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Abstract

The ability to constantly anticipate events in the world is critical to human survival. It has been 

suggested that predictive processing originates from the motor system and that incoming sensory 

inputs can be altered to facilitate sensorimotor integration. In the current study, we investigated the 

role of the readiness potentials, i.e. the premotor brain activity registered within the fronto-parietal 

areas, in sensorimotor integration. We recorded EEG data during three conditions: a motor 

condition in which a simple action was required, a visual condition in which a visual stimulus was 

presented on the screen, and a visuomotor condition wherein the visual stimulus appeared in 

response to a button press. We measured evoked potentials before the motor action and/or after the 

appearance of the visual stimulus. Anticipating a visual feedback in response to a voluntary action 

modulated the amplitude of the readiness potentials. We also found an enhancement in the 

amplitude of the visual N1 and a reduction in the amplitude of the visual P2 when the visual 

stimulus was induced by the action rather than externally generated. Our results suggest that 

premotor brain activity might reflect predictive processes in sensory-motor binding and that the 

readiness potentials may possibly represent a neural marker of these predictive mechanisms.
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1. Introduction

The term “agency” refers to the human sense of control over voluntary actions and over the 

sensory consequences of these actions. Agency implies an endogenous causation, as 

voluntary actions are performed to produce desired effects in the outside world (Haggard, 

2017; Haggard and Chambon, 2012; Moore, 2016). For this reason, intentional actions 

should be cognitively represented in terms of their anticipated sensory consequences 

(Hommel, 1996; Koch et al., 2004; Prinz, 1997), facilitating the discrimination between self-

produced and externally generated sensations (Clark, 2013; Friston, 2010; Haggard and 

Chambon, 2012).
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Despite the acknowledged significance of predictive processes, the link between intentional 

actions and their sensory consequences remains unknown. An “internal model” has been 

proposed; the idea of a system that estimates the outcomes of an action before sensory 

feedback is available. This system makes use of the efferent motor signal, generated in the 

motor areas during a voluntary movement, to anticipate a sensory outcome and modulate its 

processing (Wolpert, 1997; Wolpert et al., 1995). This way, it would be easier to discern the 

effect of an action from externally generated sensory stimuli (Blakemore et al., 1999, 2001; 

Blakemore et al., 1998; Weiss et al., 2011). For example, people cannot tickle themselves, as 

tactile stimuli are “suppressed” when they are self-produced rather than externally generated 

(Blakemore et al., 1998).

Recent studies supported the notion of an internal model showing that the Supplementary 

Motor Area (SMA), a brain region located in the dorsomedial frontal cortex, plays an 

important role during motor preparation and in controlling perceptual processing during 

voluntary actions (Nachev et al., 2008). Activity within the SMA increases when individuals 

focus attention on their intent to move, rather than to the movement itself (Lau et al., 2004), 

and during sensorimotor learning (Chen and Wise, 1996, 2018; Nakamura et al., 1998), 

reinforcing the idea that premotor activity might be related to motor control. Indeed, 

transient disruption of the SMA with a Transcranial Magnetic Stimulation (TMS) prepulse 

can reduce and almost abolish sensory suppression during voluntary action, supporting the 

idea that the motor command itself contributes to predictive processes (Haggard and 

Whitford, 2004; Voss et al., 2006).

In primates, SMA neurons fire before limb movements (Brinkman and Porter, 1979; Tanji 

and Kurata, 1982) and similarly in humans, the onset of intentional actions is always 

preceded by an increased activity in the motor areas (Kornhuber and Deecke, 1965) as 

revealed by studies using electroencephalography (EEG). The Readiness Potential – RP 

(Kornhuber and Deecke, 1965) is a negative deflection maximal at the midline centro-

parietal area (Deecke et al., 1969; Kornhuber and Deecke, 1965; Shibasaki and Hallett, 

2006) and it represents an electrophysiological measurement of the premotor activity in 

humans. The RP is usually associated with an increase in neural activity that spreads from 

the SMA (Lang et al., 1991; Shibasaki and Hallett, 2006; Yazawa et al., 2000) to the primary 

motor cortex - M1 (Fried et al., 2011; Pedersen et al., 1998). Specifically, the RP comprises 

an early component that starts around 1 s before movement’s onset reflecting a bilateral 

activation of the SMA, and a late component reflecting the lateralized activation of M1 

(Oken and Phillips, 2009). The RP is followed by a bilateral positive potential distributed 

over the parietal cortex that starts around the onset of the action (Deecke et al., 1982). Such 

premotor activity has been related to planning and preparation of voluntary movements 

(Keller and Heckhausen, 1990; Libet et al. 1982; Libet et al. 1983; Shibasaki and Hallett, 

2006).

