and HEALTHY groups in the SELF condition, F(1, 18) =

.88, p = .36, ηp
2 = .05, and between the SELF and OTHER conditions in the HEALTHY group,

F(1, 9) = 2.14, p = .18, ηp
2 = .19. Regarding the differences between the STROKE and

HEALTHY groups, the Wilcoxon rank sum exact test showed no significant differences in the

Fig 3. Movement error for paretic upper limb (A), non-paralyzed upper limb (B), healthy elderly individuals (C), and groups (D). For each group, the average

of movement errors between the SELF and OTHER conditions and among all cycles was calculated (D). Error bars indicate standard errors.

https://doi.org/10.1371/journal.pone.0230603.g003
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SELF condition (W = 72, p = .08) and a significant difference in the OTHER condition

(W = 86.5, p = .002). These results were consistent with those of ANOVA.

Taken together, the results of the self-other judgment analyses show that post-stroke

patients, compared with healthy elderly individuals, made significant incorrect self-attribu-

tions of others’ movements.

Additional analyses

Two additional analyses were conducted. One compared the first experiment results com-

pleted by post-stroke patients to those of healthy elderly individuals (Fig 7). Since a non-nor-

mal distribution was detected in healthy elderly data (see “self-other judgment between post-

stroke patients and healthy elderly”), we conducted a non-parametric test after we considered

an interaction term with a two-way ANOVA. A 2 × 2 mixed design ANOVA with factors of

group (FIRST and HEALTHY) and movement (SELF and OTHER) revealed a significant two-

way interaction, F(1, 18) = 6.74, p = .018, ηp
2 = .27. A simple effect analysis revealed that the

number of incorrect responses in the OTHER condition was significantly higher than in the

SELF condition in the FIRST group, F(1, 9) = 5.85, p = .039, ηp
2 = .39, and the OTHER condi-

tion in the HEALTHY group, F(1, 18) = 11.78, p = .003, ηp
2 = .40. Moreover, no significant dif-

ferences were observed between the FIRST and HEALTHY groups in the SELF condition, F(1,

18) = .63, p = .44, ηp
2 = .03, or between the SELF and OTHER conditions in the HEALTHY

group, F(1, 9) = 2.14, p = .18, ηp
2 = .19. Regarding the differences between the FIRST and

HEALTHY groups, the Wilcoxon rank sum exact test showed no significant differences in the

Fig 4. Incorrect responses (i.e., misattributions) on self-other judgments between the paretic and non-paralyzed upper limbs scores in post-stroke

patients. In the SELF condition, incorrect responses indicated the other-attribution of self-movement, i.e., participants judged their own movement as an

other’s movement. In the OTHER condition, incorrect responses indicated the self-attribution of an other’s movement, i.e., participants judged an other’s

movement as their own movement. Error bars indicate standard errors.

https://doi.org/10.1371/journal.pone.0230603.g004
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SELF condition (W = 70.5, p = .10) and a significant difference in the OTHER condition

(W = 88.5, p< .001). These results were consistent with the ANOVA results.

Another analysis compared the results of the experiment completed using the right upper

limb of post-stroke patients to those of healthy elderly individuals (Fig 7). A 2 × 2 mixed design

ANOVA with factors of group (RIGHT and HEALTHY) and movement (SELF and OTHER)

revealed a significant two-way interaction, F(1, 18) = 11.43, p = .003, ηp
2 = .39. A simple effect

analysis revealed that the number of incorrect responses in the OTHER condition was signifi-

cantly higher relative to the SELF condition in the RIGHT group, F(1, 9) = 10.10, p = .011, ηp
2

= .53, and the OTHER condition in the HEALTHY group, F(1, 18) = 15.93, p< .001, ηp
2 = .47.

