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Top-down control processes are critical to select goal-directed actions in flexible environments. In humans, these processes include two
inhibitory mechanisms that operate during response selection: one is involved in solving a competition between different response
options, the other ensures that a selected response is initiated in a timely manner. Here, we evaluated the role of dorsal premotor cortex
(PMd) and lateral prefrontal cortex (LPF) of healthy subjects in these two forms of inhibition by using an innovative transcranial
magnetic stimulation (TMS) protocol combining repetitive TMS (rTMS) over PMd or LPF and a single pulse TMS (sTMS) over primary
motor cortex (M1). sTMS over M1 allowed us to assess inhibitory changes in corticospinal excitability, while rTMS was used to produce
transient disruption of PMd or LPF. We found that rTMS over LPF reduces inhibition associated with competition resolution, whereas
rTMS over PMd decreases inhibition associated with response impulse control. These results emphasize the dissociable contributions of
these two frontal regions to inhibitory control during motor preparation. The association of LPF with competition resolution is consistent
with the role of this area in relatively abstract aspects of control related to goal maintenance, ensuring that the appropriate response is
selected in a variable context. In contrast, the association of PMd with impulse control is consistent with the role of this area in more
specific processes related to motor preparation and initiation.

Introduction
Human competence entails the fluid navigation through contin-
uous sets of action choices. We assume that, in the mature state,
the neural system has evolved to allow us to select actions that
have the highest likelihood of achieving our goals in a given con-
text. Top-down control mechanisms are essential for guiding
such goal-oriented behaviors (Rushworth et al., 2009; Cisek and
Kalaska, 2010; Cai et al., 2011). These mechanisms involve a fine
interplay between excitatory and inhibitory processes.

Here, we build on evidence implicating the operation of two
inhibitory mechanisms that act concurrently, yet with different
computational purposes, during response preparation (Duque et
al., 2010). One mechanism is associated with competitive
processes that occur during selection, helping to specify what
response should be produced. This process, referred to as “com-
petition resolution,” results in suppression of the activity of non-

selected response representations (van den Wildenberg et al.,
2010; Tandonnet et al., 2011). A second inhibitory mechanism,
referred to as “impulse control,” is directed at the representation
of the selected response (Davranche et al., 2007). It is thought to
prevent premature response initiation, controlling when a se-
lected response is executed. By using a variety of stimulation
procedures, we observed that these two inhibitory processes op-
erate at different levels of the motor pathways, even though they
produce similar effects on global measures of corticospinal excit-
ability (Duque and Ivry, 2009; Duque et al., 2010b). Inhibition
related to impulse control modulates spinal excitability, allowing
cortical preparatory processes to operate without triggering pre-
mature movement, whereas competition resolution arises exclu-
sively from cortical interactions (Fig. 1).

The aim of the present study was to examine the contribution
of the frontal cortex to these two forms of inhibition. We focused
on dorsal premotor cortex (PMd) and the lateral aspect of pre-
frontal cortex (LPF), two regions implicated in action selection
and preparation (Heekeren et al., 2006; Nakayama et al., 2008).
We used a novel procedure in which, during a choice reaction
time (RT) task, participants received the sequential application of
a high-frequency repetitive transcranial magnetic stimulation
(rTMS) train over PMd or LPF followed by single pulse transcra-
nial magnetic stimulation (sTMS) over primary motor cortex
(M1). sTMS allowed us to assess inhibitory changes in cortico-
spinal excitability of selected or nonselected responses. rTMS was
used to produce transient disruption of PMd or LPF during re-
sponse preparation.
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sité catholique de Louvain, the Fonds de la Recherche Scientifique Médicale (FRSM), and the Fondation Médicale
Reine Elisabeth (FMRE). J.D. was supported by the Belgian National Funds for Scientific Research (FRS-FNRS).

