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SUMMARY

Motor awareness (MA) describes the conscious access we have to the details of our movements. Although 

sensorimotor control relies on effector-specific transformations, many studies report similar MA thresholds 

across effectors, suggesting a shared, abstract representation. We tested this by having participants perform 

the same goal-directed reaching task once with a hand-held joystick and once by leaning with the whole body 

(center-of-mass displacement), using veridical or randomly deviated visual feedback. We measured correc

tive motor responses and fitted psychometric functions to derive MA thresholds. MA did not differ between 

effectors in non-deviated control trials or in ‘‘converging’’ trials where compensation aided the reach and 

thresholds correlated strongly between effectors. By contrast, in ‘‘diverging’’ trials with increased kinematic 

demand, MA relied more on effector-specific sensorimotor information. These findings support a largely 

effector-independent MA mechanism, consistent with motor-equivalence principles, that is flexibly re

weighted toward effector-specific transformations under uncertainty, thereby linking low-level sensorimotor 

corrections with abstract motor representations and consolidating a gap in conceptual frameworks of the 

sense of agency.

INTRODUCTION

We perform most of our daily activities without paying particular 

attention to the details of how an action is performed. When we 

prepare a cup of tea, perhaps the only aspect we consciously 

monitor is when we pour the hot water into the cup. However, 

we are not generally aware of the particular grasp we choose 

to open the cupboard, nor of postural adjustments such as 

when we shift our weight onto one leg in order to reach for the 

cup. Nonetheless, we maintain a sense of agency (SoA) and con

trol over all of the aforementioned actions (even if this sensation 

is ‘‘phenomenally thin’’1,2). It has been argued that motor aware

ness (MA), in other words our ability to consciously monitor the 

details of our actions, provides one potential limit of our 

SoA3,4; our SoA should not be more sensitive to perturbations 

than our ability to perceive and automatically adjust for them. 

Furthermore, a central underlying mechanism, from finger- 

related movements to full-body actions, has been proposed, 

making MA effector independent.4–6 This is in-line with recent 

evidence for an abstract action system that suggests effector-in

dependent representations for e.g., reaching or grasping move

ments,7 extending the general notion of effector-independent 

motor representation,8,9 to effector-specific sensorimotor trans

formations. Here, we explicitly tested the effector-independence 

hypothesis for MA, and by extension SoA, by asking participants 

to the same, goal-directed reaching task with (1) their right 

hand (effector task 1) and (2) by leaning with their trunk (effector 

task 2). We hypothesized that MA thresholds would co-vary be

tween body-part and full-body actions, despite their vastly 

different skeletomotor organization and different cortical and 

subcortical control mechanisms.10–12 To evaluate the robust

ness of effector-independent MA, we carried out two further ex

periments. First, we controlled for general differences in reaching 

performance between the hand and the trunk by asking partici

pants to perform a blind reaching paradigm with the respective 

effector. Second, we introduced a dual task paradigm, to eval

uate MA under cognitive loading; changes induced in MA and 

motor control, should be reflected and comparable across effec

tors, if the effector-independent hypothesis is correct.

Action monitoring and MA have been studied since the early 

work by Nielsen.13 These studies have been primarily focused 

on reaching movements performed with the arms3,13–15 and 

hands,16,17 or fingers.18 MA is generally evaluated in response 

to sensorimotor mismatches between visual and proprioceptive 

feedback and the motor commands and studies consistently 

demonstrated that participants attributed feedback that was 

deviated in space by up to 6.5◦–15◦ to their own move

ment15,19–21 and even larger deviations in neurological patients22

and individuals diagnosed with schizophrenia or with a genetic 

predisposition for psychosis.16,23–26 Similarly, experiments with 
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temporal delays between the participant’s actual hand and the 

visual feedback illustrated that participants self-attributed move

ments with up to 150–200 ms of delay.23,27

Aside from brief reaching movements, MA and the SoA have 

further been investigated for continuous movements such as 

finger-tapping using auditory feedback18,28 or hand opening 

and closing using visual feedback.29,30 Moreover, footsteps 

generated during walking, evoke similar psychometric re

sponses in MA as reported for auditory feedback for upper- 

limb movement.6 More recently the research of Kannape 

et al.4,31 extended these paradigms by studying walking agency 

using visual feedback. The thresholds in these studies are again 

comparable to those involving only upper-limb movements both 

with respect to temporal and spatial characteristics. Taken 

together, these studies suggest that MA is independent of the 

end -effector as well as supramodal,32 arguing for a common ac

tion monitoring mechanism.6,33

MA is intrinsically linked to one’s actual, ongoing movement 

and its accompanying reafferences34 rather than a mediated ac

tion consequence such as an audiovisual stimulus generated via 

a button press, as commonly used in SoA paradigms. MA has 

therefore closely been associated with computational models 

of sensorimotor control, most notably the comparator frame

work.35 The framework relies on a comparison of reafferent 

feedback and a predicted future state to improve sensorimotor 

control. It further proposes that small movement errors are auto

matically corrected via this comparison, as has for example been 

observed when participants update their movement toward a 

target object displaced during a saccade.36 This mechanism 

which optimizes the estimation of our movements to correct 

them also been likened to a Kalman Filter within an optimal con

trol framework.37,38 Larger errors on the other hand may be 

perceived by participants and consciously corrected as seen 

when spatiotemporal deviations exceed the MA threshold.3,13,31

Further evidence for the comparator and more generally the pre

dictive coding framework,39 comes from research on sensory 

attenuation,40 which, relevant to the current study, has similarly 

been shown to be comparable for action consequences gener

ated by both the hand and the foot.41 Therefore, this framework 

not only provides a model for online movement adjustments, 

both automatic and conscious, and sensory attenuation, but 

also a model mechanism to discriminate between our own ac

tions from the ones generated by the environment42 or other 

agents.20 As this framework applies to most types of movements 

it also, in principle, supports the idea of effector-independent MA. 

However, no prior research has investigated MA for comparable 

movements achieved with two different effectors within a single 

study and cohort to test this hypothesis.

While co-varying MA thresholds across effectors are one indi

cation that MA may rely on abstracted, effector-independent mo

tor representations, we set out to ‘‘stress-test’’ this hypothesis by 

running the same paradigm while taxing cognitive resources. Our 

study is therefore not only the first to compare motor perfor

mance (MP) and awareness for distinct effectors in the same 

cohort and across matching paradigm but also the first to 

combine this with cognitive loading. This is important as cognitive 

loading, induced by asking participants to perform a secondary 

motor or cognitive task in addition to a primary one, has system

atic effects on motor control.43 Dual tasking is regularly applied in 

clinical populations44 and the elderly,45 where particularly strong 

influences have been demonstrated on balance and locomotion. 

Previous research has also indicated an increased separation be

tween MA and MP during dual tasking.4,5,46 During goal-directed 

walking this was reflected in the finding that cognitive loading did 

not alter the locomotor trajectories but impaired motor control 

(walking velocity) in general, but MA only in trials with high 

perceptual uncertainty. Understanding how MA is altered during 

dual tasking is not only relevant for clinical application but also 

may shed further light on how it differs for various types of move

ments and effectors. For that reason, a visual color-word Stroop 

task (Stroop47 1935) was introduced for the movement of the full 

body and the hand in this study.

Finally, potential effector-dependent differences in MA relating 

to the spatial mismatches investigated here could also be due to 

baseline differences in reaching performance. E.g., higher MA 

thresholds for one effector may reflect an increased difficulty 

to perform a motor task, rather than a difference in the MA mech

anism. In order to control for differences in hand- and trunk- 

based reaching, we asked participants to perform blind-reach

ing tasks both with their upper limb and by leaning with their 

full body. This is further motivated by a recent study suggesting 

differences in error and variability between the two effectors,48

suggesting that trunk-controlled movements may be better 

than hand-controlled movements, even though the latter are 

more common with respect to visually guided feedback.

The primary goal of this study was thus to test the hypothesis 

that MA is effector independent and therefore comparable be

tween goal-directed movements of the hand (reaching) and the 

full body (leaning), cf. Figure 1A. We hypothesized that MA 

thresholds would co-vary between the two effectors suggesting 

that MA may be based on an abstracted motor representation as 

opposed to the effector-specific sensorimotor transformations. 

