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Abstract

The current study investigated the effect of conscious intention to act on the Bereitschaftspotential. Situations in which the
awareness of acting is minimally expressed were generated by asking 16 participants to press a button after performing a
mental imagery task based on animal pictures (automatic condition). The affective responses induced by the pictures were
controlled by selecting the animals according to different valences, threatening and neutral. The Bereitschaftspotential
associated with the button presses was compared to the observed when similar movements were performed under the basic
instructions of the self-paced movement paradigm (willed condition). Enhanced Bereitschaftspotential amplitudes were
observed in the willed condition with respect to the automatic condition. This effect was manifested as a negative slope
at medial frontocentral sites during the last 500 ms before movement onset. The valence of the pictures did not affect the
motor preparatory potentials. The results suggest that significant part of the NS’ subcomponent of the readiness potential
is associated with the attention to—and, presumably, awareness of—intention to move, possibly reflecting cortical activa-
tion from supplementary motor areas. Secondarily, our findings supports that the feeling of threat does not influence the
Bereitschaftspotential associated with automatic movements. Regarding methodological issues, the behavioural model of
spontaneous voluntary movements proposed in automatic condition can benefit investigations on purely motor (or non-
cognitive) subcomponents of the Bereitschaftspotential.
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Introduction

The experience of an individual acting at his own will
has puzzled scientists and philosophers for centuries. In
physiology, an important issue on the theme consists of
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understanding the brain processes underlying the genesis of
voluntary movements, particularly those associated with the
conscious intention to move. In the last decades, researchers
have found evidences that brain processes that lead to vol-
untary movements are initiated unconsciously (Libet et al.
1983) and manifested in electroencephalography (EEG) as
the Bereitschaftspotential (or readiness potential) (Kornhu-
ber and Deecke 1965), a gradual decay of voltage over the
vertex starting up to 2 s before the movement onset. Never-
theless, studies on the timing of conscious intention to move
indicate that during the imminence of motor actions—at
least 200 ms before (Libet et al. 1983; Haggard and Eimer
1999)—these subliminal processes can assume conscious
representation, possibly enabling volitional mechanisms
of action control, such as motor updating and inhibition
(Schultze-Kraft et al. 2016). Regarding subcomponents of
the Bereitschaftspotential manifested few hundreds of mil-
liseconds before the motor act that could possibly corre-
late brain activities underlying the conscious intention to
move, the NS’—marked by steeper negative slope starting at
about 500 ms prior to the movement onset (Shibasaki et al.

@ Springer


http://orcid.org/0000-0002-3492-9198
http://crossmark.crossref.org/dialog/?doi=10.1007/s00221-018-5302-7&domain=pdf

2288

Experimental Brain Research (2018) 236:2287-2297

1980)—would be the most evident candidate. However, the
association between the NS’ and conscious processes lacks
empirical support.

While being essential for motor actions that require any
sort of volitional control, the conscious intention to move
is often absent prior to simple movements, which can be
reproduced automatically. Thus, it can be admitted that pre-
liminary descriptions of the electrophysiology of the con-
scious experience of action control could stem from stud-
ies comparing movements which demand different levels
of skill. In this way, previous works showed that relatively
complex or discrete movements (which presumably demand
more volitional control) are associated with higher ampli-
tudes of the NS’ than simple movements (Simonetta et al.
1991; Kitamura et al. 1993; Masaki et al. 1998). This effect
was observed invariably in the medial, but also in the lateral
regions of the vertex, probably reflecting enhanced corti-
cal activity from, respectively, supplementary motor areas
and primary motor areas (Shibasaki et al. 1993). Neverthe-
less, by varying the level of skill required to perform an
action, researchers probably influenced more directly (or
even exclusively) motor and cognitive processes (such as
reasoning, attention, memory, timing and decision making)
integrated with the volitional coordination of motor actions
(property of consciousness to integrate several brain pro-
cesses is discussed in Dehaene and Naccache 2001; Baars
2005; Tononi et al. 1998) rather than the very conscious
experience of acting.

