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Deciding between different voluntary movements implies a continuous control of the
competition between potential actions. Many theories postulate a leading role of
prefrontal cortices in this executive function, but strong evidence exists that a motor
region like the primary motor cortex (M1) is also involved, possibly via inhibitory
mechanisms. This was already shown during the pre-movement decision period,
but not after movement onset. For this pilot experiment we designed a new task
compatible with the dynamics of post-onset control to study the silent period (SP)
duration, a pause in electromyographic activity after single-pulse transcranial magnetic
stimulation that reflects inhibitory mechanisms. A careful analysis of the SP during the
ongoing movement indicates a gradual increase in inhibitory mechanisms with the level
of competition, consistent with an increase in mutual inhibition between alternative
movement options. However, we also observed a decreased SP duration for highcompetition trials associated with change-of-mind inflections in their trajectories. Our
results suggest a new post-onset adaptive process that consists in a transient reduction
of GABAergic inhibition within M1 for highly conflicting situations. We propose that this
reduced inhibition softens the competition between concurrent motor options, thereby
favoring response vacillation, an adaptive strategy that proved successful at improving
behavioral performance.
Keywords: decision, executive control, behavioral adaptation, reaching movement, transcranial magnetic
stimulation, silent period, inhibition, primary motor cortex (M1)

INTRODUCTION
Because most decisions are implemented through concrete action, understanding their neuronal
bases requires to address eventually the question of competition between potential responses.
Among the several tasks designed for studying response competition, those designed to produce
a conflict gave rise to a strong interest because they offer distinct cognitive conditions with sharply
defined chronometric and psychometric behavioral evidences (Smith, 1968; MacLeod, 1991).
Among the numerous and distributed brain areas involved in motor decisions (Cisek, 2012), it
is now well admitted that primary motor cortex (M1) does not only operate as a pure output in
the motor process, but also contributes to the integration of cognitive variables that influence and
bias movement execution (Georgopoulos, 2000). It is thus expected that this core brain region plays
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a central cue. The choice is imposed by a simple shapematching rule, but the color feature of the cues is manipulated
to provide an irrelevant and conflicting dimension, thereby
allowing to generate three cognitive situations, corresponding to
control, congruent, and incongruent conditions (Figures 1A,B).
Additionally, we also carefully controlled the angular distance
between the target and distractor in order to influence the
competition effect within each condition (Figure 1B).
This DSLT coupled with TMS allowed us to address
specifically the role of gabaergic inhibition during postonset decision period within the primary motor cortex. We
hypothesized that, in addition to pre-movement (RT), conflict
can still influence the decision process within the M1 during the
ongoing movement.
As a whole, the present experiment aimed at addressing the
following questions:

an active role in the conflict decision process (Michelet et al.,
2010; Klein et al., 2014), in addition to other frontal and
prefrontal regions like the anterior cingulate cortex emphasized
by the classic conflict-monitoring theory(Botvinick et al., 2004).
Among several studies that helped to better understand the
role of M1, those using transcranial magnetic stimulation (TMS)
are of particular interest because they associate both excellent
spatial and temporal resolution with a direct access on the motor
output function. The majority of these studies (Leocani et al.,
2000; Michelet et al., 2010; Klein et al., 2012) used single pulse
TMS during the RT period, defined since Donders as the time
elapsing between the onset of the stimulus and the onset of
the response, and consequently considered to represent the time
during which a decision is made (Meyer et al., 1988). Thanks
to precise analyses of the amplitude of motor evoked potentials
(MEP) that reveal the corticospinal excitability (CSE), they
generated a great deal of knowledge about the chronometry and
the network organization of the cortical mechanisms involved
in conflict. Importantly these studies strongly suggest that M1
is not just a blind executor of a decision made upstream but is
also biased and modulated by cognitive influences during the RT
period (Michelet et al., 2010; Klein et al., 2014).
However, at least in complex behaviors, decision is not always
limited to the RT period and the decision process is supposed
to evolve after movement onset, as suggested by behavioral
adjustment or correction during ongoing execution of movement
(Rabbitt and Vyas, 1981).
Hence it seems of particular interest to further study the
involvement of M1 during movement execution, and more
particularly to address the inhibitory processes that are thought
to shape movement execution (Bari and Robbins, 2013). Among
the different possibilities allowing to measure inhibition within
the central nervous system, the silent period (SP) is of particular
interest as it must be elicited during voluntary electromyographic
(EMG) activity (Ziemann et al., 1993; Chen et al., 1999). More
particularly, this SP is characterized by a pause in the EMG
signal whose cortical origin has been clearly proven (Chen et al.,
1999). Although debate still exists on a spinal contribution
to its earliest component (Schnitzler and Benecke, 1994), the
SP is proven to be a reliable measure of GABA intracortical
inhibition (Siebner et al., 1998). Unfortunately, the vast majority
of studies interested in conflict have used experiments involving
ballistic-like movements (e.g., quick button presses mediated
by adduction/abduction of the index finger), lacking the
biomechanical complexity of most natural actions as well as
post-onset control requirements.
To fill this gap, here we designed a novel conflict task in order
to assess the potential role of cortical inhibition during ongoing
movement execution. We based our paradigm on a center-out
reaching task which, contrary to simple categorical decision, is
subject to factors such as effort, biomechanical complexity, and
ongoing movement control (Cos et al., 2011; Cos et al., 2012;
Coallier et al., 2015).
For this pilot study, twenty subjects performed our directional
Stroop-like task (DSLT) allowing to study a broad range of
competition level and conflict situations. Two potential targets
arrayed randomly in a circle are presented simultaneously with
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(1) Is the DSLT a valid task to study behavioral impact of
response competition and conflict?
(2) Is conflict resolution based on the same neuronal processes
as other competition for the selection of a target between
several options?
(3) Can the inhibitory activity within the primary motor cortex
account for the behavioral results found in a complex
conflict task?
This study will incidentally provide information on the
general concept of response competition and on the peculiar
role of incongruent situations, appealing for a necessary
clarification of the terms “competition” and “conflict” to prevent
research’s misdirection.