Moreover, no significant differences were observed between the RIGHT and HEALTHY

groups in the SELF condition, F(1, 18) = .47, p = .50, ηp
2 = .03, or between the SELF and

OTHER conditions in the HEALTHY group, F(1, 9) = 2.14, p = .18, ηp
2 = .19. Regarding the

differences between the RIGHT and HEALTHY groups, the Wilcoxon rank sum exact test

Fig 5. Incorrect responses (i.e., misattributions) on the self-other judgments between post-stroke patients with

Brunnstrom stage 5 and 6 (A) and between post-stoke patients with supratentorial and infratentorial lesions (B). Error

bars indicate standard errors.

https://doi.org/10.1371/journal.pone.0230603.g005

PLOS ONE Illusory agency judgment

PLOS ONE | https://doi.org/10.1371/journal.pone.0230603 March 18, 2020 10 / 17

https://doi.org/10.1371/journal.pone.0230603.g005
https://doi.org/10.1371/journal.pone.0230603


showed no significant differences in the SELF condition (W = 61, p = .38) and a significant dif-

ference in the OTHER condition (W = 88.5, p< .001). These results were consistent with

those of the ANOVA.

The results of two additional analyses were similar to that of the main analysis between the

STROKE and HEALTHY groups, suggesting that the significant misattribution of the other’s

movement in post-stroke patients was not associated with the number of the completed exper-

iments or which upper limb was used.

Discussion

Using a self-other attribution task, the present study explored the relationship between sense

of agency and sensorimotor deficits by investigating agency judgments in post-stroke patients.

These patients had damage located in subcortical sensorimotor-related regions such as the

internal capsule or pons, aside from cortical areas. Regarding the results of motor perfor-

mance, there were no significant differences among scores relating to paretic upper limb

usage, non-paralyzed upper limb usage, and those of healthy elderly individuals. This result

suggests that the level of difficulty that resulted from simplifying the task was suitable for study

participants. Moreover, this result does not support the possibility that post-stroke patients

failed to correctly perform the task. In the self-other judgments, the results showed that in

comparison to healthy elderly individuals, post-stroke patients made significant incorrect self-

attributions of others’ movements. Interestingly, these significant misattributions were

observed even when participants used the non-paralyzed upper limb. We hypothesized that if

the post-stroke patients had impaired prediction error detection resulting from their sensori-

motor deficits, the misattributions should only be observed in performances involving their

paretic upper limbs. However, there were no significant differences between paretic and non-

paralyzed upper limb performance, which did not support our hypothesis. Some studies have

suggested that the parietal region plays an important role in sensorimotor information

Fig 6. Incorrect responses (i.e., misattributions) in the self-other judgments of post-stroke patients and healthy elderly individuals. In post-stroke

patients, differences in the average number of incorrect responses between the paretic and non-paralyzed upper limbs were calculated. The error bars indicate

standard errors.

https://doi.org/10.1371/journal.pone.0230603.g006
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comparisons, such as motor intention, internal prediction, and sensory feedback [36–39]. For

example, in an experimental study of patients with parietal lesion induced apraxia, participants

made misattributions irrespective of whether their upper limbs were paralyzed [29]. In the

present study, however, only the patients with no lesions in the parietal, insula, and prefrontal

cortices were recruited. Therefore, features other than error detection need to be examined.

Synofzik [40] posited that there are two aspects to agency registration. One aspect refers to

the sense of agency produced through sensorimotor information, including internal prediction

and sensory feedback. Previous studies have suggested that sense of agency is predominantly

based on error detection in the comparison between internal prediction and sensory feedback

[14,16,41]. A second aspect refers to the sense of agency that emerges in the case when the

available cognitive information (e.g., ideas, knowledge, or beliefs) is consistent with the out-

come of the action [42–45]. If a person has a thought consistent with a subsequent action, that

Fig 7. Incorrect responses (i.e., misattributions) in the self-other judgments of post-stroke patients and healthy elderly

individuals. In the FIRST (A), the result of the first experiment completed by post-stroke patients was used. In the RIGHT

(B), the result of the experiment completed by post-stroke patients with their right upper limb was used. The error bars

indicate standard errors.

https://doi.org/10.1371/journal.pone.0230603.g007
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person can experience an illusory sense of agency despite that the person is not the author of

that action [46–48]. In the present study, since participants were required to trace a horizontal

line, they should have believed that they performed that action. Moreover, the cursor moved

horizontally in the same manner that it had for the participants. In such a situation, partici-

pants’ thoughts concerning the horizontal movement should have been consistent with the

cursor’s horizontal movement, despite that the spatiotemporal motor properties between the

participants’ actual tracings and cursor movements did not match. Indeed, the significant mis-

attributions (i.e., illusory self-attribution) were observed only in the OTHER condition (self-

attribution of the cursor was the correct response in the SELF condition). If the post-stroke

patients had impaired error detection related to a corrupted sensorimotor system, given the

difficulty in comparing actual and cursor movements, they could be expected to make signifi-

cant misattributions in both the SELF and OTHER conditions. The cognitive aspect of agency

may explain why patients made significant misattributions in the performance of each upper

limb in the OTHER condition only.