In an attempt to probe the effect of the conscious inten-
tion to move on the readiness potential, Keller and Heck-
hausen (1990) compared self-paced movements—obtained
according to Libet’s protocol (Libet et al. 1983)—with
unconscious hand movements detected while individu-
als performed a mental task. According to their results,
conscious movements were preceded by increased Bere-
itschaftspotential than unconscious ones, particularly
within 500 ms prior to the movement, at medial sites.
This finding may suggest that the conscious intention
accounts for significant portion of the medial NS’, albeit
the reliability of this conclusion was challenged by some
relevant methodological issues. First, the long duration of
the experimental sessions (“three hours or until the subject
got tired”) needed to record sufficient number of uncon-
scious movements could induce psychological states, such
as reduced arousal or demotivation, which could alone
explain their main results (McAdam and Seales 1969;
Dirnberger et al. 2004; Bortoletto et al. 2011). Second, the
results can also be explained by differences in mechanical
aspects of the movements across conditions, such as inten-
sity (electromyographic activities underlying unconscious
movements were consistently lower than those associated
with conscious movements) and site (wrist, hand or finger
movements were not discriminated) (Kutas and Donchin
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1974; Oda et al. 1996; Jankelowitz and Colebatch 2002).
Third, the rejection of large number of participants and
the few number of unconscious movements per individual
lead to low resolution of ERP curves (in which the early
subcomponent of the readiness potential could not be iden-
tified) and challenged the consistency of the results.

Based on the studies discussed above, it can be hypoth-
esised that brain processes associated with the conscious
experience of action control account for at least part of the
NS’ subcomponent of the readiness potential. This hypothe-
sis is to some extent supported by Haggard and Eimer (1999)
which showed that the timing of the conscious intention to
act correlates with the onset of the lateralized readiness
potential (LRP), which is known to contribute to the lateral
and asymmetric portion of the NS’. Regarding the present
hypothesis, our study aims to investigate the effect of the
conscious intention to move on the Bereitschaftspotential
by comparing spontaneous voluntary movements executed
under different levels of awareness. However, different from
Keller and Heckhausen (1990), the current experiment is
concerned with maintaining similar occurrence rates and
mechanical features of the movements across conditions. To
understand how a movement initiated under reduced aware-
ness can be reproduced several times in a systematic way,
one can remind of simple daily actions performed to fulfil
ordinary goals, such as the act of leafing through a maga-
zine. In this example, while individuals are distracted by
the pages’ content, standardized movements of turning the
page are initiated with certain periodicity (after each page is
satisfactorily inspected) and automatically, that is, without
(or with minimum) conscious intention to act.

Inspired by the example above, in our first experiment
(Experiment 1, named automatic condition), while pressing
a button to display animal pictures, the participants were
distracted from their motor actions by a mental imagery task
based on the presented pictures. Because a previous study
showed that the emotional content of images can affect the
readiness potential associated with the self-exposure to the
same images (Perri et al. 2014), putative affective responses
induced by the pictures were controlled by selecting the ani-
mals according to two categories: threatening (automatic
threat condition) and neutral (automatic neutral condition).
The movement-related potentials recorded in Experiment
1 were compared to the obtained in a second experiment
(Experiment 2, or willed condition), in which the same
movements of pressing the button were performed under
the basic instructions of the traditional self-paced movement
paradigm. In this condition, under the explicit instruction
to move at will and without distractors, the participants
would be induced to attend to (and, thus, be aware of) their
own intentions to move. Using this approach, the current
study is concerned with analysing the effect of the con-
scious experience of acting on the Bereitschaftspotential,
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particularly regarding the amplitude of its early and late
(NS’) subcomponents.

Methodology
Participants and experimental set up

18 healthy volunteers took part in the experiment, after pro-
viding informed consent in written form. The experimental
protocol was approved by the University Research Ethics
Committee. Because the EEG records from two individuals
were too noisy, their data were rejected during the signal
preprocessing stage. Thus, the study was based on data from
16 participants (7 males, 25.2 +7.6 years, mean + standard
deviation), 14 right-handed according to self-report. Each
participant was seated in a dark and noiseless room with
their head supported on a chin rest located 60 cm from an
LCD monitor screen (22 inches, 60 Hz). The responses
(button press) were recorded with a commercial Cedrus®
response box RB-530. The Psychtoolbox version 3 (Brain-
ard 1997) for GNU Octave v3.8.1 was used to generate the
visual stimuli. The EEG signal was recorded using the acti-
CHamp (BrainVision®) system with 64 electrodes placed
according to the 10—10 system.