In the current study, we investigated whether RPs and visual potentials can be modulated by 

action-effect contingency. Following the notion of an internal model and the idea that the 

SMA might play a role in predictive processes, we would expect a modulation of the RPs 

when individuals perform voluntary actions with the intention of causing a sensory event as 

compared to the production of actions without effects. Specifically, we would expect an 
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increased pre-motor activity possibly driven by sensorimotor learning. Moreover, predictive 

processes should suppress visual responses when visual stimuli are induced by an intentional 

movement rather than externally generated. To rule out any effect of action execution (such 

as speed and/or amplitude of the movement) on the RPs, in a control experiment we 

measured electromyography (EMG) while participants performed an action with and 

without receiving a visual feedback.

2. Methods

2.1. Participants

The study was approved by the local ethics committee at the University of Nevada, Reno and 

followed the principles of the Declaration of Helsinki. Participants read and signed a written 

informed consent about the experimental protocol and received monetary compensation for 

taking part in the study. A total of fifteen right-handed healthy volunteers (mean age= 28±2 

years) were recruited at the University of Nevada, Reno. All participants had normal or 

corrected to normal vision and none of them had a history of motor or neurological disease.

Eight of these participants were also tested in the control EMG experiment.

2.2. Stimuli and procedures

During the experiment, participants sat in a quiet and darkened room at 57 cm from the 

computer screen. The visual stimulus was a 6° diameter white circle flashed on a grey 

background for 30 ms on a CRT monitor. Motor actions were button presses performed with 

the right index finger and recorded through the computer’s keyboard. The sound produced 

by the button press was removed by exposing participants to white noise delivered through 

earphones. To reduce variability across experimental conditions, white noise was presented 

in all conditions, even those that didn’t involve voluntary movements.

Participants performed three separate blocks of 100 trials. Each block represented a separate 

condition: visual, motor, or visuomotor. The order of the blocks was counterbalanced across 

participants. Trials always started with a fixation cross appearing at the center of the screen 

and disappearing after 2 s (avoiding any contamination of the data induced by the visual 

potentials evoked by the fixation cross). In the visual condition, the disappearance of the 

fixation cross signaled the occurrence of the visual stimulus. Participants were asked to 

maintain their fixation at the center of the screen. The visual stimulus came into sight after a 

delay ranging between 700 and 900 ms from the disappearance of the fixation cross. This 

delay range was selected to make the timing of the visual stimulus comparable across the 

visual and visuomotor conditions. We selected 100 different delays within this range using 2 

ms steps, and then randomized these values within the block. The following trial started 1.5 

s after the visual stimulus vanished. In the motor condition, participants were instructed to 

press a button at their own will, but only after the disappearance of the fixation cross. 1.5 s 

after the button press, the next trial started. The visuomotor condition was a combination of 

the visual and the motor conditions. When the fixation cross disappeared, participants 

pressed a button at their own will and received a visual feedback 300 ms later. Like the other 
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two conditions, the inter-trial interval was set to 1.5 s (calculated from the disappearance of 

the visual stimulus). Fig. 1A shows example procedures for the viusomotor condition.

In a control experiment we measured differences in the electrical activity of finger muscles 

between the motor and the visuomotor condition. Participants performed a block of 100 

trials for each of the two conditions while we recorded muscle activity using EMG. Two 

electrodes from the Biosemi system (see Fig. 1B, channel 1 and channel 2) were positioned 

on participants’ posterior right hand to record the activity of the index finger’s muscles. 

Other two electrodes, used as references during data analysis, were positioned on the same 

hand: one on the thumb and the other one in the proximity of the digiti minimi. Only for 

recording purposes, reference electrodes were positioned on the scalp (Cz, Pz, Fz and two 

other electrodes located between Fz and Cz).