However, it remains unclear why post-stroke patients with sensorimotor deficits made self-

other attributions based on cognitive, as opposed to sensorimotor, information. Given that the

present study did not manipulate any cognitive factors, the aforementioned explanation still

remains only one of many possibilities. To examine this possibility, a continuous study that

manipulates cognitive information in self-other attributions should be conducted. For this

continuous study, we formulated a suggestion based on cue integration theory, which proposes

that the weight of an agency cue in self-other attribution varies according to its relative reliabil-

ity in a given situation [49–52]. Usually, internal prediction is the most reliable information in

respect to the registration of agency [51]. However, when sensorimotor information is consid-

erably noisy, it is less reliable because it is more difficult to compare internal predictions with

the sensory feedback. Accordingly, other agency cues may be given more weight [53].

Interestingly, similar findings have been demonstrated in studies of schizophrenic patients,

who typically have difficulty distinguishing between their own actions and the actions of others

[54–58]. Previous studies have suggested that schizophrenia is characterized by impaired inter-

nal predictions, which result in misattributions [59–61]. Importantly, several studies revealed

that self-other attributions in schizophrenic patients are based on external agency cues instead

of internal predictions [60,61]. Cue integration theory provides an explanation for these

results, which suggests that owing to impaired prediction, external information is given more

weight than internal signals [49,51,62]. Given their sensorimotor deficits, post-stroke patients

receive less or noisier sensorimotor information in their daily lives. According to cue integra-

tion theory, under such conditions, self-other attribution in post-stroke patients may well be

based on a different attribution strategy than that used by healthy people. In other words, post-

stroke patients with sensorimotor deficits may begin to depend on cognitive information in

place of sensorimotor information.

Several limitations in the present study require consideration. To examine the influences of sen-

sorimotor deficits, post-stroke patients were required to complete the experiment using both their

paretic and non-paralyzed upper limbs. Therefore, we were unable to recruit patients with severe

paralysis (i.e., Brunnstrom stage 4 or under). Regarding the misattributions between post-stroke

patients with Brunnstrom stage 5 and 6, significant differences were not observed. This may be

because of the small sample size (there were just three patients with Brunnstrom stage 6). More-

over, it was necessary to reduce the number of trials in the experiment. Given that there were no

significant differences in the results between the upper limbs, in future research it may be worth

focusing solely on the performance of non-paralyzed upper limbs in this task paradigm. This

would permit conducting an experiment involving a sufficient number of trials and allowing inclu-

sion of patients with severe paralysis. Furthermore, recruiting patients with severe paralysis would
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contribute to producing a greater sample size, allowing investigators to examine the relationship

between misattribution and sensorimotor deficit severity.

In summary, the present study showed that post-stroke patients with sensorimotor deficits

made incorrect self-attributions of others’ movements in agency judgments. This incorrect

agency judgment was observed in both upper limb types (paretic and non-paralyzed). Post-

stroke patients might have made self-other attributions based on the consistency between their

thoughts and the cursor movement rather than the spatiotemporal consistency between their

actual movement and the cursor movement. Cue integration theory asserts that self-other

attribution for post-stroke patients with sensorimotor deficits might depend on cognitive

information, such as thoughts or knowledge, rather than sensorimotor information, including

internal prediction, because of their sensorimotor deficits. A further study investigating

whether and why post-stroke patients are potentially dependent on cognitive information in

agency registration should be conducted.
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18. Weiss C, Tsakiris M, Haggard P, Schütz-Bosbach S. Agency in the sensorimotor system and its relation

to explicit action awareness. Neuropsychologia. 2014; 52: 82–92. https://doi.org/10.1016/j.