Stimuli and procedures
Experiment 1: automatic condition

A black disc (radius 0.2°, the fixation point) was presented
on the centre of a grey screen. After the response button
was pressed, the fixation point changed colour sequentially
to yellow and red (remaining for 500 ms in each colour)
and, then, an animal picture (70.4 cm? of area) was dis-
played. Immediately after its appearance, the picture gradu-
ally disappeared (for 1667 ms) and the black fixation point
became visible again, remaining until a new response was
given (sequence of events outlined in Fig. 1a). Each picture
was repeated in five consecutive trials and, then, a screen
announcing “next image” was displayed for a random inter-
val from 1 to 2 s before the next trial.

The experiment consisted of two conditions: the auto-
matic neutral, in which the presented pictures were 20
images of non-threatening animals (for instance, cat, puppy,
rabbit, sheep, cow, hen, golden fish, all in resting stance);
and the automatic threat, constituted by 20 photos of threat-
ening animals (for example, wolf in threatening stance,
shark, crocodile, lizard, snake, spider) (examples in Fig. 1a).
The animals were selected according to their hedonic char-
acter. The two conditions were blocked (100 trials in each
block) and the order of the blocks was counter-balanced
across participants.

During the trial, the participants were required to (1) look
at the fixation disc; (2) press the response button with the
index finger of the right hand; (3) pay attention to the pic-
ture; (4) after the picture disappeared, while fixating at the
black disc, imagine the presented animal as it were alive;
(5) after the thought was performed “sufficiently” (we did
not provide further descriptions about what “sufficiently”
meant), start the next trial by pressing the response but-
ton with the index finger of the right hand. Noteworthy,
the participants were instructed that the crucial moment of
the experiment was the imagination period, so that the task
should be executed carefully. No explicit instruction about
when or how the button should be pressed was provided.
Button presses delivered within 2 s after the complete disap-
pearance of the picture were not accepted. Before the experi-
ment, the subjects performed a training block of 20 trials.

Experiment 2: willed condition

The sequence of events in Experiment 2 was almost identical
as in Experiment 1, except that no picture was presented. In
each trial, the fixation point was presented and after a but-
ton press it changed colour from black to yellow, from yel-
low to red (similar to Experiment 1), from red to blue, and
then, gradually returning to black (for 1667 ms) (sequence of
events outlined in Fig. 1a). The experiment was constituted
of a single block of 100 trials, also addressed as the willed
condition.

Instead of the imagination task, participants were
instructed to look at the black fixation point and press the
button when they wanted to do so, trying to be “as spon-
taneous as possible”, “without planning the movement”.
Importantly, they were instructed that they should wait for
at least 2 s after the fixation point returned to black to press
the button (participants were instructed to not count during
this period). Button presses delivered within this minimum
waiting interval were not accepted. To avoid the influence
of the attention to the act concerning the current task on
the first experiment, experiments 1 and 2 were necessary
performed in this order.

Rationale of the experimental protocol

At this point, one may still question why would automatic
and willed conditions differ in terms of the conscious expe-
rience of acting. Our experience concerning most of daily
actions shows that simple movements generated in response
to ordinary action demands have strong tendency to initi-
ate automatically (without awareness), especially when our
attention is focused on any concern or attribution other than
the movement execution. Based on this fact, in automatic
condition, the automatic generation of button presses was
induced by associating the movements with mere transition
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Fig. 1 Scheme of the task and

the Bereitschaftspotential. a a
Sequence of trial events in
Experiments 1 and 2. b Boxplot
of individual means (left) and

standard deviations (right) of

the latencies of button press

Exp. 1
(automatic)

neutral

threat

time (ms)
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of trials and by distracting individual’s attention to the men-
tal imagery task. In contrast to this situation, in the willed
condition, after being explicitly instructed to move “at will”,
participants were induced to be aware of their possibility of
moving (or not moving) in the near future, fact that makes
movements more willed, that is, associated with conscious
choices of acting [concept of “will” as deliberate choice is
discussed and adopted in Norman and Shallice (1986), Frith
etal. (1991), Lau et al. (2004)]. It can also be observed that,
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in similar situation, a movement may not be time locked to
the conscious intention to act if the moment of its initiation
was planned in advance, the reason why we discouraged the
participants to “plan their movements”.