2.3. EEG/ERP analysis

EEG data were continuously recorded with a Biosemi 128 Channel electroencephalography 

system. We also used 4 extra channels for electrooculography (EOG), two channels on the 

external side of the eye to detect horizontal movements and two channels above and below 

the right eye to detect vertical eye movements. Data were analyzed using EEGLAB 

12_0_2_6b and ERPLAB 5.0.0.0 running under MATLAB 2014a (The Mathworks, Inc.). 

EEG recording was sampled for analysis at 256 Hz and filtered with a 0.1-to-30 Hz 

bandpass filter. Raw data were referenced to the average of the 128 scalp channels. For the 

motor and the visuomotor conditions, the continuous EEG was segmented into epochs from 

2000 ms before the onset of the button press until 100 ms after the motor event. For the 

visual and the visuomotor conditions, the continuous EEG was segmented into epochs from 

300 ms before the onset of the visual stimulus until 500 ms after its presentation. From the 

original signal we subtracted a baseline calculated as the average voltage of the entire epoch. 

Epochs containing considerable motor artifacts were detected through visual 

inspection/EOG and rejected. Afterwards, blink artifacts were identified using EOG data and 

corrected using an Independent Component Analysis (ICA). Individual Event Related 

Potentials (ERPs) were calculated as the average of all the epochs for each experimental 

condition. ERPs were then averaged across participants.

Temporal windows were selected to identify specific ERP components and measure the 

amplitude and latency of these components. For the readiness potentials (RPs) we measured 

the voltage at the central channel Cz. Based on data observation, we decided to consider an 

early RP component extracted from −1000 to −500 ms, and a late RP component isolated 

from −500 ms until the onset of the action. Lateralized readiness potentials (LRPs) were 

calculated as the difference between the voltage in the left (contralateral to the moving 

finger) C3 channel and the right (ipsilateral to the moving finger) C4 channel in a temporal 

window of 500 ms before the onset of the action. For both RP and LRP, the amplitude was 

calculated as the mean voltage within a specified time range, marked by a starting and an 

ending latency. The onset of the RP and LRP was calculated as the fractional area latency 

(Lopez-Calderon and Luck, 2014). This method defines the latency of the component as the 

first time point at which a certain percentage (20% in our analysis) of the total area of the 

component has been reached. The analysis is conducted on rectified data (i.e. absolute 
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values - negative values become positive), within the defined temporal window (from −1000 

to 0 ms).

Visual evoked potentials (VEPs) were also analyzed. One participant was excluded from the 

analysis because the rate, amplitude, and pattern of spontaneous eye-blinks and eye-

movements that occurred after stimulus presentation significantly compromised the quality 

of the EEG signal (data were not excluded for the RP and LRP analysis). The first visual 

component, the P1, which is a positive electric potential with a peak normally observed 

around 100 ms after stimulus onset, was measured in the occipital Oz, O1 and O2 channels. 

The temporal window for the visual P1 was set between 50 and 150 ms from the onset of the 

visual stimulus. The concurrent negative potential, the N1, was measured in the same 

temporal window in the parietal regions, specifically in the Cz, C3 and C4 channels. We also 

analyzed the succeeding parietal positive potential, the P2, recorded from the Cz and Fz 

channel in the temporal window between 180 and 220 ms form stimulus onset. The 

amplitude of the VEPs was calculated with the same procedures used for the premotor 

potentials.

2.4. EMG analysis

Utilized for the EEG and analyzed using EEGLAB 12_0_2_6b and ERPLAB 5.0.0.0 

running under MATLAB 2014a (The Mathworks, Inc.). EMG recording was sampled at 

2048 Hz and filtered with a high pass Butterworth filter (cut off at 10 Hz) and with a 60 Hz 

notch filter. Raw data were referenced to the two external reference channels (see Fig. 1B). 

The continuous EMG signal was segmented into epochs from 2000 ms before the onset of 

the button press until 100 ms after the motor event (as for the RPs). From the original signal 

we subtracted a baseline (the average voltage of the entire epoch). Epochs containing large 

artifacts were detected through visual inspection and rejected. Data were then rectified and 

integrated. Specifically, we calculated the area under the curve of the rectified EMG signal, 

that is the mathematical integral of the absolute value of the EMG signal, within the 

temporal window between −1000 and 0 ms from the onset of the button press. MEPs were 

then averaged across participants for each experimental condition.