MATERIALS AND METHODS
Participants
Twenty subjects (9 females), mean age 24.2 (±3.4) participated
in the experiment. All had normal or corrected-to normal
visual acuity, were right-handed according to the Edinburgh
Handedness Inventory (Oldfield, 1971), and were free from
any contraindication to transcranial-magnetic stimulation (TMS;
Rossi et al., 2009). The experimental procedure was approved
by the national ethics committee (CPP N◦ 2013A01444936),
and was carried out in accordance with the principles of
the revised Helsinki Declaration [World Medical Association
General Assembly (WMAGA), 2008]. All subjects gave written
informed consent prior to the experiment and were financially
compensated for their participation.

Apparatus
The task apparatus consists of a digitizing tablet (GTCO
Calcomp, Columbia, MD, United States; 0.915 × 0.608 m) and
a half-silvered mirror suspended 16 cm above and parallel to
the digitizer plane. Visual stimuli were projected onto the halfsilvered mirror by an LCD monitor suspended 16 cm above
the mirror, producing the illusion that the targets lie on the
plane of the digitizing tablet. Subjects made reaching movements
in the horizontal plane using a digitizing stylus (moving the
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FIGURE 1 | Experimental design. (A) The subject responded to the task by moving a cursor on a digitizing tablet. Stimuli and cursor feedback are projected onto a
mirror placed between the table and the monitor. Single-pulse transcranial magnetic stimulation (TMS) was applied over left primary motor cortex, and EMG activity
was measured thanks to wireless electromyographic surface electrodes attached to the main muscle groups of the right upper arm. (B) The task follows a
shape-matching rule, and color dimension is an irrelevant feature of the stimuli. However, shapes and colors were assembled to form different cognitive situations, of
three different levels of difficulty. For each cognitive condition, the target could be located in every one of 8 positions arrayed in a circle, and the distractor could be
spaced from 45 to 180◦ . (C) The DSLT task began (after a 1,000-ms rest period during which the cursor rests in the home position) with the simultaneous
presentation of one central shape and the peripheral target and distractor. The subject had up to 1,500 ms to initiate the movement and up to 500 ms to reach the
correct target and stay inside for 500 ms. Then a positive or negative visual feedback, depending on the response accuracy appeared for 1,000 ms. (D) Examples
reach trajectories in one-target, Control, Congruent, and Incongruent conditions from one subject.

cursor) embedded within a 3D-printed cylinder held by the
subject’s right hand. The semi-silvered mirror was such that
the hand was mostly invisible to subjects, who mostly saw
the cursor they controlled and the visual stimuli delivered
to them (Figure 1A). The stylus position was sampled at
125 Hz with a spatial resolution of 0.006 ± 0.127 mm. The
control of the task, stimulus display, and synchronization of
task events and signal recording were performed by a custom
written LabVIEW program (National Instruments, Austin, TX,
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United States). The data were stored in a Matlab structure
and analyzed using custom Matlab scripts (Mathworks, Natick,
MA, United States).

Task Design
We designed a new experimental paradigm based on a centerout reaching task combined with an analog of the original
Stroop test. Because of the combination of these two features,
we called this task the DSLT (for Directional Stroop like task).
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those control values obtained in the one-target experiment.
Each subject performed one session that comprised 657 trials
(with a short pause every 100 trials) and lasted about 2 h,
including the threshold hunting phase. After a first series of
200 trials without TMS, TMS was applied for each trial. The
three trial conditions and the four angles were interleaved in a
pseudorandom order, and the mean number of SP in a single
muscle computed for each of these 12 different experimental
conditions was 31 per subject. Eighty trials were also used for
measuring the SP in the One Target condition in the eight
different direction, with 10 SP for each movement direction and
for a single muscle.