neuropsychologia.2013.09.034 PMID: 24096174

19. Preston C, Newport R. Noisy visual feedback training impairs detection of self-generated movement

error: implications for anosognosia for hemiplegia. Front Hum Neurosci. 2014;8. Available from: https://

www.frontiersin.org/articles/10.3389/fnhum.2014.00456/full doi: 10.3389/fnhum.2014.00008

20. Abbruzzese G, Berardelli A. Sensorimotor integration in movement disorders. Mov Disord. 2003; 18:

231–240. https://doi.org/10.1002/mds.10327 PMID: 12621626

21. Lewis GN, Byblow WD. Altered sensorimotor integration in Parkinson’s disease. Brain. 2002; 125:

2089–2099. https://doi.org/10.1093/brain/awf200 PMID: 12183354

22. Marotta A, Bombieri F, Zampini M, Schena F, Dallocchio C, Fiorio M, et al. The moving rubber hand illu-

sion reveals that explicit sense of agency for tapping movements is preserved in functional movement

disorders. Front Hum Neurosci. 2017;11. Available from: https://www.frontiersin.org/articles/10.3389/

fnhum.2017.00291/full doi: 10.3389/fnhum.2017.00011

23. Schaechter JD. Motor rehabilitation and brain plasticity after hemiparetic stroke. Prog Neurobiol. 2004;

73: 61–72. https://doi.org/10.1016/j.pneurobio.2004.04.001 PMID: 15193779

24. Feinberg TE, Venneri A, Simone AM, Fan Y, Northoff G. The neuroanatomy of asomatognosia and

somatoparaphrenia. J Neurol Neurosurg Psychiatry. 2010; 81: 276–281. https://doi.org/10.1136/jnnp.

2009.188946 PMID: 19778911

25. Goldenberg G. Apraxia and the parietal lobes. Neuropsychologia. 2009; 47: 1449–1459. https://doi.org/

10.1016/j.neuropsychologia.2008.07.014 PMID: 18692079

26. Berti A, Bottini G, Gandola M, Pia L, Smania N, Stracciari A, et al. Shared cortical anatomy for motor

awareness and motor control. science. 2005; 309: 488–491. https://doi.org/10.1126/science.1110625

PMID: 16020740

27. Fotopoulou A, Tsakiris M, Haggard P, Vagopoulou A, Rudd A, Kopelman M. The role of motor intention

in motor awareness: an experimental study on anosognosia for hemiplegia. Brain. 2008; 131:3432–

3442. https://doi.org/10.1093/brain/awn225 PMID: 18812442

PLOS ONE Illusory agency judgment

PLOS ONE | https://doi.org/10.1371/journal.pone.0230603 March 18, 2020 15 / 17

https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1016/j.cortex.2016.02.003
https://doi.org/10.1016/j.cortex.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26963083
https://doi.org/10.1097/WCO.0b013e3283633953
http://www.ncbi.nlm.nih.gov/pubmed/23823467
https://doi.org/10.1212/WNL.0000000000002940
http://www.ncbi.nlm.nih.gov/pubmed/27385746
https://doi.org/10.1126/science.7569931
http://www.ncbi.nlm.nih.gov/pubmed/7569931
https://doi.org/10.1016/s0893-6080(98)00066-5
http://www.ncbi.nlm.nih.gov/pubmed/12662752
https://doi.org/10.1016/s1364-6613(98)01221-2
http://www.ncbi.nlm.nih.gov/pubmed/21227230
https://doi.org/10.1016/s1364-6613(02)01907-1
http://www.ncbi.nlm.nih.gov/pubmed/12039604
https://doi.org/10.1016/j.cognition.2004.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15617673
https://doi.org/10.1016/s0960-9822(01)00432-8
https://doi.org/10.1016/s0960-9822(01)00432-8
http://www.ncbi.nlm.nih.gov/pubmed/11566114
https://doi.org/10.1016/j.concog.2015.11.002
http://www.ncbi.nlm.nih.gov/pubmed/26587957
https://doi.org/10.1016/j.psychres.2012.09.055
http://www.ncbi.nlm.nih.gov/pubmed/23089161
https://doi.org/10.1016/j.neuropsychologia.2013.09.034
https://doi.org/10.1016/j.neuropsychologia.2013.09.034
http://www.ncbi.nlm.nih.gov/pubmed/24096174
https://www.frontiersin.org/articles/10.3389/fnhum.2014.00456/full
https://www.frontiersin.org/articles/10.3389/fnhum.2014.00456/full
https://doi.org/10.3389/fnhum.2014.00008
https://doi.org/10.1002/mds.10327
http://www.ncbi.nlm.nih.gov/pubmed/12621626
https://doi.org/10.1093/brain/awf200
http://www.ncbi.nlm.nih.gov/pubmed/12183354
https://www.frontiersin.org/articles/10.3389/fnhum.2017.00291/full
https://www.frontiersin.org/articles/10.3389/fnhum.2017.00291/full
https://doi.org/10.3389/fnhum.2017.00011
https://doi.org/10.1016/j.pneurobio.2004.04.001
http://www.ncbi.nlm.nih.gov/pubmed/15193779
https://doi.org/10.1136/jnnp.2009.188946
https://doi.org/10.1136/jnnp.2009.188946
http://www.ncbi.nlm.nih.gov/pubmed/19778911
https://doi.org/10.1016/j.neuropsychologia.2008.07.014
https://doi.org/10.1016/j.neuropsychologia.2008.07.014
http://www.ncbi.nlm.nih.gov/pubmed/18692079
https://doi.org/10.1126/science.1110625
http://www.ncbi.nlm.nih.gov/pubmed/16020740
https://doi.org/10.1093/brain/awn225
http://www.ncbi.nlm.nih.gov/pubmed/18812442
https://doi.org/10.1371/journal.pone.0230603