3. Results

Fig. 2 shows the scalp map (panel A) and the average voltage (panel B) of the RPs and the 

LRPs in the motor and visuomotor conditions. The two graphs in Fig. 2B show RP and LRP 

amplitudes in both motor (black) and visuomotor (green) conditions as a function of time, 

with the 0 and the black dashed line denoting the onset of the action. Expecting a visual 

feedback in response to a voluntary action significantly modulated premotor cortical activity 

in a non-monotonic way. The voltage measured in the Cz channel is similar between the 

motor and the visuomotor from 2000 ms to 1000 ms before movement’s onset. Around 1000 

ms before the button press, the electric voltage moved toward negative values and changes in 

the electric potential were modulated by the presence of the visual feedback. Specifically, 

the descent was delayed in the visuomotor condition as compared to the motor condition. As 

a result, in the temporal window ranging from 1000 to 500 ms prior to the button press, the 

electric potential was significantly more negative in the motor as compared to the 
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visuomotor condition (paired two-tailed t-test, Bonferroni correction for two comparisons 

represented by the two temporal windows; t14 = −2.44; p = 0.02), as shown in the left panel 

of Fig. 2A and in the yellow window of the left panel of Fig. 2B. The voltage of the RP 

became more negative in the succeeding 500 ms, reaching the most negative peak around 

200 ms before the movement onset in both the conditions. Also in this temporal window we 

found a significant difference between experimental conditions, with the RP being more 

negative in the visuomotor as compared to the motor condition (paired two-tailed t-test, 

Bonferroni correction for two temporal windows; t14 =2.75; p =0.015), as shown in the right 

panel of Fig. 2A and in the blue window of the left panel of Fig. 2B. Overall, the RP seemed 

to be more precipitous, shrunk and delayed in time in the visuomotor as compared to the 

motor condition. In agreement with this idea we found a significant difference in the latency 

(calculated from 1000 ms before the onset of the movement) of the RP between the two 

experimental conditions (paired two-tailed t-test; t14 = 3.17; p = 0.006).

Moreover, we fitted data using a linear regression model (in the temporal window between 

−1000 ms and −200 ms) to test for differences in the pattern of descend of the electric 

potential across conditions. Results, reported in Fig. 3, showed a significant difference in the 

slope between the two linear fit representing the motor and the visuomotor condition 

(ANCOVA, F(1,406) =915.3, P < 0.0001). In the motor condition, the slope of the best linear 

fit was equal to −0.0017 ± 3.292e-005 while in the visuomotor condition was equal to 

−0.0032 ± 3.48 e–005. On the other side, no significant difference was found in the LRPs 

between experimental conditions (Fig. 2B, right panel).

Fig. 4 shows the scalp map (panel A) and the average voltage (panel B) of the P1 component 

of the VEPs. The graph in Fig. 4B plots the amplitude of the VEPs in both visual (black) and 

visuomotor (green) conditions as a function of time, with time 0 and the black dashed line 

denoting the onset of the visual stimulus. The positive deflection measured in the occipital 

area between 50 and 150 ms after stimulus onset, slightly increased in amplitude and 

extended more to the right hemisphere in the visuomotor condition as compared to the visual 

condition. However, differences were not statistically significant.

Fig. 5 shows the scalp map (panel A) and the average voltage (panel B) of the more parietal 

N1 and P2 components of the VEPs. The graph in Fig. 5B plots the amplitude of the electric 

potentials recorded in the left C3, central Cz and right C4 channel for the visual (black) and 

visuomotor (green) condition. We first tested for differences between the two conditions in 

the amplitude of the N1, the negative deflection occurring ~100 ms post-stimulus 

presentation, across the three channel locations. The N1 showed a greater amplitude at the 

left channel location in the visuomotor condition compared to the visual condition, as shown 

in the left scalp map of Fig. 5A and in the blue window in the graph of Fig. 5B reporting C3 

voltage. There was a marginally significant difference between conditions in the amplitude 

of the N1 recorded at the C3 channel (paired two-tailed t-test, Bonferroni correction for the 

three channels; t13 = 2.65; p = 0.018). We also analyzed the parietal P2 component (in a 

temporal window between 100 and 200 ms post-stimulus onset) at the Cz and Fz channel. 