In addition to the visually guided movements of the MA task, 

we further controlled for baseline differences in sensorimotor 

control between the hand and trunk in a blind-reaching task. 

Finally, we investigated the effects of cognitive loading on MA 

and movement kinematics. If MA is modulated by cognitive 

loading, we hypothesized to observe comparable changes for 

both effectors in relation to changes in MP.

RESULTS

Action monitoring

MA was defined as the ratio of yes responses out of all trials of 

the same deviation. In a first step, we evaluated if MA was 

affected by independent variables linked to the setup, namely 

the location of the targets or the direction of the deviation. While 

no significant effect was observed for target side (p = 0.07), there 

was a strong interaction between target side and deviation side 

(i.e., sign of deviation, p < 0.001). MA was less sensitive, that is, 

yes responses in deviated trials were significantly more frequent, 

when the deviation side converged toward the target side. In 

other words, fewer experimentally induced deviations were 

noticed, when motor compensation was toward the center or 

midline. Given this interaction, we did not collapse the trials 

across targets and absolute deviation (cf. Kannape et al.,5 
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Kannape et al.,31 and van Elk et al.46). Instead, as the effect was 

symmetrical around both targets, we grouped the trials by mode: 

diverging, for negative or conflicting deviations, and converging, 

for positive or ‘‘helpful’’ deviations; control trials with no devia

tion were analyzed separately.

MA ratings in control trials with no deviation should be high, as 

participants receive veridical feedback of their movements.33

Based on previous studies, this correct MA should also be robust 

to cognitive loading.5,46 In-line with these hypotheses, partici

pants correctly self-attributed 89.9 ± 1% and 91.3 ± 1% 

(mean ± SEM) of the non-deviated trials for the full body and 

hand, respectively (Figure 2D, shaded area). We neither 

observed a main effect of task or effector, nor an interaction 

(p > 0.282). There is strong evidence in favor of H0, i.e., that these 

distributions do not differ between the two effectors (BF10 = 

0.277, p = 0.283). As before, we used Bayesian analysis to 

show evidence in favor of H0 (overall BF10 = 0.340, p > 0.283): 

MA in control trials does not differ across tasks.

All participants clearly distinguished between the introduced 

deviations, as demonstrated by the significant effect of deviation 

(p < 0.001, see Figure 2D). With respect to the mode of the feed

back, MA was significantly lower, that is more sensitive to devi

ations, when these were diverging (p < 0.024). MA was also more 

sensitive for the full body compared to the hand (effector, 

p < 0.001) and during the dual task in general (p = 0.014). Finally, 

a significant interaction between mode and effector (p = 0.001) 

was detected. This interaction was driven by a significant differ

ence in diverging trials between the two effectors; MA was more 

sensitive for full body movements.

MA thresholds and sensitivity

We fitted a psychometric function to the MA responses to extract 

the 50% threshold and the slope of the psychometric curve. The 

threshold represents the point of subjective equality (PSE) for 

the detection of the introduced deviation, indicating the stimulus 

strength at which participants respond ‘‘yes’’ or ‘‘no’’ with the 

same likelihood. The slope indicates the sensitivity to the stim

ulus, here the deviation. If sensitivity drives differences in thresh

olds, i.e., higher sensitivity leads to lower thresholds, this argues 

for a perceptual mechanism, whereas no correlation would sug

gest a response bias. The values are calculated per participant, 

condition, and effector as summarised in Table 1. This allows us 

to compare if thresholds and slopes, independently, correlate 

across participants. If the underlying mechanism is shared 

across effectors, we should further observe a shared relationship 

between slopes and thresholds at the group and individual level.

We observed that MA thresholds significantly correlated be

tween the hand and full-body conditions across participants 
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(A) Experimental setup and visual feedback. Participants either controlled the cursor by moving the joystick with their hand or by leaning forward with their whole 

body, while supported by the Thera Trainer Coro, thus mimicking the movement of the joystick (counter balanced). In the action monitoring task, the cursor 

trajectory could be deviated by an angle (α) that participants had to compensate in order to reach the target. 

(B) Baseline, blind-reaching task. Participants started the experiment with 10 training trials with continuous, congruent visual feedback. They were then trained to 

reach the target with only terminal feedback. During the evaluation of reaching accuracy and variability, terminal feedback was provided every 6 trials. 

(C) Action monitoring task. Participants next performed the goal-directed reaching movement that could either be non-deviated (control trials) or deviated by up to 

30◦. After 10 non-deviated reaching and 12 practice trials, participants performed a block of 88 trials with randomized deviated and control trials. Based on this, 

MA thresholds were determined. Once both tasks had been completed with one effector, they would be repeated with the other effector.
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(robust r = 0.712, p < 0.001), Figure 3A. Similarly, sensitivity, as 

expressed by the slope, showed a significant correlation be

tween effectors (robust r = 0.547, p = 0.0125), Figure 3B. The 

linear mixed model, expressing MA thresholds as a function of 

sensitivity, revealed a significant main effect of sensitivity on 

thresholds (F(1, 13.55) = 9.89, p = 0.007), indicating that higher 

sensitivity (steeper slopes) was associated with lower thresh

olds, Figure 3C. There was also a significant main effect of 

effector (F(1, 54.78) = 12.72, p < 0.001), with thresholds differing 

between hand and full-body conditions. The main effect of task 

did not reach significance (F(1, 53.29) = 3.31, p = 0.074). The 

interaction between slope and task was not significant 

(F(1, 54.20) = 0.88, p = 0.354), indicating that the slope-threshold 

relationship was consistent across single and dual task condi

tions. There was a significant interaction between slope and 

effector (F(1, 55.38) = 6.32, p = 0.015), suggesting the strength 

of the relationship varied slightly between effectors. However, 

the three-way interaction among slope, task, and effector was 

not significant (F(1, 54.50) = 0.19, p = 0.668), indicating no evi

dence of complex moderation.

Finally, we investigated whether there was an association be

tween the participants’ ability to monitor their action, as ex

pressed by the PSE, and their reaching accuracy derived in study 

1 (cf. Figure 4C). This could account for potential differences 

observed in MA. We conducted a robust correlation analysis to 

examine the relationship between overall perceptual thresholds 

and average reaching error across participants, collapsed over 

task and effector. The analysis revealed a significant positive as

sociation (r = 0.51, t(17) = 2.44, p = 0.026), indicating that partic

ipants with greater reaching error tended to exhibit higher 

perceptual thresholds. However, this correlation was not evident 

when individually examining hand and full-body reaching errors 

with single task perceptual thresholds (both p > 0.200).

MP

Figure 2A shows the trajectories of the hand and full body in the 

sagittal plane from the resting position to each of the two targets 

for non-deviated trials. Visually guided reaching performance for 

non-deviated trials, independent of the task, was similar across 

participants and significantly better for the hand, contrary to the 

blind reaching data (main effect of effector, p < 0.001, errorhand = 

2.5◦ ± 0.06; errorfull-body = 4.0◦ ± 0.1, mean ± SEM, see Figure 3E 

gray shaded area). We observed a significant reduction in reach

ing error during dual tasking independent of the effector (main ef

fect of task, p = 0.01). There was no interaction between factors 

task × effector for non-deviated trials (p = 0.38).
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Figure 2. Motor performance 

(A–C) Reaching trajectories of a single representative participant during the visually guided MA task. (A) Trajectories from the resting position (solid circle) toward 

the two target locations (dashed circle) in control trials were more accurate for the hand (cf. G). (B) Trajectories toward the targets in trials with deviations to the left 

(red tone lines) and to the right (blue tone lines). The shaded blue circle indicates the distance at which the deviations start. (C) Average trajectories of this 

participant collapsed across the two target locations. 

(D) MA was modulated by deviation angle as well as the interaction of target- and deviation angle. Participants made more attribution errors when the deviation 

angle converged with the target angle. 

(E) Averaged MP across participants for non-deviated trials in single and dual tasks. 

(F) Reaching times were faster for the hand than the full body but showed a similar pattern. Trials took longer to complete with increasing mismatches and when 

target location and deviation diverged. 