Correspondence should be addressed to Prof. Julie Duque, Institute of Neuroscience, Laboratory of Neurophysi-
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We reasoned that if PMd and/or LPF were the source of one or
more of these inhibitory processes, a virtual lesion to these re-
gions would alter this inhibition. Disrupting a brain region in-
volved in competition resolution should reduce inhibition of
nonselected responses. We predicted this effect would be ob-
served with rTMS of LPF given the role of this region in goal
maintenance, a process that helps ensure that the appropriate
response is selected in a variable context (Miller and Cohen, 2001;
Koch et al., 2005; Munakata et al., 2011). In contrast, disrupting a
region involved in impulse control should reduce inhibition of
the selected response. We predicted that this effect would be ob-
served with rTMS of PMd given the role of this region in move-
ment preparation and initiation (Cisek and Kalaska, 2005).

Materials and Methods
Participants
Twelve right-handed healthy subjects (25 � 1.4 years old; 8 women)
participated in this experiment. Handedness was determined via a con-
densed version of the Edinburgh Handedness Inventory (Oldfield, 1971).
Participants were naive to the purpose of the study and financially com-
pensated for their participation. The protocol was approved by the insti-
tutional review board at the Université catholique de Louvain, Brussels,
Belgium, and required written informed consent.

Transcranial magnetic stimulation protocol
We combined sTMS and high-frequency rTMS (10 Hz, 400 ms) while
subjects performed a choice reaction time task. The sTMS was used to
probe corticospinal (CS) excitability during response preparation. To do
so, the sTMS coil was positioned over right M1 so as to elicit motor-
evoked potentials (MEPs) in left first dorsal interosseous (FDI), a muscle
required to abduct the index finger. We focused on the left hand because
MEP suppression during movement preparation is generally more pro-
nounced in the nondominant hand (Leocani et al., 2000; Duque et al.,
2007). The rTMS was used to produce transient virtual lesions in pre-
defined cortical regions. This procedure has been shown to perturb tran-

siently the activity in the underlying cortex (i.e., “virtual lesion” method)
(Davare et al., 2006; Duque et al., 2010a). In separate sessions on different
days, the rTMS coil was placed over the left dorsal premotor cortex (Fig.
2 A, left), the left lateral prefrontal cortex (Fig. 2 A, middle), or the post-
central sulcus (PCs) (Fig. 2 A, right). PCs was selected as a control stim-
ulation site.

Because of the size of the transcranial magnetic stimulation (TMS)
coils, it was not possible to place the two coils simultaneously over PMd
and M1 of the same hemisphere. Thus, our dual-stimulator procedure
required that we position the rTMS coil over PMd of the left hemisphere.
Importantly, left PMd has been shown to play an important role in re-
sponse preparation, regardless of whether the left (ipsilateral) or right
(contralateral) hand is selected (Schluter et al., 2001; Rushworth et al.,
2003). Given this, we reasoned that disruptive effects following rTMS of
left PMd should be evident in MEPs elicited in the ipsilateral (left) hand.
To maintain consistency, we opted to apply also LPF rTMS over the left
hemisphere. However, we also tested a subset of the participants in an
additional post hoc session in which the sTMS and LPF rTMS coils were
both positioned over the right hemisphere (n � 9; 28 � 1.5 years old; 7
women). Note that most subjects recruited in this post hoc session were
also part of the pool tested in the main experiment (n � 7).

Single pulse TMS
For the single pulse TMS (sTMS), a 70 mm figure-of-eight coil connected
to a Magstim 200 magnetic stimulator (Magstim) was placed tangentially
on the scalp. The handle was oriented toward the back of the head and
laterally at a 45° angle away from the midline, approximately perpendic-
ular to the central sulcus (see Fig. 2 A). After fitting the participant with
an electroencephalography (EEG) cap, we identified the optimal location
for eliciting MEPs in the left FDI. This location was marked on the EEG
cap to provide a reference point throughout the experimental session.
The resting motor threshold (rMT) was defined as the minimal TMS
intensity required to evoke MEPs of about 50 �V peak-to-peak in the left
FDI on 5 of 10 consecutive trials. As a function of maximum stimulator
output, the mean rMTs were 38% [SE � 2.1], 37% [SE � 2.3], and 37%
[SE � 1.9] in the left PMd, left LPF, and PCs sessions, respectively. The
rMT was 39% [SE � 1.4] in the post hoc right LPF session. The intensity
of the sTMS probe was always set at 15% above the rMT in all sessions.