28. Jenkinson PM, Edelstyn NMJ, Preston C, Ellis SJ. Anarchic hand with abnormal agency following right

inferior parietal lobe damage: a case report. Neurocase. 2015 4; 21: 471–478. https://doi.org/10.1080/

13554794.2014.925936 PMID: 24898941

29. Sirigu A, Daprati E, Pradat-Diehl P, Franck N, Jeannerod M. Perception of self-generated movement

following left parietal lesion. Brain. 1999; 122: 1867–1874. https://doi.org/10.1093/brain/122.10.1867

PMID: 10506089

30. Seghezzi S, Giannini G, Zapparoli L. Neurofunctional correlates of body-ownership and sense of

agency: a meta-analytical account of self-consciousness. Cortex. 2019; 121: 169–178. https://doi.org/

10.1016/j.cortex.2019.08.018 PMID: 31629195

31. Seghezzi S, Zirone E, Paulesu E, Zapparoli L. The brain in (willed) action: a meta-analytical comparison

of imaging studies on motor intentionality and sense of agency. Front Psychol. 2019;10. Available from:

https://www.frontiersin.org/articles/10.3389/fpsyg.2019.00804/full?report=reader doi: 10.3389/fpsyg.

2019.00010

32. Langhorne P, Coupar F, Pollock A. Motor recovery after stroke: a systematic review. Lancet Neurol.

2009; 8: 741–754. https://doi.org/10.1016/S1474-4422(09)70150-4 PMID: 19608100

33. Wu C-Y, Huang P-C, Chen Y-T, Lin K-C, Yang H-W. Effects of mirror therapy on motor and sensory

recovery in chronic stroke: a randomized controlled trial. Arch Phys Med Rehabil. 2013; 94: 1023–1030.

https://doi.org/10.1016/j.apmr.2013.02.007 PMID: 23419791

34. Asai T. Self is “other,” other is “self”: poor self-other discriminability explains schizotypal twisted agency

judgment. Psychiatry Res. 2016; 246: 593–600. https://doi.org/10.1016/j.psychres.2016.10.082 PMID:

27836244

35. Miyawaki Y, Otani T, Morioka S. Modified feedback-control task for examining the relationship between

sense of agency and motor control: a pilot study. J Phys Ther Sci. 2019; 31: 424–428. https://doi.org/

10.1589/jpts.31.424 PMID: 31164779

36. Balslev D, Nielsen FÅ, Lund TE, Law I, Paulson OB. Similar brain networks for detecting visuo-motor

and visuo-proprioceptive synchrony. NeuroImage. 2006; 31: 308–312. https://doi.org/10.1016/j.