In Experiment 1, one could ask what would be the exact
role of the mental imagery task, since the simple presenta-
tion of the pictures would be enough to distract the indi-
viduals’ awareness from their motor activities. Besides
distracting the participants, the imagery task would make
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them fixate gaze at the central point for few seconds before
pressing the button, just as they would behave in Experiment
2. By simply asking the participants to look at the images
and then pressing the button, during the time interval of
Bereitschaftspotential occurrence, participants would exhibit
voluntary eye movements and, also, be exposed to much
more complex visual stimuli than in Experiment 2. These
facts could not only influence motor preparatory processes
underlying the readiness potential, but also add oculomotor
artifacts and perceptual ERP components to the EEG signal.
Another element of the experimental design that is wor-
thy explaining is the presentation of the yellow and red fixa-
tion circles (lasting for 1 s) just following the button presses
in all trials. Previous studies show that task relevant stimuli
that are predictable in time (such as the pictures in Experi-
ment 1) can be preceded by an ERP component known as the
contingent negative variation (CNV) (Walter et al. 1964), a
negative slope resembling the Bereitschaftspotential in terms
of overall time course and scalp distribution. Considering
this fact, in Experiment 1, if the pictures were presented
immediately after the button presses, the readiness poten-
tial could overlap with the putative CNV wave related to
the picture onset. To avoid this, the yellow and red discs
were introduced as warning signals, precueing the pictures
appearance and, thus, positioning the putative CNV between
the time interval from the button press to the picture onset.
Another potential confounding factor that we tried to cope
with is the novelty effect associated with the visual stimuli
in Experiment 1: before the presentation of a novel picture,
individuals could express specific mental states not expected
in Experiment 2, such as increased hesitation, arousal or
motivation, that could influence the readiness potential (Bor-
toletto et al. 2011; McAdam and Seales 1969). To reduce
such novelty effect, we adopted repetitions of the same pic-
ture in five subsequent trials, omitting from analyses the
trials in which each picture was presented for the first time
(immediately following the “next image” screen).

EEG acquisition and preprocessing

Electrode impedances were reduced below 20 kQ and,
recording was performed in DC mode at 1000 Hz, refer-
enced to the Cz channel. The EMG electrode was located
over the flexor digitorum superficialis muscle of the right
forearm.

Preprocessing and data analysis were performed in
Matlab® R2009a (The MathWork®). The EEG data were
re-referenced to the averaged earlobes, and high-pass and
low-pass filtered at 0.05 and 40 Hz (2th order, double-pass,
Butterworth filter). EMG was filtered with a high-pass fil-
ter at 10 Hz (2th order, double-pass) and a notch filter at
60 Hz, and represented as unsigned value. Ocular artifacts
were removed using independent component analysis (ICA,

infomax) available in EEGLAB toolbox (Jung et al. 1998;
Delorme and Makeig 2004). Because ICA decomposition
relies on stationary assumption, the ICA weight matrix was
calculated from a copy of the EEG data which were high-
pass filtered at 1 Hz (2th order, double-pass).

Movement onset was determined as the moment at which
the cumulative EMG signal, calculated within 250 ms before
the button press, reached 80% of its total value. Taking this
movement onset as temporal reference (represented as the
zero on time axis), the EEG data were epoched from —2300
to 600 ms. In each trial, electrodes were rejected according
to the peak amplitude and kurtosis of the signal. Individual
peak amplitude and kurtosis thresholds were, respectively,
61.25+19.93 pV and 4.09 +0.30 (z scored value equal
to 1.8). Trials with more than 8 rejected electrodes were
entirely rejected. The remaining rejected electrodes were
interpolated using spherical spline interpolation (Perrin et al.
1989). The EMG signal was visually inspected and trials
presenting clear EMG peak before — 250 ms from button
presses were rejected. In sum, rejected trials corresponded
to an average of 15.40+5.93% of trials per participant;
3.25+0.86% of the channels per trial were interpolated.
The individual ERPs from each condition were extracted by
averaging the EEG epochs along the trials.

Data analysis

All data analyses were performed in Matlab® R2009a (The
MathWork®). The baseline period for ERP analysis was from
—2300 to —2000 ms with respect to the movement onset.
For ERP analysis, three regions (medial and two lateral) and
two time intervals (the peak of the early and late subcom-
ponents of the readiness potential) were selected according
to the spatio-temporal features of the Bereitschaftspoten-
tial. The comparisons of the readiness potential amplitudes
across the three experimental conditions (namely, automatic
neutral, automatic threat and willed) were performed with
repeated measures ANOVA (with Greenhouse-Geisser cor-
rection). The post hoc comparisons were performed using
the Tukey—Kramer method. To avoid the influence of expec-
tancy to a new picture on the readiness potential, the first
trial after the “next image” screen in Experiment 1 was
rejected.