Repetitive TMS
Trains of repetitive TMS were applied over PMd and LPF using a second
70 mm figure-of-eight coil connected to a rapid Magstim 200 magnetic
stimulator (Magstim). Each rTMS train involved 5 pulses at 10 Hz (400
ms train duration). The intensity of the rTMS pulses was set at 32% above
the rMT measured with the sTMS coil. Note that there is a loss of power
when a coil is powered by a rapid (biphasic pulse) stimulator [see http://
www.magstim.com/magneticstimulators/10108.html]. To account for
this effect, the original sTMS rMT was increased by 20% and the intensity
of the rTMS pulses was then set at 10% above this adjusted rMT value.

Trains of rTMS over LPF can be uncomfortable due to the activation of
facial muscles. For this reason, we only recruited participants with a low
rMT (�50% of stimulator output). However, when measured in the LPF
session, the rMT for one participant was above this criterion (51%).
Given our criterion, this participant was not tested in the LPF session
(n � 11).

Individual anatomical MRI images were used to guide the placement
of the rTMS coil (Noirhomme et al., 2004). Using customized software,
we normalized, a posteriori, individual coordinates for the rTMS sites
with respect to the MNI brain atlas. This software uses an iterative algo-
rithm that searches for the optimal projection of a given brain onto the
MNI brain.

The mean MNI coordinates for the stimulation sites are given in Fig-
ure 2 B. The stimulation site for the left PMd was based on a location used
in a previous rTMS study (MNI coordinates: x � �22, y � �4, z � 71
mm) (Davare et al., 2006). This location is just anterior to the precentral
sulcus and adjacent to the dorsal bank of the superior frontal sulcus. For
the left LPF, we used the average coordinates of three functional neuro-
imaging studies (Dreher and Berman, 2002; Crone et al., 2006; Schumacher et
al., 2007) that reported LPF activation during action selection (MNI

Figure 1. Schematic representation of two mechanisms of inhibition during selection of a
right hand response. Inhibition for competition resolution reduces activity of nonselected re-
sponse representations at the cortical level, possibly through interhemispheric inhibitory inter-
actions. Inhibition for impulse control reduces the activity of selected response representations
at the spinal level.
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coordinates: x � �35, y � 25, z � 29 mm).
This stimulation site was adjusted in each indi-
vidual such that the coil was centered just
above the inferior frontal sulcus. The mean
MNI coordinates of the actual LPF stimulation
site are shown on Figure 2 B and correspond to
the ventral portion of area BA 9 (Rajkowska
and Goldman-Rakic, 1995). The homologous
region in the right hemisphere was tested in an
additional session in which the coil was posi-
tioned over right LPF. For the control site, we
opted to stimulate a midline region located just
behind the postcentral sulcus, also based on the
MRI of each individual subject.

Control experiments
The protocol used in the task of the main ex-
periment combines two TMS procedures:
high-frequency, on-line rTMS to perturb ac-
tivity in the targeted cortical region (e.g., Da-
vare et al., 2006), and sTMS to probe
excitability in the CS pathway (e.g., Leocani et
al., 2000). While each of these procedures has
been employed in many TMS studies individ-
ually, this is the first study in which they are
used simultaneously. Given this, we performed
several control sessions to examine the effects
of high-frequency rTMS on CS excitability
when the participants were at rest.