neuroimage.2005.11.037 PMID: 16406606

37. Chambon V, Sidarus N, Haggard P. From action intentions to action effects: how does the sense of

agency come about? Front Hum Neurosci. 2014;8. Available from: https://www.frontiersin.org/articles/

10.3389/fnhum.2014.00320/full doi: 10.3389/fnhum.2014.00008

38. MacDonald PA, Paus T. The role of parietal cortex in awareness of self-generated movements: a tran-

scranial magnetic stimulation study. Cereb Cortex. 2003; 13: 962–967. https://doi.org/10.1093/cercor/

13.9.962 PMID: 12902395

39. Ritterband-Rosenbaum A, Karabanov AN, Christensen MS, Nielsen JB. 10 Hz rTMS over right parietal

cortex alters sense of agency during self-controlled movements. Front Hum Neurosci. 2014;8. Available

from: https://www.frontiersin.org/articles/10.3389/fnhum.2014.00471/full doi: 10.3389/fnhum.2014.

00008

40. Synofzik M, Vosgerau G, Newen A. Beyond the comparator model: a multifactorial two-step account of

agency. Conscious Cogn. 2008; 17: 219–239. https://doi.org/10.1016/j.concog.2007.03.010 PMID:

17482480

41. Tsakiris M, Haggard P, Franck N, Mainy N, Sirigu A. A specific role for efferent information in self-recog-

nition. Cognition. 2005; 96: 215–231. https://doi.org/10.1016/j.cognition.2004.08.002 PMID: 15996559

42. Aarts H, Custers R, Wegner DM. On the inference of personal authorship: enhancing experienced

agency by priming effect information. Conscious Cogn. 2005; 14: 439–458. https://doi.org/10.1016/j.

concog.2004.11.001 PMID: 16091264

43. Desantis A, Roussel C, Waszak F. On the influence of causal beliefs on the feeling of agency. Con-

scious Cogn. 2011; 20: 1211–1220. https://doi.org/10.1016/j.concog.2011.02.012 PMID: 21396831

44. Linser K, Goschke T. Unconscious modulation of the conscious experience of voluntary control. Cogni-

tion. 2007; 104: 459–475. https://doi.org/10.1016/j.cognition.2006.07.009 PMID: 16996491

45. van der Weiden A, Aarts H, Ruys KI. Prime and probability: causal knowledge affects inferential and

predictive effects on self-agency experiences. Conscious Cogn. 2011; 20: 1865–1871. https://doi.org/

10.1016/j.concog.2011.09.007 PMID: 21963403

46. Wegner DM. The mind’s best trick: how we experience conscious will. Trends Cogn Sci. 2003; 7: 65–

69. https://doi.org/10.1016/s1364-6613(03)00002-0 PMID: 12584024

47. Wegner DM, Sparrow B, Winerman L. Vicarious agency: experiencing control over the movements of

others. J Pers Soc Psychol. 2004; 86: 838–848. https://doi.org/10.1037/0022-3514.86.6.838 PMID:

15149258

48. Wegner DM, Wheatley T. Apparent mental causation: sources of the experience of will. Am Psychol.

1999; 54: 480–492. https://doi.org/10.1037//0003-066x.54.7.480 PMID: 10424155

PLOS ONE Illusory agency judgment

PLOS ONE | https://doi.org/10.1371/journal.pone.0230603 March 18, 2020 16 / 17

https://doi.org/10.1080/13554794.2014.925936
https://doi.org/10.1080/13554794.2014.925936
http://www.ncbi.nlm.nih.gov/pubmed/24898941
https://doi.org/10.1093/brain/122.10.1867
http://www.ncbi.nlm.nih.gov/pubmed/10506089
https://doi.org/10.1016/j.cortex.2019.08.018
https://doi.org/10.1016/j.cortex.2019.08.018
http://www.ncbi.nlm.nih.gov/pubmed/31629195
https://www.frontiersin.org/articles/10.3389/fpsyg.2019.00804/full?report=reader
https://doi.org/10.3389/fpsyg.2019.00010
https://doi.org/10.3389/fpsyg.2019.00010
https://doi.org/10.1016/S1474-4422(09)70150-4
http://www.ncbi.nlm.nih.gov/pubmed/19608100
https://doi.org/10.1016/j.apmr.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23419791
https://doi.org/10.1016/j.psychres.2016.10.082
http://www.ncbi.nlm.nih.gov/pubmed/27836244
https://doi.org/10.1589/jpts.31.424
https://doi.org/10.1589/jpts.31.424
http://www.ncbi.nlm.nih.gov/pubmed/31164779
https://doi.org/10.1016/j.neuroimage.2005.11.037
https://doi.org/10.1016/j.neuroimage.2005.11.037
http://www.ncbi.nlm.nih.gov/pubmed/16406606
https://www.frontiersin.org/articles/10.3389/fnhum.2014.00320/full
https://www.frontiersin.org/articles/10.3389/fnhum.2014.00320/full
https://doi.org/10.3389/fnhum.2014.00008
https://doi.org/10.1093/cercor/13.9.962
https://doi.org/10.1093/cercor/13.9.962
http://www.ncbi.nlm.nih.gov/pubmed/12902395
https://www.frontiersin.org/articles/10.3389/fnhum.2014.00471/full
https://doi.org/10.3389/fnhum.2014.00008
https://doi.org/10.3389/fnhum.2014.00008
https://doi.org/10.1016/j.concog.2007.03.010
http://www.ncbi.nlm.nih.gov/pubmed/17482480
https://doi.org/10.1016/j.cognition.2004.08.002
http://www.ncbi.nlm.nih.gov/pubmed/15996559
https://doi.org/10.1016/j.concog.2004.11.001
https://doi.org/10.1016/j.concog.2004.11.001
http://www.ncbi.nlm.nih.gov/pubmed/16091264
https://doi.org/10.1016/j.concog.2011.02.012
http://www.ncbi.nlm.nih.gov/pubmed/21396831
https://doi.org/10.1016/j.cognition.2006.07.009
http://www.ncbi.nlm.nih.gov/pubmed/16996491
https://doi.org/10.1016/j.concog.2011.09.007
https://doi.org/10.1016/j.concog.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/21963403
https://doi.org/10.1016/s1364-6613(03)00002-0
http://www.ncbi.nlm.nih.gov/pubmed/12584024
https://doi.org/10.1037/0022-3514.86.6.838
http://www.ncbi.nlm.nih.gov/pubmed/15149258
https://doi.org/10.1037//0003-066x.54.7.480
http://www.ncbi.nlm.nih.gov/pubmed/10424155
https://doi.org/10.1371/journal.pone.0230603


49. Moore JW. What is the sense of agency and why does it matter? Front Psychol. 2016; 7: 1272. https://

doi.org/10.3389/fpsyg.2016.01272 PMID: 27621713

50. Synofzik M, Vosgerau G, Lindner A. Me or not me–an optimal integration of agency cues? Conscious

Cogn. 2009; 18: 1065–1068. https://doi.org/10.1016/j.concog.2009.07.007 PMID: 19683460

51. Synofzik M, Vosgerau G, Voss M. The experience of agency: an interplay between prediction and post-

diction. Front Psychol. 2013; 4: 127. https://doi.org/10.3389/fpsyg.2013.00127 PMID: 23508565

52. Vosgerau G, Synofzik M. Weighting models and weighting factors. Conscious Cogn. 2012; 21: 55–58.

53. Moore JW, Wegner DM, Haggard P. Modulating the sense of agency with external cues. Conscious

Cogn. 2009; 18:1056–1064. https://doi.org/10.1016/j.concog.2009.05.004 PMID: 19515577

54. Bulot V, Thomas P, Delevoye-Turrell Y. A pre-reflective indicator of an impaired sense of agency in

patients with schizophrenia. Exp Brain Res. 2007; 183: 115–126. https://doi.org/10.1007/s00221-007-

1027-8 PMID: 17619866

55. Daprati E, Franck N, Georgieff N, Proust J, Pacherie E, Dalery J, et al. Looking for the agent: an investi-

gation into consciousness of action and self-consciousness in schizophrenic patients. Cognition. 1997;

65: 71–86. https://doi.org/10.1016/s0010-0277(97)00039-5 PMID: 9455171

56. Franck N, Farrer C, Georgieff N, Marie-Cardine M, Daléry J, d’Amato T, et al. Defective recognition of
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