Results

Behavioural results

The distribution of the individual means and standard devia-
tions of the latencies of button press—period in which the

black fixation point remained unaltered waiting for the
participant’s response—in each condition are displayed by
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the boxplots in Fig. 1b. The latencies were similar across
conditions in terms of means (median=4.37 s; y*=0.78,
p=0.677, Kruskal-Wallis ANOVA) and standard devia-
tions (median=1.25 s; ;(2=4, p=0.135). Regarding the
intensity of movements, no significant difference was found
in the averaged EMG amplitudes [200 ms window centred
at the movement’s onset, F(1.94, 25.24)=1.19, p=0.320,
£=0.97]. Despite the limited role of EMG in revealing
the actual intensity of muscular activity, its homogeneous
amplitude across conditions suggests that strength of button
presses remained roughly uniform along the experiments.
Together, the behavioural results suggest that putative con-
dition effects on the motor preparatory potentials were not
ascribed to physical aspects of motion.

Bereitschaftspotential analyses

The spatial distribution of the Bereitschaftspotential peak
(within 300 ms before movement onset) during the experi-
ment (conditions merged) is shown by the scalp map in
Fig. 2a. The negativity was widely distributed over medial
and lateral frontocentral sites, from which three pairs of
electrodes were selected for analysis (FCz and Cz, FC3 and
C3, FC4 and C4, scalp map in Fig. 2a). The time courses
of the Bereitschaftspotential from the selected regions are

— FCz/Cz
FC3/C3

---- FC4 / C4
-4 tvalue 0
o [ p = 0.038 1
:% L p = 0.072
3 12t | 1
1S
5 - ‘ g
35 | ]
5 3 0.6} ‘ 4
ISE [ ¢
9 r > ‘ b
2z | I I % | % ]
©
° M C | M C | M C |
Q _neutral threat, willed

automatic

Fig.2 The Bereitschaftspotential analysis. a Topography of the Bere-
itschaftspotential peak (conditions merged) within —300 to 0 ms
(left) and the time course of the component (right). b Error bars of
the increase of Bereitschaftspotential amplitude from the early to the
late intervals in each region and condition
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presented by the graphic in Fig. 2a. Accordingly with the
general consensus, the component was manifested as a slow
negative potential shift starting by —2000 ms and reaching
maximum amplitude by the moment of movement onset.
The curves clearly show the transition between the early and
late (the NS’) subcomponents, approximately at — 500 ms.

The Bereitschaftspotential amplitudes from the early and
late subcomponents (time factor, averaged potential from
—800 to —500 ms and from — 300 to 0 ms), three selected
regions (region factor, left, medial and right frontocentral
area) and three experimental conditions (condition factor,
automatic neutral, automatic threat and willed) were com-
pared with a repeated measures ANOVA. The results are
summarized in Table 1. The significant time main effect
[F(1.00, 15.00)=18.98, p=0.001, £=1.00] indicates sim-
ply that the amplitude of the Bereitschaftspotential increased
from the early to the late interval, as clearly observed in
Fig. 2a. Accordingly with previous descriptions of the com-
ponent, this increase was asymmetric, as supported by the
time X region interaction [F(1.87, 28.07)=4.20, p=0.028,
£=0.94], being higher in contralateral (left) than ipsilat-
eral (right) electrodes [also shown in Fig. 2a, #(15)=3.09,
p=0.007].

The significant time X region X condition interaction
[F(3.14,47.17)=3.55, p=0.020, £ =0.79] represents the
main result of the current study. According to the post hoc
analysis, this finding can be ascribed to significant increase
of Bereitschaftspotential amplitude from the early to the
late time interval specifically in willed condition at medial
frontocentral sites [#(15) =4.29, p =0.038, Tukey—Kramer
post hoc test, pairwise comparisons of all 23 x 3 fac-
tors]. Similar time effect was marginally significant at
contralateral (left) frontocentral electrodes, also in willed
condition [#(15)=3.92, p=0.072]. These findings are
shown by the errorbars in Fig. 2b and by the ERP curves
in Fig. 3a. No other comparison in post hoc was shown

Table 1 The readiness potential amplitudes across time (—800 to
—500 and —300 to 0 ms), regions (left, medial or right frontocentral
areas) and condition (automatic neutral, automatic threat and willed)
factors were compared with a repeated measures ANOVA

df(nl,n2) F P €
Time 1.00,15.00 18.98 0.001**  1.00
Region 1.78, 26.66 0.30 0.715 0.89
Condition 1.96, 29.43 0.14 0.863 0.98
Time X region 1.87,28.07 420 0.028*%*  0.94
Time X condition 1.49,22.34 2.83  0.093 0.74
Region X condition 2.66, 39.85 1.13  0.344 0.66
Time X region X condition ~ 3.14, 47.17 3.55  0.020%*  0.79