Control Session 1: effect of rTMS over M1 on
corticospinal excitability at rest. Repetitive TMS
has been used in many studies to induce virtual
lesions, perturbing activity in the targeted cor-
tical region (Pascual-Leone et al., 2000; Taylor
et al., 2007; Johnson et al., 2010). The disrup-
tive nature of rTMS has generally been inferred
by changes in behavior (e.g., Davare et al.,
2006). Here, we conducted a control study to
assess physiological changes induced by a high-
frequency rTMS train on the targeted brain re-
gion. TMS methods do not allow a direct
assessment of physiological changes in PMd
and LPF. However, this is possible if the rTMS
train is directed at M1. Thus, in this first control session, we applied
rTMS over M1 and measured the amplitude of MEPs elicited by a single-
pulse TMS probe (test stimulus) at several delays (from 50 to 2000 ms)
following the last pulse of the rTMS train (conditioning stimulus). We
assume that the pattern of changes evidenced with rTMS to M1 are
representative, to a first approximation, of physiological changes that
would occur following rTMS to other cortical areas, including PMd and
LPF (Allen et al., 2007).

Eight participants (30 � 2.2 years old, 6 women) were tested. A single
coil (70 mm) connected to a rapid Magstim 200 magnetic stimulator was
used to apply the rTMS pulses and the sTMS probe to right M1. Similar
to the procedure in the main experiment, we first identified the hot spot
over right M1 for eliciting MEPs in left FDI, and the rMT was defined as
the intensity required to evoke MEPs with sTMS on 5 of 10 consecutive
trials. The mean rMT equaled 54% [SE � 2.7]. The intensity of TMS for
the experimental session was set at 10% above the rMT. This stimulation
level was fixed for both the rTMS and sTMS pulses; thus, MEPs were
elicited in response to (most of) the rTMS pulses.

During the experimental session, participants were asked to remain
relaxed with the eyes open, the arms semiflexed, and the hands resting,
palms down, on a pillow. On rTMS trials, the train (10 Hz, 400 ms) was
used as a conditioning stimulus, followed by a sTMS probe (test stimu-
lus). There were 12 different delays between the last pulse of the rTMS
train and the sTMS probe: 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 1000,
and 2000 ms. Each interval occurred four times in a test block and each
subject was tested on two blocks (eight MEPs total per interval). We also

included four catch trials in each block in which the rTMS train was not
followed by an sTMS probe. The MEPs evoked by the first pulse of the
rTMS trains were used to establish a baseline (MEPs elicited in the ab-
sence of a conditioning stimulus).

We also ran two blocks in which the rTMS train was replaced by a
single TMS pulse. Thus, in these blocks, two sTMS pulses were applied
over M1, separated by 1 of 12 possible delays (50, 60, 70, 80, 90, 100, 200,
300, 400, 500, 1000, and 2000 ms). Here, we considered the first sTMS
pulse as the conditioning stimulus and the second pulse as the test stim-
ulus. Similar to the rTMS blocks, the MEPs evoked by the conditioning
pulse were used to establish a baseline of CS excitability in the absence of
a conditioning stimulus.

Repeated measures ANOVA (ANOVARM) revealed a significant effect
of delay on the amplitude of MEPs elicited by the test probe in the rTMS
blocks (F(12,84) � 7.0, p � 0.0001; Fig. 3A, left). MEPs elicited by the test
pulse were larger for the 50 ms delay condition ( p � 0.01) relative to
baseline (MEPs evoked by the first pulse of the rTMS train), followed
by an extended period of MEP suppression. This suppression was
reliable for delays between 60 and 500 ms (all p � 0.03). A similar
pattern was observed when the conditioning stimulus was a single
TMS pulse instead of an rTMS train (F(12,84) � 3.8, p � 0.0002; Fig.
3A, right). At 50 ms delay, there was a nonsignificant increase in MEP
amplitude ( p � 0.14), followed by a rapid suppression of the MEPs.
The suppression did not last as long after the single TMS pulse com-
pared to the rTMS train, remaining significant only for delays be-
tween 60 and 100 ms (all p � 0.05).