The principle used here is the shape-matching protocol in which
the subject had to select the peripheral target with the same
shape as the central cue, whatever the colors filling these shapes
(Figure 1). The color of the stimuli is consequently an irrelevant
information. Using different combinations of color and shape, we
were able to assess interference between 2 competing tendencies
(shape or color association), and consequently present three
cognitive conditions comparable to those of the classical Stroop:
control, congruent, and incongruent conditions (Figure 1B). In
the control condition, all the shapes are filled with the same
color (e.g., red, Figure 1B), such that the color is not supposed
to bias the movement toward one particular peripheral shape.
In the congruent condition, the target is colored with the same
color as the central cue (e.g., red) while the distractor is filled
with another color (e.g., yellow), such that the color should bias
the movement toward the target. Finally, in the incongruent
condition, the distractor as the same color as the central cue (e.g.,
red), such that the color should bias the movement toward the
distractor. Because the cue is in the central position and the target
in 1 of 8 potential positions at the circumference of a 12 cm
radius circle (equidistantly arranged, at 45◦ intervals), this task
involved a wide range of movement directions. Moreover, the
relative distance between the target and the distractor can also
be easily manipulated in this task (Figure 1B, bottom panel).
Task stimuli were manipulated and presented in a pseudo
random order in order to satisfy the following constraint: (1)
control, congruent, and incongruent trials were presented in
equivalent proportion; (2) similar number of trials for the eight
movement directions (3) similar number of trials for angular
distance between target and distractor (i.e., 45, 90, 135, and 180◦ )
(4) similar number of trials using the red or yellow color to fill the
central cue, and (5) similar number of occurrence for each of the
four shapes (triangle, star, square, or heart symbol). Each shape
has an equivalent surface and are filled either with a red or yellow
color with equal luminance.
Each trial comprised the same succession of events
(Figure 2C). A trial started when the cursor is within the
home position represented by a square at the center, followed
by a 1 s rest period during which the subject was instructed
to remain still. Next the task itself (DSLT) appeared, i.e.,
the simultaneous presentation of one central shape and the
peripheral target and distractor, followed by the response period
during which the hand leaves the home position to reach the
peripheral target. The evaluation period ended the trial with the
appearance of a positive or negative visual feedback. Subjects
had 1,500 ms to leave the home position, and 500 additional
ms to reach the target. Despite this temporal constraint which
was easy to comply with, subjects were instructed to move as
quickly and accurately as possible. The trial aborted if the hand
position cursor was moved outside an acceptable diameter of the
central cue (±10% of the cue diameter) before the target and
distractor appearance.
In addition to the DSLT, a one-target task was also performed
to obtain control values for behavioral variables as well as
SP duration when no choice had to me made (see below:
RT, initial deviation, and SP). All reaching curvature and
dispersion measures were normalized for each direction by
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Electromyographic, Motor Evoked
Potential, and Silent Period Recording
The silent period (SP) is induced when a TMS pulse is applied
during an ongoing movement execution, and corresponds to
a transient suppression of the EMG activity. The TMS pulse
was applied 30 ms after the cursor left the central zone (2 cm
diameter) in order to stimulate during an active EMG period,
yet soon after movement execution (but in every trial, after the
100 ms following action onset, hence allowing to measure the
initial deviation in the absence of TMS perturbation).
Surface electromyographic recording was performed in nine
muscles, eight of each chosen on the basis of their involvement
in the reaching movements (Supplementary Figure 1): biceps
long head, biceps short head and anterior deltoid as flexors,
triceps brachii and posterior deltoid as extensors, pectoralis
major as arm adductor, lateral deltoid as arm abductor and
trapezius as shoulder elevator. Finally, the FDI (a finger
abductor) was recorded in order to measure the resting motor
threshold (RMT). EMG activity was acquired with a TrignoTM
Wireless EMG Systems (Delsys Inc., Boston, MA, United States)
amplified (by a factor of 909), band-pass filtered (Bandwidth
20 ± 5 Hz, >40 dB/dec), digitized on line (rate 2 kHz), and later
rectified and integrated.
During experimental recording sessions, subjects were seated
in a chair. Their heads were slightly immobilized on the right
to counteract the pressure exerted by the TMS coil positioned
over the left M1, and their left arm rested on their knees. For the
first twelve subjects, a figure- of-eight coil (Double 70 mm Coil,
Magstim Company Ltd., Whitland, Dyfed, United Kingdom) was
used to stimulate M1 over the left hemisphere. During this first
part of the experiment, the duration of the SP obtained were
too short to be confidently attributed to a cortical inhibition
(mean duration: around 60 ms, but see the section “Discussion”
and Supplementary Material). In order to increase the SP
duration, and because the effect of simulation intensity on the
SP duration is well documented (Taylor et al., 1997; Säisänen
et al., 2008), we used for the remaining eight subjects a circular
coil (90 mm Coil, Magstim Company Ltd., Whitland, Dyfed,
United Kingdom) with a larger surface of stimulation allowing to
stimulate a larger region, with a higher intensity, corresponding
to the forelimb region of the primary motor cortex. The rest
of the protocol was exactly the same regardless of the coil
used. In the following section, the results correspond to the
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FIGURE 2 | Reaction time (RT). (A) RT corresponds to the movement onset time relatively to the appearance of the cues; it is defined by the time at which the
velocity cross a threshold defines as 5% of the maximal tangential velocity (Vmax). (B) RT are significantly shorter for the one-target condition in comparison with two
targets cognitive conditions. RT trials are significantly longer than control and congruent trials RTs (interference effect) and Congruent trials are faster than control
trials (congruency effect) (###P < 0.0001). (C) RT increase with the angular distance between targets. (D) Almost linear increase of RT when considered the (12)
conditions x angles trial types and revealing a continuum in the competition level induced by these trials-types. # p < 0.01.

Movement onset was defined by the time at which the
cursor tangential velocity exceeded 5% of the maximal tangential
velocity (Figure 2A), and RT corresponded to the time between
cue appearance and movement onset. Calculation of the initial
deviation was based on Ludwig and Gilchrist (2002): a rotation
was applied on the reach trajectory so that the straight line
between start and endpoint always coincided with the horizontal
axis, and the values on the ordinate indicate the perpendicular
deviations from the straight line (Figure 3A). We then calculated
the initial deviation (ID) as the angle between the horizontal axis
and a fixed point in the movement trajectory obtained 100 ms
after the movement onset.
Most of these movements were single-curved trajectories,
whereby lateral deviations from target direction display a
single peak. However, for some trials, the hand trajectory
changed directions multiple times during the movement, often
characterized by a double-peak curve of lateral deviations
indicating movement corrections. A careful examination was
conducted on each trial and when more than one local maxima
(peak) was found on the trajectory, we classified the trial as
“self-corrected” or vacillation (see Supplementary Figure 4C for
examples).
For the measurement of the silent period duration, we
considered the absolute silent period. Its beginning is defined as
the first moment after MEP the EMG crossed the rest period ± 2
sem. It ends, similarly, at the first moment after the suppression
of the ongoing EMG, when the EMG crossed the rest period ± 2
sem (see Figure 4B). A first automatic analysis is performed with
a custom Matlab program and verified visually for each trial. The
duration of the silent periods is not influenced by changes in