We found a significant reduction of the electric potential for the visuomotor condition with 

respect to the visual condition at the Cz channel location (paired one-tailed t-test, Bonferroni 

correction for the two channels; t13 = 2.39; p = 0.01). Such reduction is shown in the scalp 
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map in Fig. 4A (right panel) and in the yellow window in the graph of Fig. 4B reporting the 

Cz voltage. No significant difference between the two conditions was found in the Fz 

channel.

Fig. 6 shows the results for the control EMG experiment. Average voltage recorded and 

averaged across the two channels is plotted for the motor (black) and visuomotor (green) 

condition as a function of time, with time 0 and the black dashed line reflecting the onset of 

the motion action. There was no difference in the muscular activity between the two 

experimental conditions.

4. Discussion

In the current study, we investigated a neural marker related to predictive processing and 

more in general the sense of agency. First, we showed that premotor brain activity, i.e. the 

RP, is modulated by stimulus expectancy. Second, we showed a motor-induced modulation 

of visual cortical responses that occurred at different stages of visual processing. Early 

parietal responses occurring ~100 ms after stimulus presentation were enhanced, while late 

parietal responses (~200 ms after) were suppressed when the visual stimulus was the 

outcome of a motor action rather than externally generated.

Freely voluntary movements are preceded by preparatory processes that have been 

associated with motor planning and intentions (DEECKE et al., 1984; Keller and 

Heckhausen, 1990; Benjamin Libet et al., 1983; H Shibasaki et al., 1980; Vaughan et al., 

1968). Premotor activity may be related to predictive processes as intentional actions are 

performed to produce an effect in the environment. Previous neurophysiological studies 

already supported the importance of the motor system for predictive processes, showing that 

TMS over pre-supplementary motor area (pre-SMA) produces a decrease in intentional 

binding (Moore, 2016). Moreover, the simultaneous acquisition of EEG and fMRI confirmed 

that SMA is a crucial region contributing to the sustained activity of the RP before 

movement (Nguyen et al., 2014). Our data are consistent with the involvement of SMA in 

predictive processes. Indeed, attending to a sensory feedback in response to a voluntary 

movement modulated the amplitude of the RP and delayed the latency of its onset, 

suggesting that premotor activity within the fronto-parietal regions might play a crucial role 

in predictive processes and more in general in the sense of agency.

The features of the RP waveform (i.e. amplitude and latency) can be modulated by multiple 

factors, such as movement selection (Baker et al., 2011), attention (Spring et al., 2016) and 

neuromuscular fatigue (Lang et al., 1983). To exclude the possibility that the modulation of 

the RPs found in our study might be induced by differences in the muscular activity during 

movements (for example amplitude, speed of movements) between conditions, we ran a 

control EMG experiment. Results showed no significant differences in motor performance 

between the visuomotor and the motor condition, confirming that the effect that we found on 

the RP results from higher cognitive processes, such as sensorimotor integration and/or 

visuomotor learning (Holst and Mittelstaedt, 1971).
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It has been suggested that an efferent copy of the motor command alerts sensory cortices 

about the upcoming sensory feedback, modulating their response properties (Creutzfeldt et 

al., 1989; Flinker et al., 2010; Greenlee et al., 2011; Niziolek et al., 2013). For instance, ERP 

studies reported suppressed auditory responses to self-generated speech (Blakemore et al., 

1999, 1998) and reduced tactile sensitivity following self-initiated hand movements, (Dunn 

et al., 1998; Golob and Starr, 2000; Tremblay et al., 2014). Results from our study showed 

an attenuation of the P2 that may indicate visual suppression. The P2 component has not 

been entirely characterized yet, mainly because it can be modulated by a diverse number of 

factors. This ERP component is generated within parieto-occipital regions and seems to be 

involved in several cognitive processes, such as memory (Hackley et al., 1990; Hillyard et 

al., 1973) and selective attention (Sanmiguel et al., 2013). In general, the P2 might be related 

to learning and matching sensory information with stored memory. More interesting is that 

the amplitude of the auditory P2 is reduced during self-initiated sounds (Mifsud et al., 2016) 

and after button-press-initiated auditory stimuli, as compared to externally initiated sounds 

(Di Russo et al. 2002). Analogously, we showed a reduction of the visual P2 amplitude in 

response to a visual stimulus that was generated by a voluntary action, as compared to a 

visual stimulus externally generated.