(G) Response times were faster for the hand than the full body but showed less modulation through the angular deviation. Data are represented as mean ± SEM.
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All participants adapted their reaching movements to ac

count for the target and angular deviations (Figure 2E). Thus, 

trajectories were deviated in the opposite direction of the 

angular deviation, as reported for goal-directed tasks for the 

hand3,49,50 and while walking.5,31 This compensation signifi

cantly increased with the experimentally induced angular de

viation (main effect of deviation (p < 0.001). MP was also 

significantly higher when the compensation was toward the 

center, i.e., when the deviation side converged toward the 

target side (see Figure S1B). Therefore, a main effect of 

mode was detected (p < 0.001), as well as main effect of 

task (p < 0.001). As for control trials, dual tasking significantly 

improved MP. An interaction between deviation and effector 

was noticed (p < 0.001). Motor compensation was higher for 

the full body during the smallest deviation (which may reflect 

lower accuracy during visually guided movements), while 

motor compensation was better for the hand during larger 

deviations (>15◦).

Blind reaching

We evaluated blind-reaching performance as a baseline perfor

mance metric between effectors. The blind-reaching error, repre

senting reaching accuracy, was on average 26 ± 9 mm (mean ± 

SD) for the hand and 18 ± 6 mm for the full body, while the effec

tors presented a variability, i.e., precision, of 11 ± 3 mm and 9 ± 

3 mm, respectively (Figure 4A). These two metrics are highly 

correlated for the two effectors (Pearson’s skipped R > 0.84) as 

participants with small reaching errors (accuracy) also displayed 

low reaching variability (precision). The average blind-reaching er

ror was significantly lower for the full body than for the hand 

(paired t test, p = 0.007). Although reaching variability was higher 

for the hand than for the full body, this difference did not reach sig

nificance (paired t test, p = 0.058) (see Figure 4B). The average 

reaching time across trials was shorter for the full body than for 

the hand (paired t test, p = 0.007, Figure 2F).

Response times, reaching times, and dual task 

performance

We observed a significant difference in response times depend

ing on the effector (p < 0.001) as participants answered signifi

cantly faster when the effector was the hand. Response times 

were not significantly affected by the magnitude of the deviation 

(p = 0.34).

Reaching times for control trials were significantly shorter for 

the hand than for the full body (p < 0.001). Dual tasking led to 

shorter reaching times for the full body, whereas they remained 

similar for hand movements (p = 0.001). Reaching time signifi

cantly increased with the introduced deviation (p < 0.001). As 

for control trials, reaching times were significantly higher for 

the full body than for the hand (p < 0.001). Dual tasking signifi

cantly decreased reaching duration (p < 0.001). The reaching 

time was lower when the deviations were converging (p < 0.001).

During the dual task, participants named the wrong color of 

the target on average 0.74 ± 0.2 times (mean ± SEM) over 88 tri

als. No significant difference was detected for the two effectors 

(paired t test, p = 0.71).
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(A) Individual psychometric thresholds were calculated for each participant, effector, and task. Single and dual task thresholds were then averaged to have two 

thresholds per participant, hand and full body, respectively. These thresholds significantly correlated across participants. 

(B) The slope of the psychometric fits, indicating stimulus sensitivity, also correlates across participants. 

(C) There is a strong relationship between slopes and thresholds at the group and individual level. Participants with higher sensitivity generally displayed lower 

thresholds, suggesting that responses are driven by a common underlying mechanism rather than a bias in response patterns. Robust correlation: *p < 0.05, 

**p < 0.01, ***p < 0.001.

Table 1. Motor Awareness Psychometric Thresholds and Slopes

Effector Task

Threshold 

(μ ± SD) CI (95%) Slope (1/σ) CI (95%)

Hand single task 26.81 ± 12.33 [21.04, 32.58] 0.077 ± 0.035 [0.061, 0.093]

Hand dual task 22.86 ± 8.07 [19.08, 26.64] 0.07 ± 0.025 [0.058, 0.082]

Full body single task 22.01 ± 9.21 [17.7, 26.32] 0.081 ± 0.040 [0.062, 0.1]

Full body dual task 20.57 ± 6.77 [17.4, 23.74] 0.078 ± 0.027 [0.065, 0.091]
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Results summary

The key findings we report here are that all participants success

fully completed the MA task by compensating for the introduced 

angular deviations (MP). MA in undeviated control trials was 

uniformly high and did not differ across effectors and tasks. 

Similarly, MA ratings systematically decreased as introduced 

deviations increased. There was an interaction between devia

tion angle and target position that facilitated movements in 

converging trials, where movement compensation toward the 

midline was needed and impeded them in diverging trials, where 

movement compensation toward the outside was required. In 

MA this was reflected by more attribution errors in converging tri

als. Unlike in control and converging trials, MA in diverging trials 

differed between hand and full-body movements and were more 

accurate for the former. Psychometric functions were fit to the 

data to extract MA thresholds and slopes, indicating the point 

of subjective equality and stimulus sensitivity, respectively. 

These correlate strongly across and within participants, and, 

as confirmed by mixed methods analysis, as participants with 

higher sensitivity generally demonstrated lower awareness 

thresholds.

DISCUSSION

A central challenge toward understanding our SoA from a 

sensorimotor account has been to quantify to what extent we 

are, or can be, aware of the details of our movements.34,51 Ev

idence from seminal case reports e.g., Goodale et al.52 as well 

as behavioral studies has pointed to a dissociation between our 

movements and our awareness thereof,53,54 even when promp

ted to consciously monitor these (cf. introduction). Given the 

similar MA thresholds observed across tasks, effectors, as 

well as feedback modalities, it has been argued that there is 

an underlying, supramodal, and effector-independent moni

toring mechanism33 underlying our SoA. To test this hypothe

sis, we here assessed MA thresholds for goal-directed hand- 

and trunk movements within a single group of participants. 

Based on our findings, we propose that the central nervous 

system does make use of a general strategy to monitor goal- 

directed movements of our hand or the trunk and that this is 

in the majority of cases based on abstract movement represen

tations, rather than a direct comparison of effector-specific 

sensorimotor predictions and their reafferents. In-line with 

this, our results support the effector-independent hypothesis 

as we observed corresponding changes in MA depending on 

kinematic task demands (Figure 2D), under cognitive loading, 

as well as a strong co-variance of deviation sensitivity and 

perceptual thresholds within participants (Figure 2D). That 

said, we also observed effector-specific differences, notably 

in diverging trials, indicative of a shift in strategy in case of kine

matically more demanding tasks. We discuss our findings in 

relation to effector-independent representations in the motor 

domain and how such abstracted representations may play a 

role in understanding MA as the key sensorimotor component 

of our global SoA and the experience of the self as an inten

tional agent.
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(A) Blind reaching error and variability of each participant and for the full body (blue dots) and the hand (orange triangles) calculated across the 60 blind reaching 

trials for each participant. Opaque samples represent outliers; the two ellipses are the robust data centers delineating the 95% bootstrapped confidence interval. 

The outliers are not excluded from further analysis. 

(B) On average (black markers), blind reaching with the full body leads to more accuracy (smallest reaching error) and more precision (lowest variability), 

compared to blind reaching with the hand. 

(C) Averaged errors in the blind reaching task correlated positively with averaged MA thresholds, indicating that participants with better blind reaching perfor

mance more readily judged deviated feedback trials as not corresponding to their actual movement. However, this was not significant at the level of hand or full- 

body movements individually. *p < 0.05, **p < 0.01, ***p < 0.001. Data are represented as mean ± SEM.
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In the current study, we made several observations that sup

port an effector-independent mechanism underlying our SoA. 

To begin with, MA ratings in control trials matched across both 

effectors and conditions, suggesting that there are no differ

ences for MA at baseline and by extension the SoA, which 

roughly translates to everyday situations without significant 

external perturbations. The fact that we observed differences 

between effectors in MP for blind reaching and visually guided 

reaching gives an indication of the inherent tolerance of the 

mechanism and links to the aforementioned dissociation be

tween action and perception; although full-body movements 

were more accurate and precise for blind reaching and hand 

movements were superior for visually guided reaching, SoA did 

not differ between the two effectors. These results also extend 

our findings for goal-directed walking5,46 and continuous 

walking4 where, as observed in the current tasks, MA ratings in 

control trials were not affected by cognitive loading, independent 

of its detrimental effects on MP.43,44

Further evidence for effector independence comes from 

deviated trials, where body-part and full-body MA thresholds 

and deviation sensitivity showed a strong correlation within par

ticipants: participants that were better at detecting experi

mental deviations of their hand movements also picked up on 

more of the same deviations during full-body movements. 