Figure 2. A, Location and orientation of the single pulse transcranial magnetic stimulation coil over primary motor cortex (gray)
and the repetitive TMS coil on the dorsal premotor cortex (left), lateral prefrontal cortex (middle), and medial postcentral sulcus
(right) sessions. B, Actual MNI coordinates of the stimulation sites. Each ellipse was centered on the mean MNI coordinates of PMd,
LPF, PCs, and M1 stimulation points, and their surface shows the 95% confidence interval of the normalized coordinates calculated
for each subject. L, Left; A, anterior; P, posterior.
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These results show that when suprathreshold TMS pulses are applied
successively over M1, there is a brief increase in excitability when the
delay between two successive pulses is 50 ms, followed by a period of
suppression. With an rTMS train of 400 ms duration, the suppression
remains pronounced for up to 500 ms. In the main experiment, we
opted to use a delay of 100 ms between the rTMS train and sTMS
probe, given that the suppression of the MEPs was maximal at 100 ms
in this control experiment.

The rapid shift from enhancement to suppression is surprising (note
the change from the 50 ms to the 60 ms delay conditions) but was ob-
served when either the conditioning stimulus was composed of an rTMS
train or a single TMS pulse. The inhibitory effects of the single condition-
ing pulse is consistent with previous paired-pulse TMS protocols (Naka-
mura et al., 1997). Studies using long trains of rTMS have revealed a
mixture of changes ranging from inhibition to facilitation depending on
stimulation intensity and frequency. In brief, low-frequency rTMS (�5
Hz) generally reduces the excitability of the stimulated neurons (Touge et
al., 2001), whereas high-frequency rTMS (�5 Hz) has been reported to
produce facilitatory changes (Pascual-Leone et al., 1994; Maeda et al.,
2000; Peinemann et al., 2004). None of these studies have looked at the
physiological changes that occur immediately (�1 s) following rTMS,
nor with the parameters typically employed in cognitive neuroscience
studies designed to induce virtual lesions (Davare et al., 2007; Duque et
al., 2010a). Our findings suggest that, in addition to introducing noise to
the stimulated region, short high-frequency rTMS trains also reduce
cortical excitability for a duration that outlasts the end of the train by 500
ms. This extended suppression of excitability is similar to that observed
in a study in which cellular activity was measured in the visual cortex of
cats (Allen et al., 2007).

Control Session 2: effect of rTMS over PMd or LPF on corticospinal
excitability at rest. In the second control session, the rTMS conditioning
stimulus was applied over left PMd (n � 17), left LPF (n � 17), or right
LPF (n � 13), followed by a single test stimulus over right M1. The three
different rTMS sites were tested in three separate sessions on different

days. A total of 19 subjects participated in at
least one of these sessions (27 � 0.9 years old,
13 women). In all sessions, we combined high-
frequency rTMS over one of the regions of in-
terest with sTMS over M1 using a double coil
design. This is the same procedure as that used
in the main experiment (see Fig. 2), but here
the participants were at rest. If one or more of
these regions provides inhibitory input to M1
at rest, then perturbing activity in these frontal
locations should produce an increase in the
MEPs elicited by sTMS of M1. In contrast, if
any of these regions provides an excitatory in-
put to right M1, then the rTMS train should
produce a decrease in MEPs elicited by sTMS
of M1. We recognize that a particular site may
provide both inhibitory and excitatory inputs
to M1, the strength of which is likely to depend
on the functional status. Nonetheless, our aim
here was to clarify the effects of a premotor or
prefrontal rTMS train on M1 excitability at
rest.

CS excitability was assessed by recording
MEPs in the left FDI in response to the sTMS
probe (test stimulus) applied over the right
M1. The mean rMTs equaled 41% [SE � 1.2],
41% [SE � 1.2], and 37% [SE � 1.0] in the left
PMd, left LPF, and right LPF sessions, respec-
tively. The intensity of the rTMS train was set at
10% above rMT in all sessions (adjusted to ac-
count for the use of different stimulators; see
Repetitive TMS); the intensity of the sTMS
probe was set at 20% above rMT. Note that this
differs from Control Session 1, where the in-
tensity of the sTMS probe had to be the same as
the rTMS train (10% above rMT) since all of

the pulses were sent through the same coil over M1. Each rTMS train
involved 5 pulses at 10 Hz (400 ms). The placement location for PMd and
LPF was identical to that used in the main experiment, based on individ-
ual anatomical MRIs.