The degrees of freedom (df) were corrected according to the spheric-
ity (&) using Greenhouse-Geisser method. p values less than 0.05 are
marked with **
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Fig.3 The Bereitschaftspotential in the experimental conditions. a
Time course of Bereitschaftspotential in each condition from left or
contralateral (top), medial (middle) and right (bottom) frontocentral
regions. The EMG activity (conditions merged) is depicted bellow the
ERP curves. b Difference between the motor-related potentials from
willed and automatic (threat and neutral merged) conditions at medial
frontocentral sites. ¢ Difference between the ERP curves from auto-
matic (threat and neutral merged) and willed conditions expressed by
the topographic map (averaged ERP within — 1000 to —300 ms) (left)
and time series (occipital and parieto-occipital electrodes) (right)

to be significant (p > 0.164). This fact suggests that the
emotional valence of the mental imagery task in automatic
conditions did not affect the readiness potential amplitudes
significantly across time and region factors. To rule out
the hypothesis that the present interaction was ascribed
to differences of LRP peak amplitude (difference between
left and right electrodes during the late interval) across

conditions, we compared them with a repeated measures
ANOVA [F(1.80, 27.00)=0.55, p=0.566, ¢ =0.90].

To better evidence the time course of the condition effect
on the readiness potential at medial frontocentral electrodes,
we merged the response locked potentials in both automatic
conditions and subtracted the resultant ERP from the one in
willed condition. According to the difference wave depicted
in Fig. 3b, the motor-related potentials concerning specifi-
cally the willed condition was manifested as a negative wave
starting approximately at — 500 ms and peaking just before
the movement onset. This negativity shows to be consistent
with the medial part of the NS’ subcomponent, which was
virtually absent in the automatic conditions (Fig. 3a).

Before interpreting the main results, it should be assured
that the current condition effect on the readiness potential
was not ascribed simply to the elapse of time, since the auto-
matic conditions always preceded the willed condition. For
this, we regressed the trial-by-trial Bereitschaftspotential
amplitude (within late time interval, in medial frontocentral
region) along Experiment 1 (automatic conditions, regard-
less threat or neutral) against the ordinal position of each
trial and verified that the linear coefficient (—0.004) was not
different from zero (R-square < 0.00, F=1.05, p=0.305).

Correlates of mental imagery

Taking into account the main objective of the study, the
quality of mental imagery (for instance, vividness or sharp-
ness) was not considered relevant to the analysis, since the
mere attempt of the participants to execute the task, inde-
pendently of their low or high performance, would suffice to
distract them from their intention to move. Nevertheless, our
first experiment relied on the assumption that participants
were at least trying to perform the mental task. This fact was
simply presumed—and not objectively checked or measured
as commonly made in psychophysical tests—as we consid-
ered that the volunteers had no reason to neglect the mental
task (presented as the main task of the experiment) and,
instead, wait for a while before pressing the button. Never-
theless, it is worthwhile to check some evidences suggesting
that participants actually performed the mental imagery task
before pressing the button, because on the contrary, the reli-
ability of the study could be compromised.

Previous ERP studies show that brain processes underly-
ing visual mental imagery are manifested as a slow positive
wave at occipital sites (Farah et al. 1989; Bosch et al. 2001).
Considering this fact, the proposition that the individuals
were actually imagining the animals before pressing the but-
ton was corroborated by the increased positivity in occipi-
tal electrodes observed in automatic condition in relation
to willed condition [#(15)=2.96, p=0.010, considering all
occipital and parieto-occipital electrodes and the time inter-
val from — 1000 to — 300 ms (ERP segment at least 1000 ms
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after the complete disappearance of the picture, thus, not
directly affected by it)] (Fig. 3c). Noteworthy, this effect do
not correspond to the condition effect on the NS’, as shown
by its clearly distinct spatio-temporal features (reaching
maximum from — 800 to —300 ms before the movement
onset at occipital topography, as shown in Fig. 3c). It should
be emphasised, however, that in Experiment 1, the act of
mental imagery did not present precise moment to start or
end, thus, any in depth analyses of associated ERP (which
did not even present adequate baseline interval) would be
too audacious.