Furthermore, there is a clear relation between sensitivity and 

thresholds as participants with higher sensitivity systematically 

had lower thresholds. Our findings are consistent with a shared 

perceptual mechanism rather than a condition-specific or bias- 

driven explanation. Extending this similarity, we observed clear 

and corresponding effects of kinematic task demands on MA 

ratings for the hand and full body in converging trials, where 

participants had to compensate for the experimental deviation 

by moving toward a central location, straight ahead. When the 

experimental deviation ‘‘aided’’ the movement in this way, MA 

thresholds significantly increased for both effectors. That is, 

fewer mismatches were detected. While these two findings 

are in-line with an effector-independent mechanism, the fact 

that they persist even though we observe effector-specific dif

ferences in motor compensation may point to a more general 

commonality, namely that of an abstract motor representation 

serving as a basis for the monitoring mechanism. As we 

observed, particularly for walking under cognitive loading,5,46

conscious monitoring, unlike the continuous automatic adjust

ment observed for sensorimotor control, may rely on a move

ment representation formed in the motor planning phase before 

the onset of the movement.

As previously proposed,33,55 a goal-directed paradigm in itself 

may create a type of bias linked to the successful completion of 

the task as determined at the planning stage: MA ratings are 

consistently higher for successfully completed trials even if 

sensorimotor reafferents about the on-going movement contain 

a strong error signal.32 In addition to the ‘‘limits of conscious ac

tion monitoring’’ described in Fourneret and Jeannerod56 and 

already evident in Nielsen,13 the evidence for such a bias when 

comparing converging and diverging trials goes beyond simple 

visual dominance.57–59

What happens when the combination of the target location 

and the introduced deviation make it more difficult to reach the 

target? Although we report matching MA thresholds in non-devi

ated and converging trials, independent of underlying sensori

motor differences, MA ratings differed in the case of diverging 

trials (Figures 2D and S1A). In this case, the introduced deviation 

is toward the inside of the target, i.e., the midline, such that 

compensatory movements must be made to the outside, i.e., 

the periphery. As it became kinematically more challenging to 

complete the task, MA ratings became increasingly more sensi

tive to the introduced deviations. MA thresholds were signifi

cantly lower, indicating that participants were more likely to 

reject even slightly deviated trials. This effect was evident across 

both effectors but especially pronounced for full-body move

ments. Overall, this change in MA thresholds in diverging trials 

is not surprising. As the motor task becomes more difficult, 

reaching accuracy decreases, meaning that visual errors at the 

endpoint are larger, on top of the increasingly conflicting propri

oceptive reafferents. As the target is not clearly reached, even 

with increased effort, there may be less incentive to consolidate 

this conflicting information.

The more pressing question is why differences in MA 

thresholds between full-body and hand movements appear 

in these trials. As before, the answer does not appear to pri

marily lie with participants’ MP. The difference observed in 

MP was also evident in converging trials. It appears then 

that in case of exacerbated sensorimotor conflict, the pro

posed effector-independent mechanisms may be augmented, 

or reweighted, with respect to effector-specific sensorimotor 

information similar to a reliance on prior knowledge under un

certainty.60 Two possible explanations come to mind. For one, 

in the case of full-body movements the vestibular system may 

provide an additional, more relied upon cue of heading infor

mation, in particular when the deviated visual feedback be

comes less reliable.61 This is in-line with the improved reach

ing accuracy and lower variability we report for blind reaching 

with the full-body. Furthermore, the decreased variability for 

trunk-related movement reported in that study48 is expressed 

in terms of improved muscle-activation patterns. This could 

potentially reflect an advantage of full body, multi-effector 

compared to single-effector movements with respect to opti

mizing variability and effort across larger muscle groups,62

with the latter also being linked to a modulation of agency rat

ings.63 As this non-visual representation of the full-body 

movement appears to be more accurate and potentially 

require relatively less effort than its hand-equivalent, it may 

more strongly influence MA ratings in diverging trials leading 

to the differences between effectors. For another, and tying 

into this explanation, such a reweighting would also be indic

ative of a shift in monitoring from an abstract motor represen

tation involved in motor planning, to a stronger reliance on 

effector-specific reafferent feedback during motor execu

tion,64 which as recent evidence suggest may be imple

mented simultaneously.65 White and Diedrichsen’s series of 

experiments lends further support to this explanation, sug

gesting that flexible changes in feedback control gains are 

crucial for corrective movements across multiple effectors, 

as opposed to separate principles.66 Anecdotally, their partic

ipants’ reports of being unaware of feedback-manipulations 

and attributing their poor performance to a lack of ability 
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closely mirror the reports of Nielsen’s participants,13 once 

again highlighting the limits of our conscious access to these 

details. Future studies could investigate such a reweighting 

systematically by changing the reliability of visual, vestibular, 

and proprioceptive information when assessing MA.61,67

The notion of abstract motor representations is not a new one. 

Theories of sensorimotor control have long considered effector- 

independent components across actions based on concepts 

such as ‘‘motor primitives’’ and ‘‘motor equivalence’’.8,9,68

Therefore, paradigms that put an emphasis on the content of 

the movement itself provide a unique opportunity to study the hy

pothesis that MA and the SoA rely on similar abstract motor rep

resentations. In their paper on an effector-independent action 

system, Liu and colleagues7 discuss the example of letters 

written with different body parts68,69 as a further example of mo

tor equivalence (see also the accompanying commentary by 

Goodale70). This is similarly interesting from a conceptual stand

point for MA as e.g., writing the letter ‘‘a’’ with your foot, although 

now more closely tracked than for a simple reaching movement 

or while writing the letter with your hand, will still be evaluated to 

the notion of the letter ‘‘a’’ rather than an explicit sensorimotor 

transformation. Indeed, this was observed in experiment 3 of 

Knoblich and Kircher,14 where figural discrepancies that 

changed the shape of one’s ongoing drawing significantly 

increased awareness of sensorimotor mismatches compared 

to velocity mismatches that maintained the shape but delayed 

the feedback. One could say function follows form in MA.

How do these behavioral findings map onto neural networks 

and neurological conditions? An effector-independent motor 

system can be framed as an abstract, goal-level layer that en

codes intended outcomes (e.g., ‘‘move the cursor to the target’’, 

‘‘write my signature’’) in a format that can be flexibly realized by 

different effectors; neuroanatomically this scheme centrally 

engages premotor circuitry, presupplementary and supplemen

tary motor areas (pre-SMA/SMA), and dorsal premotor cortex 

(PMd), for high-level plan formation and prediction,71,72 while 

the cerebellum supplies precise forward estimates. Parietal re

gions, notably the inferior parietal lobule (IPL), temporoparietal 

junction (TPJ), and superior parietal lobule (SPL) transform reaf

ferent sensory signals into goal coordinates and detect mis

matches.73,74 Motor equivalence provides the low-level imple

mentations that allow an abstract plan to be expressed 

through distinct effectors, thereby linking high-level intention to 

effector-specific execution.9,69

Disruption of these networks has been linked to two clinical 

syndromes that exemplify a double dissociation between MA 

and SoA. First, anosognosia, a failure to acknowledge or recog

nize contralesional paralysis despite clear motor loss, is classi

cally associated with right-hemisphere IPL/TPJ and adjacent 

ventral networks and with premotor tract disconnection in hemi

plegia patients.73,75 Second, anarchic (or ‘‘alien’’) limb, mani

fested in the performance of purposeful, often conflictual limb 

actions experienced as not self-generated, is most often re

ported following medial-frontal/SMA lesions, anterior callosal 

damage, or adjacent premotor/parietal pathology.76 These syn

dromes are parsimonious with an effector-independent, hierar

chical comparator account and highlight the role of the premotor 

network (whose disruption is often necessary but typically not 

sufficient for persistent anosognosia).74,75 Their frequent up

per-limb presentation is readily explained by somatotopic anat

omy, lesion distribution (and to some extent reporting biases) 

rather than by absence of effector-independent planning. Com

plementary neurostimulation work shows that transient disrup

tion of premotor/pre-SMA regions alters MA and implicit indices 

of agency, supporting the premotor layer’s direct role in 

conscious monitoring.71,72 Finally, partial-arousal states such 

as sleepwalking demonstrate that well-learned whole-body lo

comotor routines can run with attenuated (pre-SMA) monitoring 

and thus produce complex actions outside full conscious 

awareness.46

Indeed, evaluating continuous movements that are not inher

ently goal-directed may provide further insights into this char

acteristic of MA and the sensorimotor components underlying 

our SoA. In these studies, the movement itself is monitored, 

rather than a pre-specified outcome. The cyclical nature of 

movements such as opening and closing the hand,77 draw

ing,14 walking,4,6 or breathing78 already demonstrate examples 

of automatic sensorimotor synchronization that can coincide 

with or oppose MA ratings. Teasing out such quantifiable differ

ences, how they may be abstracted in terms of motor primi

tives, equivalence, physiological requirements, figural descrip

tions, or explicitly desired states will be required to develop 

a clearer picture of the level of conscious access to our 

motor system as well as the sensorimotor contributions to 

our SoA.