circular coil experiment, while the results obtained with the
figure- of-eight coil are presented in Supplementary Material.
The coil was held tangentially on the left hemi-scalp with its
handle pointing backward at an angle of about 45 degrees
from the midsagittal axis. The resting motor thresholds were
established using the criterion of lowest intensity of stimulation
that allowed to induce peak-to-peak amplitude MEPs at rest of
approximately 100 µV (in at least 8 of 10 consecutive trials) in
the FDI muscle of the right hand (Supplementary Figure 2).
In order to avoid any modification of MEPs amplitude due
to background EMG activity, trials in which muscular preactivation was greater than 100 µV within a 500 ms window
preceding the TMS pulse were discarded. Then, the optimal scalp
position (OSP) of the coil was defined as the position allowing
to induce MEPs simultaneously in the 8 muscles involved in the
reaching movements, which is possible because of the proximity
of the representation area of the studied muscles. The OSP
was obtained by moving the coil in approximately 0.5 cm steps
around the subject’s left M1. Throughout the experiment, the
coil was manually maintained over the OSP using the Brainsight
frameless stereotactic system (Rogue Research Inc., Montreal,
Canada) to continuously monitor coil placement; coordinates of
each stimulation relative to the hotspot were recorded for post hoc
verification. The stimulus intensity was set at 120% of the resting
motor threshold in order to obtain SP in the recorded muscles
(see Supplementary Figure 2).

Analysis
Data analysis was carried out offline using custom written
Matlab programs.
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FIGURE 3 | Initial deviation (ID). (A) The initial deviation (ID) corresponds to the angular difference between the initial direction computed 100 ms after the movement
onset and the overall direction determined as the center of the target location. It indicates the decision made early after movement onset. Blue line: reach trajectory.
Red arrow: initial direction. (B) ID for incongruent trials are significantly longer than control and congruent trials RTs and congruent trials are faster than control trials
(### P < 0.0001) indicating that the interference and congruency effects are found also after movement onset. (C) ID decrease with the angular distance between
targets, except for the 90◦ angular separation. (D) Almost linear increase of RT when considered the (12) conditions x angles trial types and revealing a continuum in
the competition level induced by these trials-types also after movement onset (but see text for peculiarity of the 90◦ and 180◦ angular distances). # p < 0.01.

the alternative choices) is a good indicator of the very impact
of competition on RTs or SPs. This One-target condition was
excluded from the two-way ANOVA with Angle separation as
a factor because no distractor (and consequently no angle)
was used in this condition. Finally, the One-Target condition
is not directly presented in the ID analyses because each
trajectory in a particular direction was normalized relatively to
the correspondent mean trajectory of the one-target trials.

contraction strength (Taylor et al., 1997), rendering unnecessary
to normalize the SP to background EMG.
Because the use of a supra-motor threshold could have
disturbed motor execution, movement times were not presented
in detail in this paper, and we focused our behavioral analyses on
RT and Initial deviation that both occurred before the TMS pulse.
Because the silent period is defined as a suppression of
ongoing EMG activity, it can only be recorded when muscles
are actually activated for a particular reaching movement. This
activation was characterized when the EMG activity before at
least 100 ms preceding the TMS pulse exceeded by ± 2SD the
baseline EMG level recorded during the rest period (green dotted
line; Figure 4B). As all muscles do not contribute to each reaching
movement, this means that all muscles did not exhibit a SP for
every reaching direction. Hence, we considered a muscle only if
the SP were consistently found in at least 8 out of 10 times for
this movement in the one-target condition. The SP duration for
a movement direction corresponds to the mean of the SP actually
recorded in each considered muscles.
ANOVAs and t-tests with Bonferroni-Dunn correction for
post hoc analysis were used. We set the significance levels
for the ANOVAs to correct for multiple comparisons and
for the post hoc t-tests to P < 0.05. All data are given as
means ± SE. For RTs and SPs, we also performed a oneway ANOVA, reporting the statistical size effect index f [see
(Cohen, 1988) for more information] including the One-Target
condition. Indeed, in the One-target condition the target location
is identified unambiguously by its spatial location, while in
the three cognitive conditions two potential targets (target and
distractor) are simultaneously presented. Hence, the comparison
between the One-target condition (no competition) and all other
cognitive conditions (competition between representations of
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RESULTS
Behavioral Results
Because of the extremely low error rate (<3%), only behavioral
measures for correct trials were considered in the analyses.
Regarding the behavioral analyses, we only analyzed in the
following section the behavioral parameters sampled before the
stimulation time, and consequently not affected by the TMS
pulse. We are then able to pool RTs or initial deviations (IDs)
analyses for trials with and without TMS. For the statistical
analysis of RTs, IDs and silent periods (SPs), two factors
were taken into account: task conditions (control, congruent,
or incongruent) and angular distance between the target and
distractor (45◦ , 90◦ , 135◦ , and 180◦ ).
We first performed a one-way ANOVA on RTs in order to
compare with the One-Target condition. This analysis showed
a clear main effect of condition on RT (F (3,12754) = 1268.6,
P < 0.0001), f = 0.18 as confirmed by post hoc comparison
showing that mean RT was significantly lower for the Onetarget condition (412 ± 1.7 ms) than the other three cognitive
conditions, confirming a strong effect of competition on RTs.
Moreover, we found, respectively increased RTs for incongruent
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FIGURE 4 | Silent period duration (SP). (A) Typical EMG response in a muscle involved (top EMG trace) or not (bottom EMG trace) in a reaching trial. Activity is
centered on the onset of visual stimuli (B) example of calculation of the SP for the EMG trace shown in panel (A) the SP was measured from offset of the MEP to the
resumption of voluntary EMG activity. (C) The SP is not modulated by the cognitive condition but is shorter for the one-target condition, attesting the influence of the
very competition between potential options. (D) SP duration as a function of the angular distance between the target and distractor. (E) Mean SP in each bin of RT
as a function of cognitive condition (control, congruent, and incongruent) showing that SP generally increase with competition strength. The two bins centered, on
the mean incongruent RT, is highlighted in yellow and the SP for this subgroup is presented in the adjacent inset (the same ordinate axis as for the main graph). MEP,
motor evoked potential; sem, standard error of the mean. # p < 0.01; ## p < 0.001; ### p < 0.0001.