Discussion

In the present study, we investigated ERP correlates of
the conscious intention to act by comparing spontaneous
voluntary movements executed under different levels of
awareness. In Experiment 1, the main strategy to reduce the
awareness associated with the execution of self-initiated
movements was to shift participants’ attention from their
motor intentions to the mental task. Since the awareness
of acting along the experiments could not be evaluated or
measured (in automatic condition, individuals could not
even know that their motor actions were being examined),
the assumption of its modulation across willed and auto-
matic conditions was based on theoretical and pragmatic
arguments. Under the explicit instruction to initiate deter-
mined movement at will—as in willed condition—individu-
als experience some sort of responsibility for controlling
their own actions and, congruently, the feeling of acting
according to their own initiative. Nevertheless, it is easy to
realize that such expression of will is absent in most of daily
actions, specially simple movements evoked by ordinary
contextual demands—such as opening the door, turning the
light on, turning the page of a book and, presumably, starting
a new trial in Experiment 1—which show strong tendency
to initiate automatically, that is, without (or with minimum)
awareness. As well-described by William James, this kind
of movement (so-called ideo-motor) “follows unhesitatingly
and immediately the notion of it in the mind”, so that we are
“aware of nothing between the conception and the execu-
tion” of the movement, “we think the act, and it is done; and
that is all that introspection tell us of the matter”.

In contrast to Experiment 2, the readiness potential in
Experiment 1 showed relative reduction of amplitude within
the last 500 ms before the movement onset, specially at
medial frontocentral sites. In agreement with Keller and
Heckhausen (1990), this result suggests that the attention
to intention to move—which was considered a sufficient
factor for individuals to become aware of their motor inten-
tions—accounts for significant part of the Bereitschaftspot-
ential peak over the medial frontal cortex. Apart from their
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findings, our results take the investigation one step further
supporting that the attention to motor intention is correlated
specifically with the NS’ subcomponent of the readiness
potential. Considering that the supplementary motor com-
plex (SMC, term which encompasses both supplementary
motor area and pre-supplementary motor area) represents the
main activation source of the medial NS’ (Ikeda et al. 1992;
Rektor et al. 1994; Yazawa et al. 1998), the present finding
in line with the hypothesis that the SMC plays an essential
role in the establishment of volitional mode of action control
(Curtis et al. 2005; Aron and Poldrack 2006; Brass and Hag-
gard 2007; Isoda and Hikosaka 2011). As a matter of fact,
the association between NS’ and volitional motor control is
encouraged by previous evidences associating greater NS’
with more complex or discrete movements (Simonetta et al.
1991; Kitamura et al. 1993; Masaki et al. 1998).

Considering these facts, it is important to discuss the
scope of the present study in clarifying the precise physi-
ological meaning of the NS’. Our results suggest that while
being anyhow correlated with the attention to intention to
move, brain processes underlying substantial part of the
NS’ are not necessary for the automatic execution of goal-
directed movements. With regard to the possible factors
underlying the expression of the medial NS’ in the willed
condition, it is noteworthy that while being instructed to
move at will, the participants were induced not only to
be aware of their actions, but also to volitionally control
them—actually, to our knowledge, no experimental research
in humans has succeeded in modulating the awareness of
moving and the volitional motor control as independent fac-
tors. Although it can be presumed that cognitive functions
specifically involved in the volitional coordination of skilled
movements played a negligible role in the current NS’ effect,
the conscious initiation of even the simplest voluntary move-
ments still relies on deliberate choices between moving or
not along the time, phenomenon which presumably inte-
grates multiple cognitive functions such as timing and time
perception, working memory and decision making. Further
studies would be necessary to verify the precise the role
of volitional action control, as well as integrated cognitive
functions, to the NS’.

In a previous study, Rektor et al. (2001) used intracerebral
recording to analyse the Bereitschaftspotential in an experi-
mental design similar to the adopted in the present study,
obtaining, however, different results. In their study, partici-
pants performed movements of turning the pages of a book
under two conditions: first, in a self-paced manner, ignor-
ing the content of the book, and second, moving the pages
at the moment they decided that the pictures on the page
were sufficiently inspected. In contrast with our results, the
experimental conditions did not affect the readiness potential
associated with the act of turning the pages. In our view, this
result can be ascribed to the fact that regardless condition,
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the participants were instructed to maintain a uniform style
of page turning, to initiate the movement with a brisk onset,
as fast as possible, and to avoid blinks during the move-
ment. Thus, in Rektor’s experiment, instead of modulating
the individuals’ explicit attention to their motor acts across
conditions, participants were clearly induced to attend and,
thus, be aware of, the execution of their movements in both
conditions.