Although the link between ‘‘low-level’’ sensorimotor control 

and ‘‘high-level’’ cognitive intentions and their importance for 

our sense of agency is intuitive and has long been the subject 

of research, conceptual accounts51,79 and computational 

models, originally designed purely for sensorimotor control,80,81

have thus far failed to provide a coherent framework. Notably, 

this issue arises at the level of abstraction, such that explana

tions have not been extrapolated from ‘‘inaccessible’’ sensori

motor control51 or relied on descriptive ‘‘top-down’’ and ‘‘bot

tom-up’’ interactions between categorically different types of 

representation79 (see also the hierarchical model for error detec

tion82). Our current findings provide a common denominator for 

these approaches by showing that MA may well depend on 

sensorimotor transformation, as in the case of conflicting feed

back, but additionally makes use of effector-independent move

ment abstraction already observed in the motor system. This 

‘‘ignorance of the effector systems’’83 has also been proposed 

as a prerequisite to understanding authorship and ownership 

for our thoughts in terms of internal models or predictive 

coding.39,84,85

What do we have in mind when we identify an on-going move

ment as our own, when we feel to be authors of our own actions? 

While previous frameworks have alternated between categori

cally different, body-part-specific sensorimotor transformations 

on the one hand to abstract intentions on the other, we propose 

that MA and our SoA generally rely on effector-independent rep

resentations or motor-abstracts. If there is a mediated action, as 

for example when flipping a light switch, its outcome may over

ride internal representations about the actual movement. Simi

larly, under situations of high uncertainty or difficulty, we may 

have to focus on effector-specific transformations. However, 
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most of our movements do not fall into these categories, yet we 

maintain a reliable sense of control over them and perceive cor

respondence (or at least no conflict) with our movement plans. 

Understanding MA as an effector-independent process that 

draws on abstract motor representations provides a first step, 

a proof by induction, to linking primary sensorimotor transforma

tions and motor actions to abstract representations of our inten

tions and thoughts.

Limitations of the study

While our results provide strong evidence for a largely effector- 

independent MA mechanism, our study comes with some lim

itations. First, participants’ movements are mapped onto a vi

sual cursor. This means the design cannot fully disentangle to 

what extent participants base their responses on the cursor 

and visual error itself or on the underlying movement. While 

this is a general limitation of studies using spatiotermporal mis

matches to study MA and the SoA,33 their findings have 

demonstrated that MA thresholds significantly differ from 

mismatch-detection paradigms in the same sensorimotor mo

dalities.86 This highlights the role of both sensorimotor signals 

as well as cognitive contributions to MA (see also intentional 

binding87).

Second, our behavioral results could be corroborated and 

extended via further behavioral, neurostimulation, or clinical 

studies. For example, (1) a behavioral interlimb-transfer experi

ment could be used to evaluate if a novel mapping on one 

effector transfers to another effector88 based on an effector-in

dependent representation; (2) a neurostimulation paradigm 

such as a transient disruption of pre-SMA or dorsal premotor 

cortex could more directly evaluate the role of premotor net

works in MA89; (3) a clinical study with one of the patient popula

tions discussed previously could evaluate the (un)availability of 

effector-independent representations. Addressing these limita

tions will help clarify the anatomical and computational basis 

of effector-independent MA.
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ato, T., and Jeannerod, M. (2001). Defective recognition of one’s own ac

tions in patients with schizophrenia. Am. J. Psychiatry 158, 454–459. 

https://doi.org/10.1176/appi.ajp.158.3.454.

24. Haggard, P., Martin, F., Taylor-Clarke, M., Jeannerod, M., and Franck, N. 

(2003). Awareness of action in schizophrenia. Neuroreport 14, 1081–1085. 

https://doi.org/10.1097/01.wnr.0000073684.00308.c0.

25. Salomon, R., Kannape, O.A., Debarba, H.G., Kaliuzhna, M., Schneider, M., 

Faivre, N., Eliez, S., and Blanke, O. (2022). Agency deficits in a human ge

netic model of schizophrenia: insights from 22q11DS patients. Schizophr. 

Bull. 48, 495–504. https://doi.org/10.1093/schbul/sbab143.

26. Synofzik, M., Thier, P., Leube, D.T., Schlotterbeck, P., and Lindner, A. 

(2010). Misattributions of agency in schizophrenia are based on imprecise 

predictions about the sensory consequences of one’s actions. Brain 133, 

262–271. https://doi.org/10.1093/brain/awp291.

27. Shimada, S., Qi, Y., and Hiraki, K. (2010). Detection of visual feedback 

delay in active and passive self-body movements. Exp. Brain Res. 201, 

359–364. https://doi.org/10.1007/s00221-009-2028-6.

28. Knoblich, G., and Repp, B.H. (2009). Inferring agency from sound. Cogni

tion 111, 248–262. https://doi.org/10.1016/j.cognition.2009.02.007.

29. Leube, D.T., Knoblich, G., Erb, M., Grodd, W., Bartels, M., and Kircher, 

T.T.J. (2003). The neural correlates of perceiving one’s own movements. 

Neuroimage 20, 2084–2090. https://doi.org/10.1016/j.neuroimage.2003. 

07.033.

30. Ismail, M.A.F., and Shimada, S. (2016). ‘Robot’ Hand Illusion under De

layed Visual Feedback: Relationship between the Senses of Ownership 

and Agency. PLoS One 11, e0159619. https://doi.org/10.1371/journal. 

pone.0159619.

31. Kannape, O.A., Schwabe, L., Tadi, T., and Blanke, O. (2010). The limits of 

agency in walking humans. Neuropsychologia 48, 1628–1636. https://doi. 

org/10.1016/j.neuropsychologia.2010.02.005.

32. David, N., Skoruppa, S., Gulberti, A., Schultz, J., and Engel, A.K. (2016). 

The Sense of Agency Is More Sensitive to Manipulations of Outcome 

than Movement-Related Feedback Irrespective of Sensory Modality. 

PLoS One 11, e0161156. https://doi.org/10.1371/journal.pone.0161156.

33. Kannape, O.A., and Blanke, O. (2012). Agency, gait and self-conscious

ness. Int. J. Psychophysiol. 83, 191–199. https://doi.org/10.1016/j.ijpsy

cho.2011.12.006.

34. Jeannerod, M. (2006). Motor Cognition: What Actions Tell the Self, 1st ed. 

(Oxford University Press).

35. Wolpert, D.M., Ghahramani, Z., and Jordan, M.I. (1995). An internal model 

for sensorimotor integration. Science 269, 1880–1882.

36. Bridgemen, B., Kirch, M., and Sperling, A. (1981). Segregation of cognitive 

and motor aspects of visual function using induced motion. Percept. Psy

chophys. 29, 336–342.

37. Wolpert, D.M., and Miall, R.C. (1996). Forward Models for Physiological 

Motor Control. Neural Netw. 9, 1265–1279.

38. Diedrichsen, J., Shadmehr, R., and Ivry, R.B. (2010). The coordination of 

movement: optimal feedback control and beyond. Trends Cogn. Sci. 14, 

31–39. https://doi.org/10.1016/j.tics.2009.11.004.