trials (574 ± 2 ms) and decreased RTs for control trials
(541 ± 1.8 ms) as compared to congruent (524 ± 1.7 ms)
trials, attesting the congruency and interference effect (Figure 2B,
t-test, P < 0.00001). We also found a clear main effect of angular
distance on RT (F (3,9009) = 32.97, P < 0.0001), f = 0.1, as
confirmed by post hoc comparison showing that mean RT was
significantly lower for 45◦ , and increased until 180◦ (Figure 2C,
530 ± 2.4; 544.1 ± 2.3; 546.3 ± 2.3; 562 ± 2.5; t-test p < 0.01).
Finally, a significant Condition X Angle interaction (Figrue 2D)
was found (F (6,9009) = 3.71, P < 0.002), f = 0.05, indicating a
continuum of increasing RT from the congruent-45◦ trials to the
incongruent-180◦ trials that could be due to gradual increases in
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the competition process between targets and distractors before
movement onset. Post hoc tests are not described here in detail,
because of the numerous significant differences between trial
types (56 out of 66 tested comparisons).
This behavioral congruency effect and interference effect
found in the RT are thought to reflect the competition between
the two incompatible responses induced either by the color or
by the shape of the cue. This hypothesis was further confirmed
by a main effect of condition found on IDs (Figure 3A;
F (2,9009) = 117.14, P < 0.0001), f = 0.16, with post hoc
comparisons indicating higher deviation toward the distractor
for the incongruent condition (10.2 ± 0.4 mm), intermediate
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factors was performed. The shorter and longer RT trials were
excluded from this analysis (and not displayed on Figure 4E and
on Supplementary Figure 3C) because of too small number to
allow a comparison between the three conditions. This analysis
revealed a main effect for bins (F (6,4376) = 25.84, P < 0.00001),
f = 0.19, but not for condition factor (F (2,4376) = 2.27, P = 0.1),
f = 0.03, indicating a gradual increase of the SP from the fastest
to the slowest RT, consistent with an increased gabaergic activity
of the cortico-spinal neurons activated during the voluntary
movement. We then performed a one-way ANOVA with the
factor condition (control, congruent, and incongruent) for each
individual RT bin, and found a clear influence of cognitive
condition for the two bins centered approximately on the mean
RT of incongruent trials (F (2,1113) = 6.03, P < 0.001), f = 0.13.
This was confirmed by post hoc comparisons, which showed
that SPs were significantly shorter in the incongruent condition
(115.9 ± 1.8 ms) than in the congruent (124.6 ± 2 ms) and
control conditions (125.3 ± 1.9 ms), indicating a reduction (or
an inhibition) of cortical inhibition specifically for incongruent
trials (Figure 4E, right inset). Importantly, a significant reduction
of inhibition was also found for the SP recorded after stimulation
with the figure-of-eight coil (i.e., for the earliest part of the SP)
at roughly the same RT bins, attesting of the specificity of this
cortical reduction in inhibition for incongruent trials with long
RT (Supplementary Figure 3C). Critically, however, for this
figure-of-eight set of data with shorter overall SPs, we did not
find the linear increase from the faster to the slower RT bins
(Supplementary Figure 3C), a result which could be interpreted
in favor of a mainly spinal origin of this early SP. Finally, it is
likely that in both experiments, the longer RT bins corresponded
to outliers trials, with a mixed influence of task difficulty and
decrease level of general attention over the course of almost 1,000
trials performed. We were therefore reluctant to interpret SP for
those trials that were probably impacted by a lack of attention.