Results from this study also showed an enhancement of an early visual component, the N1, a 

negative parietal component showing a peak between 100 and 130 ms after stimulus onset. 

The information-processing contributions of the N1 are not well understood. Previous 

studies suggested that the N1 component might reflect the operation of a discriminative 

process that is applied to a restricted area of visual space (Molholm et al., 2004). 

Specifically, N1 amplitude is greater for attended-location stimuli compared with stimuli 

presented under neutral or distributed attention conditions. In our study, the visual stimulus 

was attended in both the visual and the visuomotor condition and the spatial location of the 

stimulus did not vary across conditions. However, the N1 was enhanced when the attended 

visual stimulus was caused by the participants’ intentional action and the enhancement was 

restricted to the left hemisphere, contralateral to the moving hand. Remarkably, a 

modulation of the N1 has also been related to the integration of stimuli from different 

modalities (Murray et al., 2002; Rossion et al., 2000; Vogel and Luck, 2000) and to more 

general ventral stream functions related to the visual processing of the structural features of 

objects (Nguyen et al., 2014). Similarly, the modulation that we observed could be related to 

sensorimotor integration.

On the whole, the current study suggests that the brain constantly anticipates events in the 

world. Internal sensory predictions may possibly be generated prior to voluntary movements, 

within supplementary motor areas of the brain, to help discriminating self-produced from 

externally generated sensory stimuli. Such premotor signal can modulate sensory cortices 

integrating voluntary actions with a representation of the expected sensory feedbacks. Future 

studies should further investigate potential correlation between neurophysiological and 

behavioral effects of sensorimotor binding.
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Fig. 1. 
A) Procedures for the visuomotor condition. At the beginning of each trial a fixation cross 

appeared on the screen for 2 s. After the disappearance of the cross, participants pressed a 

button and received a visual feedback (a 6° diameter white circle) 300 ms after the button 

press. In the motor condition, when the cross disappeared, participants had to press a button 

but received no visual feedback. In the visual condition, no action was required but rather a 

visual stimulus appeared in the center of the screen. B) Electrodes location in the EMG 

control experiment.
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Fig. 2. 
A) Scalp map for the motor and visuomotor condition averaged across two temporal 

windows. From 1000 to 500 ms before the button press (left panel) and from 500 ms to the 

onset of the motor action (right panel). The RP is initially more positive in the visuomotor as 

compared to the motor condition. The negative potential dramatically increases in the 500 

ms before the button press with a significant difference between the two conditions. B) 

Average RPs (±SE; left panel) recorded from the Cz electrode and LRPs (±SE; right panel), 

measured as the difference between the activity at the C3 and the C4 channel, for the motor 

(black line) and visuomotor (green line) condition. Time 0 on the x-axis denotes the onset of 

the motor action. The yellow and the blue window in the left panel denote a significant 
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difference between electric potentials measured in the motor and the visuomotor condition, 

the same differences reported in the scalp maps.
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Fig. 3. 
Linear fits of the negative descend characterizing the RPs in the motor (black dots and line) 

and the visuomotor (green dots and line) condition. Data were fitted only for latencies from 

1000 to 200 ms prior to the onset of the motor action.
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Fig. 4. 
A) Scalp map for the visual and visuomotor condition averaged between 50 and 150 ms 

(time window of the P1) after stimulus onset. B) Average VEPs ( ± SE) recorded from the 

occipital Oz, O1 and O2 channels for the visual (black line) and visuomotor (green line) 

condition. Time 0 on the x-axis denotes the onset of the visual stimulus.
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Fig. 5. 
A) Scalp map for the visual and visuomotor condition averaged between 50 and 150 ms (left 

panel, latency of the N1) and 100–200 ms (right panel, latency of the P2) after stimulus 

onset. B) Average VEPs ( ±SE) recorded from the parietal Cz, C3 and C4 channels for the 

visual (black line) and visuomotor (green line) condition. Time 0 on the x-axis denotes the 

onset of the visual stimulus. The blue and the yellow window highlight a marginally 

significant and a significant difference between the two experimental conditions, 

respectively.
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Fig. 6. 
EMG data (AVG voltage ± SE) for the average of the two external channels in the motor 

(black line) and the visuomotor (green line) condition. Time 0 on the x-axis and the black 

dashed line denote the onset of the motor action as recorded from the computer keyboard.
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