39. Friston, K. (2005). A theory of cortical responses. Philos. Trans. R. Soc. 

Lond. B Biol. Sci. 360, 815–836. https://doi.org/10.1098/rstb.2005.1622.

40. Hughes, G., Desantis, A., and Waszak, F. (2013). Mechanisms of inten

tional binding and sensory attenuation: the role of temporal prediction, 

temporal control, identity prediction, and motor prediction. Psychol. 

Bull. 139, 133–151. https://doi.org/10.1037/a0028566.

41. van Elk, M., Salomon, R., Kannape, O., and Blanke, O. (2014). Suppression 

of the N1 auditory evoked potential for sounds generated by the upper and 

lower limbs. Biol. Psychol. 102, 108–117. https://doi.org/10.1016/j.bio

psycho.2014.06.007.

42. Jeannerod, M. (2003). The mechanism of self-recognition in humans. Be

hav. Brain Res. 142, 1–15.

43. Woollacott, M., and Shumway-Cook, A. (2002). Attention and the control 

of posture and gait: a review of an emerging area of research. Gait Posture 

16, 1–14. https://doi.org/10.1016/s0966-6362(01)00156-4.

44. Hausdorff, J.M., Balash, J., and Giladi, N. (2003). Effects of cognitive chal

lenge on gait variability in patients with Parkinson’s disease. J. Geriatr. Psy

chiatry Neurol. 16, 53–58. https://doi.org/10.1177/0891988702250580.

45. Li, K.Z.H., Bherer, L., Mirelman, A., Maidan, I., and Hausdorff, J.M. (2018). 

Cognitive Involvement in Balance, Gait and Dual-Tasking in Aging: A 

Focused Review From a Neuroscience of Aging Perspective. Front. Neu

rol. 9, 913. https://doi.org/10.3389/fneur.2018.00913.

46. Kannape, O.A., Perrig, S., Rossetti, A.O., and Blanke, O. (2017). Distinct 

locomotor control and awareness in awake sleepwalkers. Curr. Biol. 27, 

R1102–R1104. https://doi.org/10.1016/j.cub.2017.08.060.

47. Stroop, J.R. (1935). Studies of interference in serial verbal reactions. 

J. Exp. Psychol. 18, 643–662. https://doi.org/10.1037/h0054651.

48. Miehlbradt, J., Cherpillod, A., Mintchev, S., Coscia, M., Artoni, F., Flor

eano, D., and Micera, S. (2018). Data-driven body–machine interface for 

the accurate control of drones. Proc. Natl. Acad. Sci. USA 115, 7913– 

7918. https://doi.org/10.1073/pnas.1718648115.

10 iScience 29, 115835, June 19, 2026 

iScience
Article

ll
OPEN ACCESS

http://refhub.elsevier.com/S2589-0042(26)01210-1/sref10
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref10
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref11
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref11
https://doi.org/10.1146/annurev.ne.08.030185.001313
https://doi.org/10.1111/j.1467-9450.1963.tb01326.x
https://doi.org/10.1037/0096-1523.30.4.657
https://doi.org/10.1037/0096-1523.30.4.657
https://doi.org/10.1152/jn.00104.2006
https://doi.org/10.1016/S0010-0277(97)00039-5
https://doi.org/10.1016/s0010-0277(02)00100-2
https://doi.org/10.1037/0096-1523.33.2.469
https://doi.org/10.1037/0096-1523.33.2.469
https://doi.org/10.1006/nimg.2001.1009
https://doi.org/10.1006/nimg.2001.1009
https://doi.org/10.1111/j.1468-0017.2004.00251.x
https://doi.org/10.1111/j.1468-0017.2004.00251.x
https://doi.org/10.1162/08989290151137386
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref22
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref22
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref22
https://doi.org/10.1176/appi.ajp.158.3.454
https://doi.org/10.1097/01.wnr.0000073684.00308.c0
https://doi.org/10.1093/schbul/sbab143
https://doi.org/10.1093/brain/awp291
https://doi.org/10.1007/s00221-009-2028-6
https://doi.org/10.1016/j.cognition.2009.02.007
https://doi.org/10.1016/j.neuroimage.2003.07.033
https://doi.org/10.1016/j.neuroimage.2003.07.033
https://doi.org/10.1371/journal.pone.0159619
https://doi.org/10.1371/journal.pone.0159619
https://doi.org/10.1016/j.neuropsychologia.2010.02.005
https://doi.org/10.1016/j.neuropsychologia.2010.02.005
https://doi.org/10.1371/journal.pone.0161156
https://doi.org/10.1016/j.ijpsycho.2011.12.006
https://doi.org/10.1016/j.ijpsycho.2011.12.006
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref34
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref34
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref35
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref35
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref36
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref36
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref36
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref37
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref37
https://doi.org/10.1016/j.tics.2009.11.004
https://doi.org/10.1098/rstb.2005.1622
https://doi.org/10.1037/a0028566
https://doi.org/10.1016/j.biopsycho.2014.06.007
https://doi.org/10.1016/j.biopsycho.2014.06.007
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref42
http://refhub.elsevier.com/S2589-0042(26)01210-1/sref42
https://doi.org/10.1016/s0966-6362(01)00156-4
https://doi.org/10.1177/0891988702250580
https://doi.org/10.3389/fneur.2018.00913
https://doi.org/10.1016/j.cub.2017.08.060
https://doi.org/10.1037/h0054651
https://doi.org/10.1073/pnas.1718648115


49. Fourneret, P., Franck, N., Slachevsky, A., and Jeannerod, M. (2001). Self- 

monitoring in schizophrenia revisited. Neuroreport 12, 1203–1208. https:// 

doi.org/10.1097/00001756-200105080-00030.

50. Sinanaj, I., Cojan, Y., and Vuilleumier, P. (2015). Inter-individual variability 

in metacognitive ability for visuomotor performance and underlying brain 

structures. Conscious. Cogn. 36, 327–337. https://doi.org/10.1016/j.con

cog.2015.07.012.

51. Blakemore, S.J., Wolpert, D.M., and Frith, C.D. (2002). Abnormalities in the 

awareness of action. Trends Cogn. Sci. 6, 237–242.

52. Goodale, M.A., Milner, A.D., Jakobson, L.S., and Carey, D.P. (1991). A 

neurological dissociation between perceiving objects and grasping 

them. Nature 349, 154–156.

53. Castiello, U., Paulignan, Y., and Jeannerod, M. (1991). Temporal dissoci

ation of motor responses and subjective awareness. A study in normal 

subjects. Brain 114, 2639–2655.

54. Goodale, M.A., Pelisson, D., and Prablanc, C. (1986). Large adjustments in 

visually guided reaching do not depend on vision of the hand or perception 

of target displacement. Nature 320, 748–750.

55. Wegner, D.M. (2002). The Illusion of Conscious Will (MIT Press).

56. Fourneret, P., and Jeannerod, M. (1998). Limited conscious monitoring of 

motor performance in normal subjects. Neuropsychologia 36, 1133–1140.

57. Harris, C.S. (1963). Adaptation to displaced vision: visual, motor, or propri

oceptive change? Science 140, 812–813.

58. Evans, N., Gale, S., Schurger, A., and Blanke, O. (2015). Visual Feedback 

Dominates the Sense of Agency for Brain-Machine Actions. PLoS One 10, 

e0130019. https://doi.org/10.1371/journal.pone.0130019.

59. Krugwasser, A.R., Harel, E.V., and Salomon, R. (2019). The boundaries of 

the self: The sense of agency across different sensorimotor aspects. J. Vis. 

19, 14. https://doi.org/10.1167/19.4.14.

60. Körding, K.P., and Wolpert, D.M. (2004). Bayesian integration in sensori

motor learning. Nature 427, 244–247.

61. Butler, J.S., Smith, S.T., Campos, J.L., and Bülthoff, H.H. (2010). Bayesian 

integration of visual and vestibular signals for heading. J. Vis. 10, 23. 

https://doi.org/10.1167/10.11.23.

62. O’Sullivan, I., Burdet, E., and Diedrichsen, J. (2009). Dissociating Vari

ability and Effort as Determinants of Coordination. PLoS Comput. Biol. 