deviations for the control condition (4.9 ± 0.3 mm), and
lower deviations for the congruent condition (2.5 ± 0.2 mm)
(Figure 3B, P < 0.00001 for all t-tests). We also found a
clear main effect of angular distance on IDs (F (3,9009) = 71.93,
P < 0.0001), f = 0.15, confirmed by post hoc comparisons showing
that mean ID was significantly higher for 45◦ (7.7 ± 0.4) and
decreases for 135◦ (4.6 ± 0.4 mm) and 180◦ (1.7 ± 0.2 mm)
(Figure 3B, P < 0.01 for all t-tests), with a higher value for 90◦
(9.8 ± 0.6 mm), probably due to geometrical factors (see the
section “Discussion”). Finally, a significant Condition X Angle
interaction was found (F (6,9009) = 22.78, P < 0.0001), f = 0.12,
indicating a continuum of increasing ID from the congruent45◦ trials to the incongruent-180◦ trials, and thereby could be a
continuum in the competition process occurring after movement
onset. Unsurprisingly, ID for a target localized at 180◦ of the
distractor exhibited the lower IDs for geometrical reason (see
the section “Discussion”). Post hoc interactions are not described
here in detail, because of the numerous significant differences
between trial types (51 out of 66 tested interactions).
The percentage of trials during which the hand trajectory
changed course during the movement was calculated. In a
significantly greater proportion of incongruent trials (19.3%),
the hand trajectory changed course during the movement,
indicating a self-correction, in comparison to control (11.6%)
and congruent (6.7%) trials (X2 = 14.66, p < 0.0001;
Supplementary Figure 4).

Silent Period Duration
The mean intensity of a single TMS pulse needed to evoke a
MEP of 100 µV at rest in the FDI, considered as the resting
motor threshold, was 51 ± 3% of the stimulator output for
the experiment with the figure-of-eight coil and 47 ± 3% with
the circular coil.
We next considered how the SP duration was influenced by
the competition, the congruency and interference effect as well
as by the angular distance between target and distractor. Using
a one-way ANOVA on SP obtained in our different conditions
(including the One-Target condition), we found a main effect of
condition (F (3,5724) = 8.89, P < 0.00001), f = 0.07, with a post hoc
test indicating a significant difference only between the three
cognitive condition and the One-Target condition (Figure 4C).
This result indicates that there is a clear effect of competition on
the SP duration, but that this effect is independent of the nature
of the distractor.
We then used a two-way ANOVA with the factors Condition
and Angle and failed to find a main effect for any of those
two factors (respectively, F (2,4711) = 0.63, P = 0.56, f = 0.016
and F (3,4711) = 0.56, P = 0.63), f = 0.02; Mean SP were almost
identical (∼118 ms) for every cognitive and angular condition
(Figures 4C,D). Based on the idea that RT is a good indicator of
the level of competition involved, we divided the SP distribution
of each condition according to RT into 7 non-overlapping time
bins of 50 ms sorted by ascending order (Figure 4E). This Bin size
was obtained using the automatic binning algorithm provided by
Matlab and the associated function “histogram” which is based
on the Scott’s rule (Scott, 1979). A two-way ANOVA with task
conditions (control, congruent, or incongruent) and RT bins as
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DISCUSSION
In order to better understand the neuronal bases of voluntary
movement and its control, we designed a directional analog of
the Stroop task (Stroop, 1935; MacLeod, 1991) allowing (1) to
involve complex movements requiring several muscles, (2) to
control the level of competition between simultaneous movement
options, and (3) to clarify the functional role of inhibitory circuits
in competition resolution, more particularly during the ongoing
evolution of the decision.
Our DSLT task allowed us to generate the well-known three
conditions of a classical Stroop task (control, congruent and
incongruent), but also, to intermingle different motor context by
varying both the orientation of the target and the relative position
between the target and the distractor (Figure 1).
As expected, we found the classical results described in
every conflict task, with longer RT for incongruent condition
and a shorter RT for congruent condition relative to control
condition (Figure 2A), which confirms the existence of both
behavioral congruency and interference effects (MacLeod, 1991).
As previously observed, the color dimension provided salient
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choosing one of them, and that these potential actions are still
present and competing after movement onset. In other words,
when a competition exists between multiple potential targets,
the unselected action program is not completely suppressed at
movement onset (Cisek, 2012).
Because in every cognitive condition a clear influence of
the competing response for the distractor is still present at
least 100 ms after the start of the movement, a continuing
process is probably still needed to finally reach the correct target.
This process could involve the inhibition of the distractor, the
enhancement of the activity related to the chosen target, or both.
Although conflict resolution has been proposed to occur through
cortical amplification of task-relevant information (Egner and
Hirsch, 2005), it remains that “Response inhibition is the most
basic form of behavioral control” (Stuphorn, 2015), and should
still be considered. The continuum found in RT and ID for our
12 conditions (Figures 2C, 3C) confirms that this task is well
suited to assess the involvement of inhibitory process in response
competition because it allows to compare SP durations among a
wide range of competition level.
Based on the report that RT and ID reflect, respectively, the
pre- and post-movement competition between options, we tried
to corelate these results with measures of SP that is known to
provide a quantitative assessment of inhibitory processes. This
SP could be separated into an early component thought to reflect
spinal inhibition, and a late component determining the duration
of the whole SP, involving inhibitory effects at cortical level
(Ziemann et al., 1993; Chen et al., 1999). However, it has also been
proposed that the SP is exclusively of cortical origin (Schnitzler
and Benecke, 1994). In any case, it seems that SP is proportional
to the amount of inhibitory inputs onto the M1 projection
neurons (Taylor et al., 1997). Because the reaching movements
are subserved by the activity of a population of neurons in the
primary motor cortex, each of them being involved in several
movement directions (Georgopoulos et al., 1986), we computed
the SP for the 8 recorded muscles in order to reflect global
(population level) inhibition during arm reaching movements
(see Supplementary Figure 2). This is further recommended
(1) because inhibitory influences responsible for the SP are
widely distributed across muscles, irrespectively of their agonist
or antagonistic role (Ho et al., 1998); (2) because agonist
and antagonist could nevertheless be simultaneously activated
(Latash, 2018).
Using the focal figure of 8 coil, we found relatively short SP
(around 60 ms; see Supplementary Figure 2), indicating either
an insufficient intensity of TMS pulse, or a spinal contribution
to the recorded SP (Säisänen et al., 2008). With such coil,
the area of stimulation is probably too focal and covers small
surface of the M1 upper-limb area and may thus mostly reflect
spinal mechanisms (Säisänen et al., 2008). Using the circular coil,
allowing to use stronger stimulus intensity targeting a broader
cortical region we recorded SP duration longer than 100 ms,
and therefore more likely to depend on cortical GABAergic
inhibition (Chen et al., 1999; Orth and Rothwell, 2004). This
result is also in accordance with the well documented effect
of simulation intensity on the SP duration (Taylor et al., 1997;
Säisänen et al., 2008).