Regarding alternative accounts for our results, one can
hypothesise that the condition effect of the NS’ was ascribed
to specific brain processes underlying mental imagery which
were not associated with the conscious intention to act. In
particular, the condition effect on the NS’ could result from
deviation of working memory resources from motor plan-
ning to the imagination task. Accordingly, Baker and collab-
orators found reduction of the Bereitschaftspotential ampli-
tude associated with self-paced button presses when these
movements were performed concomitantly with a work-
ing memory task (Baker et al. 2011). However, apart from
their study, in Experiment 1, the mental and motor assign-
ments did not present a competitive relationship—observed
when two or more tasks (which rely on limited processing
resources) are forcibly carried at the same time, leading to
mutual interference in respective performances (discussion
and examples of competitive dual-tasks in Pashler 1994)—
since individuals were informed to press the button naturally
after the accomplishment of the imagination task. Never-
theless, an interaction between the readiness potential and
brain processes specifically related to visual imagery can
not be totally disclaimed, and replications of the current
study using different metal tasks as distractors—as long as
they are not associated to confounding ERP components at
frontocentral sites—would be worthy to test this possibility.

From a methodological perspective, our findings suggest
that the use of a distractor mental task before the evoca-
tion of voluntary movements can benefit future studies on
the physiology of the Bereitschaftspotential. The conscious
experience intrinsically associated with the performance
of the self-paced movement paradigm (the most employed
task to study the Bereitschaftspotential) often represents an
important confound factor in studies on the readiness poten-
tial. As a matter of fact, in virtue of its integrative character,
consciousness hypothetically enables complex interactions
between motor planning and several cognitive, affective and
emotional factors (Dehaene and Naccache 2001; Baars 2005;
Tononi and Edelman 1998). For instance, the evaluation of
the effect of muscular strength on the readiness potential is
considered tricky, since the conscious experience of execut-
ing stronger muscular contractions can induce mental states
such as increased awareness or motivation, which can, by
itself, affect the readiness potential (McAdam and Seales
1969; Bortoletto et al. 2011). Because voluntary movements
in Experiment 1 were generated under reduced awareness,

they probably represent more adequate behavioural model
for studying purely motor (non-cognitive) components of
the readiness potential in comparison with the self-paced
movement paradigm.

As secondary finding, the emotional states associated
with the mental task did not affect the Bereitschaftspoten-
tial preceding the automatic voluntary movements. Acute
stress responses to threatening situations are known to privi-
lege vigorous and fast movements in detriment of fine and
skilled ones (Van Gemmert and Van Galen 1997; Metz et al.
2005; Navarro et al. 2012), probably reflecting increased
excitability of both peripheral and central motor pathways
(Metz et al. 2005; Metz 2007). The effect of such increased
action tendencies on motor preparatory processes was lit-
tle explored (Grecucci et al. 2009). Regarding this issue,
our investigation suggests that the feeling of threat induced
by images does not affect the readiness potential associated
with the automatic execution of simple voluntary move-
ments. Nevertheless, our results do not disclaim the possibil-
ity that the emotional responses triggered by the stimuli were
not strong enough to affect the motor preparatory potentials.

For the main purpose of the study, the comparison
between threat and neutral conditions provided reliable evi-
dence that our main finding was not ascribed to affective
states induced by the animal pictures. In a previous study,
Perri et al. (2014) found that motor preparatory potentials
preceding the self-administration of affectively arousing pic-
tures are characterized by increased positivity at prefron-
tal sites. In the current study, comparing the motor-related
potentials between neutral and threat conditions, we could
observe that such positivity did not affect the readiness
potential.

Conclusion

In the present study, we investigated ERP correlates of the
conscious intention to move by comparing the Bereitschaft-
spotential associated with voluntary movements executed
under different levels of awareness. By distracting partici-
pants’ awareness from their motor acts to a mental task, the
current study showed evidences that brain processes associ-
ated with the conscious experience of moving account for
significant portion of the NS’, specially at medial fronto-
central sites. Indeed, our results show that the medial NS’ is
virtually absent prior to the automatic execution of voluntary
movements. Secondarily, our study supports that the feeling
of threat induced by visual images does not affect the readi-
ness potential associated with automatic movements.
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