5, e1000345. https://doi.org/10.1371/journal.pcbi.1000345.

63. Howard, E.E., Edwards, S.G., and Bayliss, A.P. (2016). Physical and 

mental effort disrupts the implicit sense of agency. Cognition 157, 

114–125. https://doi.org/10.1016/j.cognition.2016.08.018.

64. Ghez, C., Hening, W., and Gordon, J. (1991). Organization of voluntary 

movement. Curr. Opin. Neurobiol. 1, 664–671. https://doi.org/10.1016/ 

S0959-4388(05)80046-7.

65. Eriksson, D., Heiland, M., Schneider, A., and Diester, I. (2021). Distinct dy

namics of neuronal activity during concurrent motor planning and execu

tion. Nat. Commun. 12, 5390. https://doi.org/10.1038/s41467-021- 

25558-8.

66. White, O., and Diedrichsen, J. (2010). Responsibility assignment in redun

dant systems. Curr. Biol. 20, 1290–1295. https://doi.org/10.1016/j.cub. 

2010.05.069.

67. Ernst, M.O., and Banks, M.S. (2002). Humans integrate visual and haptic 

information in a statistically optimal fashion. Nature 415, 429–433. 

https://doi.org/10.1038/415429a.

68. Merton, P.A. (1972). How we control the contraction of our muscles. Sci. 

Am. 226, 30–37. https://doi.org/10.1038/scientificamerican0572-30.

69. Wing, A.M. (2000). Motor control: Mechanisms of motor equivalence in 

handwriting. Curr. Biol. 10, R245–R248. https://doi.org/10.1016/s0960- 

9822(00)00375-4.

70. Goodale, M.A. (2020). Transforming abstract plans into concrete actions. 

Proc. Natl. Acad. Sci. USA 117, 29265–29267. https://doi.org/10.1073/ 

pnas.2020708117.

71. Moore, J.W., Ruge, D., Wenke, D., Rothwell, J., and Haggard, P. (2010). 

Disrupting the experience of control in the human brain: pre-supplemen

tary motor area contributes to the sense of agency. Proc. Biol. Sci. 277, 

2503–2509. https://doi.org/10.1098/rspb.2010.0404.

72. Salatino, A., Sarasso, P., Piedimonte, A., Garbarini, F., Ricci, R., and Berti, 

A. (2023). Modulation of Motor Awareness: A Transcranial Magnetic Stim

ulation Study in the Healthy Brain. Brain Sci. 13, 1422. https://doi.org/10. 

3390/brainsci13101422.

73. Berti, A., Bottini, G., Gandola, M., Pia, L., Smania, N., Stracciari, A., Cas

tiglioni, I., Vallar, G., and Paulesu, E. (2005). Shared Cortical Anatomy for 

Motor Awareness and Motor Control. Science 309, 488–491. https://doi. 

org/10.1126/science.1110625.

74. Moro, V., Pernigo, S., Tsakiris, M., Avesani, R., Edelstyn, N.M.J., Jenkin

son, P.M., and Fotopoulou, A. (2016). Motor versus body awareness: 

Voxel-based lesion analysis in anosognosia for hemiplegia and somato

paraphrenia following right hemisphere stroke. Cortex 83, 62–77. 

https://doi.org/10.1016/j.cortex.2016.07.001.

75. Pacella, V., Foulon, C., Jenkinson, P.M., Scandola, M., Bertagnoli, S., Ave

sani, R., Fotopoulou, A., Moro, V., and Thiebaut De Schotten, M. (2019). 

Anosognosia for hemiplegia as a tripartite disconnection syndrome. eLife 

8, e46075. https://doi.org/10.7554/eLife.46075.

76. Jenkinson, P.M., Edelstyn, N.M.J., Preston, C., and Ellis, S.J. (2015). Anar

chic hand with abnormal agency following right inferior parietal lobe dam

age: a case report. Neurocase 21, 471–478. https://doi.org/10.1080/ 

13554794.2014.925936.

77. Leube, D.T., Knoblich, G., Erb, M., and Kircher, T.T.J. (2003). Observing 

one’s hand become anarchic: an fMRI study of action identification. 

Conscious. Cogn. 12, 597–608.

78. Betka, S., Canzoneri, E., Adler, D., Herbelin, B., Bello-Ruiz, J., Kannape, 

O.A., Similowski, T., and Blanke, O. (2020). Mechanisms of the breathing 

contribution to bodily self-consciousness in healthy humans: Lessons 

from machine-assisted breathing? Psychophysiology 57, e13564. 

https://doi.org/10.1111/psyp.13564.

79. Synofzik, M., Vosgerau, G., and Newen, A. (2008). Beyond the comparator 

model: a multifactorial two-step account of agency. Conscious. Cogn. 17, 

219–239.

80. Wolpert, D.M. (1997). Computational approaches to motor control. Trends 

Cogn. Sci. 1, 209–216. https://doi.org/10.1016/S1364-6613(97)01070-X.

81. Wolpert, D.M., and Ghahramani, Z. (2000). Computational principles of 

movement neuroscience. Nat. Neurosci. 3, 1212–1217.

82. Logan, G.D., and Crump, M.J.C. (2010). Cognitive Illusions of Authorship 

Reveal Hierarchical Error Detection in Skilled Typists. Science 330, 

683–686. https://doi.org/10.1126/science.1190483.

83. Feinberg, I. (1978). Efference Copy and Corollary Discharge: Implications 

for Thinking and Its Disorders. Schizophr. Bull. 4, 636–640. https://doi.org/ 

10.1093/schbul/4.4.636.

84. Sterzer, P., Mishara, A.L., Voss, M., and Heinz, A. (2016). Thought Insertion 

as a Self-Disturbance: An Integration of Predictive Coding and Phenome

nological Approaches. Front. Hum. Neurosci. 10, 502. https://doi.org/10. 

3389/fnhum.2016.00502.

85. Serino, A., Pozeg, P., Bernasconi, F., Solcà, M., Hara, M., Progin, P., Stri
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Twenty-two healthy adults were enrolled for this single-group study (15 females, mean age = 25 ± 3.9 years, height = 1.66 ± 0.07 m) 

using convenience sampling. The sample size was determined based on the large effect size of the spatiotemporal mismatches re

ported in prior studies.4,6,23,90 This sample is large enough to be indicative of a dual-task effect and motivate an appropriately confir

matory study if desired. Due to the wide range of secondary tasks available and mixed findings across different participant cohorts, it 

is difficult to determine a meaningful sample size a priori.

Participants had intact or corrected to normal vision, intact musculoskeletal system, and no history of orthopedic, neural or psy

chiatric conditions. The experimental procedure described in this study was approved by the local ethics committee in accordance 

with the ethical standards laid down in the 1964 Declaration of Helsinki.

Two participants were discarded from the data analysis. The first one could not complete the balance task since they felt dizzy. 

They were the only participant to report vertigo. The second exclusion was done post-analysis, since the motor awareness threshold 

of this participant was below the point of subjective equality for all deviations, including control trials with no deviation.

METHOD DETAILS

For the full-body configuration, participants were secured via straps at the pelvis level inside the THERA-Trainer coro,91 a therapy 

device for dynamic balance exercises used to track the movement of the full-body. Setup takes approximately 3 min and participants 

are securely positioned in a standing position, preventing potential falls. Its frame is height-adjustable and composed with two spring 

elements, whose resistance was set to minimal, for this study. The behavior of the spring system is comparable to the one of a 

joystick, meaning that it always pulls back toward the center. No degrees of freedom were locked during the experiment. It is equip

ped with an inertial measurement unit (IMU) which wirelessly transmits the tilt of the frame at a sampling rate of 30 Hz. The projection 

of the center of mass (CoM) in the frontal and sagittal direction was estimated by multiplying the pelvis height with the sinus of the roll 

and pitch angles given by the IMU, respectively. The upper frame of the THERA-Trainer core was modified to host a Logitech ATTACK 

3 joystick, whose position was also streamed at 30 Hz.