but irrelevant information which strongly influences the decision
(Michelet et al., 2016). Moreover, the angular distance was also
found to influence significantly the reaction times, with RT
increasing with angular distance from 45 to 180◦ (Figure 2B),
in line with the trivial idea that it is more difficult to process
simultaneously information that are not close to each other.
However, this is probably not a consequence of a facility to
move the eyes from one potential target to the other as proposed
by a study indicating that a closer distance do not imply
purely attentional effects (Bock and Eversheim, 2000). Rather,
we found that these results fit well with a model of interaction
within a population of motor neurons, which predicts that the
strength of the competition between two targets should be greater
when they are far apart from each other than when they are
close together (Cisek, 2006; Cisek, 2012), in agreement with
the affordance competition hypothesis (Cisek and Pastor-Bernier,
2014). The combination of cognitive conditions and angular
distances provided 12 different types of trials that could be
ordered according to a continuum of increasing RT, which would
be proportional to the level of competition or task difficulty
(Figure 2C). Because the time of movement onset is given by
the RT, this continuum of increasing RT clearly suggests that
the decision to move is a function of a response activation (or
decision) variable that depends on the gradual accumulation of
evidence over time as predicted by several accumulator models
(Gold and Shadlen, 2007; Thura, 2016). Hence it is likely that
most of the competition resolution operates before movement
execution, a process that engage several brain structures from
prefrontal areas (Michelet et al., 2016) to the primary motor
cortex (Michelet et al., 2010). However, it has been proposed that
decision could still evolve after action onset (Tipper et al., 2000;
Cisek, 2006; Resulaj et al., 2009; Cisek, 2012; Lepora and Pezzulo,
2015; Michalski et al., 2020). The analyses of the initial deviation
(ID) indicate clearly that the decision process is not ended at the
time of movement onset, and that decision variables still inform
the executive brain regions during movement execution. Indeed,
the deviations of reaching trajectories were significantly impacted
by the cognitive conditions (Figure 3), and we found for the ID
the same congruency and interference effects as described for RT.
Regarding the angular distance analysis, the initial deviation is
more pronounced for an angular separation of 90◦ between target
and distractor, consistent with the vector geometry of reaching in
a 2D plane. For the same reason, it was also expected that the
initial deviation is less important in the 180◦ angle separation.
At first sight, this later result could seem at odd with the
stronger impact found on RT for angular separation of 180◦ . Our
interpretation is that this is in accordance with previous works
clearly showing that decisions take also biomechanical costs into
account when choosing between multiple actions, and that these
biomechanical costs bias movement choice before movement
onset (Cos et al., 2011). Relative to the one-Target condition,
we can then conclude that the movement trajectory is deviated
toward the distractor in every condition (control, congruent,
or incongruent), indicating that the representation of the taskirrelevant information (the distractor) is not totally suppressed
at the time of movement onset. This is in agreement with the
idea that several plans of action are prepared before actually
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the ability to finally choose any option. This hypothesis is
strengthened by the broad tuning in population coding of the
primary motor cortex, implying that the same neurons could be
involved in different reaching movements. Indeed, the inhibition
of the movement toward the distractor could hence possibly affect
neurons involved in both reaching actions (i.e., toward target
and distractor). In this context, a dampening of the inhibition
could momentarily impede the process of action selection, and
allow other processes to bias decision through vacillation between
the two options, also providing more time to complete the
decision process. This result is in accordance with the seemingly
paradoxical increase of motor variability that were previously
found to improve learning performance (Wu et al., 2014).
Furthermore, and considering the gabaergic origin of the SP, it is
noteworthy that an administration of baclofen (GABAb agonist)
also increases behavioral flexibility (Beas et al., 2016).
We hence propose that this transient reduction of GABAergic
inhibition could serve as an adaptive process to let the system free
of changing its mind until the last moment before reaching the
target. This result is consistent with previous work demonstrating
that under conflicting or uncertain conditions, the motor system
adapts quickly to a changing and unpredictable context by
equalizing the preparation of alternative responses (Bosc et al.,
2021). In accordance with this hypothesis, the reach kinematics
indicate a larger proportion of trajectories with a change of
direction for these trials, confirming a greater disposition to
vacillation or changing mind strategy (Supplementary Figure 4).
We could link this effect to an uncertainty that increases
as time elapses, and a more likely influence of upstream brain
structures to influence this process. This is partly confirmed by
the fact that in incongruent trials, the reaching movement is first
directed toward a position intermediate between the target and
the distractor. Vacillation here resemble the exploration mode
favored by an increased baseline release of noradrenaline making
neurons more responsive to any stimulus, thereby allowing a
broad scan of possible options (Aston-Jones and Cohen, 2005).
Interestingly, anterior midcingulate (aMCC) inputs are supposed
to drive these exploration mode (Aston-Jones and Cohen, 2005),
and this brain regions send also direct inputs to both the spinal
cord and M1, which could explain, respectively the decrease
of the early (Supplementary Figure 3) and late (Figure 4) SP.
Previous results in monkeys, in a conflict task where vacillation or
self-corrected movements were found, indicated that the timing
of aMCC activation for incongruent trails is compatible with the
timing of the SP reduction (Michelet et al., 2016).
The present experiment used a wide range of movement
directions and angles between target and distractor that have
somehow limited the number of trials for each condition and
consequently the power of our statistical analysis. Moreover, we
have explored the validity of two types of coils, which have
also limited the number of subjects we were able to consider
simultaneously. In future experiments following this pilot study,
we will focus our analysis on fewer movement directions, using
exclusively the circular coil. Such evolution of our experimental
protocol would allow to directly test, with more participants, the
interaction between M1 and other frontal areas (PMd, SMA)
using the dual-coil TMS technic during movement execution.

We first studied the SP as a function of cognitive conditions
and angular distances. We found a significant difference between
the One-Target and the cognitive conditions, indicating that
the very presence of a competition modulate the SP duration.
However, we failed to find an overall difference between the three
cognitive conditions (Figure 4C).
We then speculate that if the SP is directly related to the
competition, it should be positively correlated with the RT,
irrespective of the cognitive condition. We then compare the SP
for seven successive RT bins, thereby matching the RT for each
condition (Figure 4E). The interaction between condition and
RT bins is not significant, as well as the main effect of condition.
However, we found a significant main effect of RT bins, with
a positive correlation between RT and SP duration, suggesting
that situations involving more competition also involves more
inhibition. This is consistent with several experimental and
theoretical observations, described below, which all lead to
sustain our proposal.
This is firstly consistent with the accumulator models
postulating that selection between multiple options operates
through biased competition involving a mutual inhibition
process between different brain regions or within M1. Indeed, we
have previously shown that in parallel with the growing agonist
activity for the target related movement, the activity related to the
alternative movement toward the distractor is gradually inhibited
during the RT period (Michelet et al., 2010). The increased
inhibition found in the present experiment is consistent with
this previous finding, and indicate with a direct measure of the
inhibitory process that the inhibition could last after movement
onset. Critically, a significant proportion of corticospinal neurons
become active after EMG onset (Cheney and Fetz, 1980) and
could directly benefit from this late process. Secondly, this is
consistent with the proposal that selective inhibition build up
progressively (Ridderinkhof et al., 2004), which implies that the
strength of the inhibition should be greater for longer RT. This
is even more likely because the SP was measured here just few
milliseconds after movement onset, and consequently before the
whole system returned to a baseline level of activation. In this
respect, the SP is considered as a continuation of the mechanisms
that led to initial choice (van den Berg et al., 2016).
Third, the build-up of the SP is consistent with a
pharmacological experiment effect showing a GABAb agonist
(Baclofen) dose-dependent increased duration of the SP (Siebner
et al., 1998), thereby confirming the hypothesis of a gradual
increase of the inhibitory processes.
However, at the neuronal level, a specificity emerges from the
conflict situation beyond the strict competition: while a global
increase of the inhibitory processes is found, correlatively with
the increasing difficulty of the task, a drop in the inhibitory
processes become visible for (late) incongruent trials (Figure 4E).
This is consistent with previous report indicating that in
difficult tasks, online error correction latencies (i.e., correction
during ongoing movements) increases as the RT increases
(Rabbitt and Vyas). This result is also in accordance with the
activation-suppression hypothesis (Ridderinkhof et al., 2004),
which predicts that long delay could imply a strong inhibition
of both congruent and incongruent stimuli, which could impede
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Indeed, other regions of the frontal cortex are also likely to
participate in the inhibition of M1, such as pre-SMA (Duque
et al., 2013; Quoilin et al., 2021), or the Pre-motor cortex
(Parmigiani et al., 2015; Parmigiani et al., 2018) in line with
the idea that inhibition is a fundamental function of the frontal
cortex (but see Neige et al., 2021 for a comprehensive review).
This idea is also well in line with the fact that there are
several possibilities of inhibition within M1 (Sanger et al.,
2001), potentially implemented by different brain regions, either
cortical or subcortical. For instance, one such candidate is the
subthalamic nucleus, a basal ganglia region well known to be
involved in the inhibition of competing motor representation,
acting as a brake on the cortico-striatal system (Cavanagh et al.,
2011), thereby preventing premature responding (Frank, 2006;
Cavanagh et al., 2011; Mirabella et al., 2012; Zavala et al., 2015;
Wessel et al., 2019) to facilitate decision making under conflict
(Cavanagh et al., 2011; Mirabella et al., 2012; Zavala et al., 2015).
Overall, this pilot study provides evidence that a subtle
imbalance of the GABAergic inhibitory processes participates,
even after movement onset, to the conflict-resolution. This
process could complete the repertoire of adaptive strategies
allowing before (Frank, 2006; Cavanagh et al., 2011; Mirabella
et al., 2012; Duque et al., 2013; Klein et al., 2014), during and after
(Bosc et al., 2021) movement control over competition and more
specifically conflict situations.
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