Protocol

This study was divided in two parts. It started with 1) a blind reaching experiment, where participants were asked to reach a target 

without any visual feedback, and 2) an action monitoring study allowing the assessment of participants’ MA threshold. The order of 

the studies were not counterbalanced to avoid a potential carry-over effect of the visuomotor conflicts present in the action moni

toring task to the blind reaching task. Participants folded their arms across their chest when leaning with their full body.

Study 1: Blind reaching

This study was composed of two experimental blocks; a full-body and a hand blind reaching block effectuated in a randomized order. 

A cursor representing either the projection of participant’s CoM or the hand position in the transversal plane was displayed on LCD 

monitor. Each trial started from the center target representing the resting position (i.e., standing straight or center of the joystick). A 

virtual target appeared on the top of the screen at one of two randomized locations. The two target locations were placed at ±25◦ from 

medial axis along a circle with a radius of 80% participant’s range of motion. This was calculated by multiplying the sine of the 

maximum tilt angle of the platform (8.5◦), by the participant’s pelvis height. Participants were asked to perform a hand movement 

with a joystick or to lean with their full-body to reach the target. During the full-body block, they were instructed to keep the feet shoul

der-width apart, to maintain a static base of support. For the hand block, they used their dominant hand.

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB NA https://ch.mathworks.com/products/matlab.html

R NA https://cran.r-project.org

Other

Thera-trainer Thera Trainer Coro https://www.thera-trainer.de/en/thera-trainer-products/ 

standing-balancing/thera-trainer-coro/
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All trials began from the resting position. The experiment started with a training phase where they were asked to reach one 

of the two virtual targets with congruent visual feedback. In the second phase (blind reaching learning), the cursor disappeared 

once the virtual target was presented. Participants were asked to reach blindly the virtual target, stop and stay once they think 

they reached the virtual target. They received terminal visual feedback of the cursor position to show them their reaching accuracy. 

They had 20 trials to improve their reaching accuracy. In the last phase, the terminal visual feedback appeared every 6 trials only.

Study 2: Action monitoring

Participants performed two experimental blocks, a full-body (FB) and a hand (H) action monitoring block, in randomized order. These 

two blocks were divided in two sub-blocks, comprising a single task (ST) and a dual task (DT). The sub-blocks order was randomized 

within blocks. The experimental procedure is illustrated in Figure 1B.

Our action monitoring task was similar to the paradigm used in previous studies to test for motor awareness through perceptual 

visuomotor conflicts of voluntary movements.56 As in study 1, participants were able to control a cursor either with their hand or by 

tilting the body. In both cases, they were asked to produce a trajectory as straight and smooth as possible. After reaching the target, 

they returned to the resting position to start the next trials. Return movements to the resting position were not analyzed, since they are 

assisted by the spring system of the THERA-Trainer coro or of the joystick.

The experiment started with a training phase (20 trials) where participants familiarized themselves with the devices and the task. 

The cursor position was congruent with their movement. Participants then performed the action monitoring training (12 trials) and 

evaluation (88 trials). In some trials (75%) and beyond a distance of 250 mm from the resting position, the trajectory of the cursor 

was deviated either clockwise (+sign) or counterclockwise (-sign) by an angular rotation of 7.5◦, 15◦, 22.5◦ or 30◦. The amplitude 

and the side of the deviation was randomized and evenly distributed across targets (88 trials per sub-block, including 24 control trials, 

i.e., no deviations, and 16 trials per deviation) as in.31 At the end of each trial, participants used the joystick for both blocks to answer a 

question displayed on the screen asking: ‘‘Did the movement you saw on the screen correspond to the movement of your hand/ 

body?’’.23

In the dual task sub-blocks, participants performed the same action monitoring task, while executing a visual color-word stroop 

task.47 A color name (e.g., BLUE printed in red) appeared inside the cursor along the trajectory at 8 different distances from the resting 

position, so that participants could not predict the onset. The font color always conflicted with the color name. Participants were 

asked to say the font color out loud as fast as possible and then reply to the MA question quoted above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were processed offline using MATLAB (MathWorks, Natick, Massachusetts, USA) and the R environment.92 For both tasks, we 

first analyzed the reaching trajectories. Those were smoothed with a 5-sample-window moving average filter, interpolated and finally 

averaged across targets and deviations for each participant, see Figures 2A–2C. Trials where participants restarted their movement 

(i.e., came back to the center and reached again) were excluded. No trials were excluded in the action monitoring task for the final 

participants.

Study 1: Blind reaching

The reaching error of each trial was defined by calculating the Euclidian distance between the trajectory endpoint and the target cen

ter. The error amplitude is a direct measure of the spatial accuracy. To quantify the overall accuracy of each effector, reaching errors 

were then averaged across participants. To evaluate the participants consistency in their performance, the reaching variability was 

calculated by taking the standard deviation of the reaching errors and averaged across participants to assess the precision of each 

effector, Figures 4A and 4B. A trial was considered complete when the participant moved less than 0.05 cm for 0.5 s and if the dis

tance traveled from the starting point was greater than 5 cm.

Study 2: action monitoring

First, we analyzed the responses to the action monitoring question. Motor awareness (MA) was defined as the number of yes-re

sponses out of all trials of the same deviation. Correct self-attribution or MA was a ‘‘yes’’ response for non-deviated trials and a 

‘‘no’’ response for deviated ones, cf. Figure 2D. The MA threshold was determined by fitting a psychometric curve to the participants’ 

responses across the absolute deviations and extracting at the 50% point of subjective equality (PSE) and the slope at the PSE, see 

Figures 3A and 3B. The PSE therefore corresponds to the stimulus strength, here deviation, at which participants judge half of the 

trials as corresponding to their own movement and half of them of not. PSE was then averaged across participants.

Second, we measured the trajectory endpoint to assess motor performance (MP), Figure 2D. The trajectory endpoint corresponds 

to the effector position when reaching the target radial distance, which is not equivalent to the trial endpoint (i.e., center of the target). 

MP was defined as total angle compensated by the participants considering the endpoint of each movement trajectories and 

measured from the onset of the deviation, which was 25 mm from the resting position.

Finally, as additional variables, we analyzed the reaching and response time. Reaching time was calculated from movement onset 

to end of the trial, Figure 2F. Movement onset was defined by the radial velocity being greater than 2% of the maximum trajectory 

velocity. The response time corresponds to the time from the appearance of the question to the participant’s response via joystick 
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button, Figure 4G. Although we recorded response times, participants were not asked to reply to the motor awareness question as 

quickly as possible. They also could move to target at a speed that was comfortable for them.

The aforementioned dependent variables were analyzed as functions of the independent variables such as Deviation, Deviation 

Side, Target Side, Task, Mode, and Effector. Deviation Side was defined as the direction of the deviations (i.e., clockwise or coun

terclockwise). The target side was the position of the target with respect to the midline (left or right). The mode defines if the deviation 

converged toward or diverged away from the target position.

Statistical analysis

Mixed-effects linear models were conducted on MA (logistic), MP, and the two observatory variables as well as the PSE (see 

Table S1). For MA, the first model evaluated the effect of Target Side on control trials (m1). Then, we tested the interaction Task x 

Effector also on control trials (m2). On deviated trials, first the interaction Target Side x Deviation Side was tested (m3). Then, devi

ations were split in two modes (converging and diverging). We tested the effect of Deviation (m4) and then their absolute values were 

taken. We tested the interaction Deviation x Mode as well as the effect of Effector and Task (m5). Finally, for our last model, we tested 

the interaction Mode x Effector (m6) since this was not possible in the previous model. Models m1 to m4 were applied to MP to eval

uate the effects of independent variables. The interaction Deviation x Effector and the effect of Mode and Task were evaluated in 

another model (m5′) For all the above-mentioned models, participants were specified as a random (subject) factor, allowing for 

random slopes and intercepts.

Bayesian analysis was used to determine whether there was significant evidence to suggest that the yes-responses for control 

trials were from the same distribution for Effector and Task, as well for the MA PSE. Paired Student t-tests were used to assess sig

nificant differences between full-body/hand reaching accuracy and variability. Bonferroni’s correction was applied for multiple com

parison. For correlations analysis, we used a robust procedure called Pearson’s skipped-correlations,93 Figures 3A–2C, 4A, and 4C. 

This method protects against bivariate outliers. We measured the strength of the association between average reaching error and 

PSE of each participant.
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