In each session, we tested one region of interest (left PMd, left LPF, or
right LPF) and two block types, one in which the test sTMS probe was
preceded by a conditioning rTMS train and one in which the test probe
was preceded by a conditioning sTMS pulse. Left PMd and left LPF were
always tested first, with the order counterbalanced across participants.
The right LPF was added a posteriori to assess changes in M1 excitability
following rTMS of LPF in the same (right) hemisphere. It was not possi-
ble to test the effect of rTMS over right PMd given the size of the coils.

Participants were asked to remain as relaxed as possible with the eyes
open, the arms semiflexed, and the hands resting, palms down, on a
pillow. In the rTMS blocks, the conditioning rTMS train was followed by
the right M1 sTMS probe after one of six possible delays: 50, 100, 200,
300, 400, and 500 ms (rTMSon trials). The smaller range of delays was
selected based on the findings of Control Session 1. Each condition oc-
curred seven times per block, and participants completed three blocks.
Each block also included seven trials in which the right M1 sTMS probe
was applied alone (rTMSoff trials); the mean MEP evoked on these trials
was set as the baseline. To assess the effect of the rTMS train, we com-
pared MEPs elicited in the rTMSon trials for each delay with respect to
baseline (rTMSoff trials).

We found that repetitive TMS over left LPF (F(6,96) � 2.33, p � 0.04)
and right LPF (F(6,72) � 2.66, p � 0.02), significantly altered CS excit-
ability of left FDI at rest (Fig. 3B, left). Perturbation of left LPF increased
MEPs in left FDI when the right M1 pulse occurred 100 ms after the last
pulse of the rTMS train (all p � 0.03). A similar increase was observed
following perturbation of right LPF, with the effect being statistically
reliable at 50 ms and lasted until 200 ms (both p � 0.05). The pattern of
results was different for left PMd. Overall, MEPs elicited from right M1
stimulation tended to be lower after rTMS of left PMd. However, this

Figure 3. A, Control Session 1. MEPs elicited by test sTMS stimulation over right M1 following conditioning stimulation con-
sisting of either right M1 rTMS (left) or sTMS (right). MEPs are expressed with respect to MEPs evoked by the first conditioning
pulse. The x-axis indicates the interval between the conditioning and test stimuli. An early facilitatory effect is rapidly followed by
inhibition, with the duration of the inhibition much longer following rTMS than sTMS. B, Control Session 2. Effect on MEPs elicited
by the test stimulus when the conditioning stimulus is applied over left PMd, left LPF, or right LPF. Conditioned MEPs are expressed
with respect to MEPs evoked in the absence of conditioning stimulation. While the three locations produce similar effects with a
single pulse conditioning stimulus (right), rTMS of LPF enhances the MEPs independent of the side of stimulation while rTMS of left
PMd tends to suppress the MEPs (left);*p � 0.05.
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effect was not reliable for any of the delays
(F(6,96) � 0.98, p � 0.44), nor was the effect
significant when we pooled the data from the
delays between 100 and 400 ms, the interval
over which the suppression effect appeared
strongest (paired t(16) � 1.15, p � 0.27).

Reliable changes in right M1 excitability
were also observed when the conditioning
stimulus was a single TMS pulse, applied over
PMd and LPF (all F � 3.2, all p � 0.02). How-
ever, the effects of the single pulse were mark-
edly different than that observed following
rTMS trains. For all three regions, left PMd, left
LPF, and right LPF, the amplitude of the MEPs
was attenuated with a delay of 50 ms (all p �
0.04, Fig. 3B, right). By 100 ms and continuing
for delays up to 500 ms, the MEPs returned to
baseline levels.

In summary, when the conditioning stimu-
lus is a single pulse, there is a marked attenua-
tion of the MEPs with a 50 ms delay,
presumably reflecting an inhibitory link from
LPF and PMd to M1 (Ni et al., 2009). When the
conditioning stimulus is an rTMS train, a dif-
ferent pattern is observed, consistent with the
hypothesis that the rTMS has induced a func-
tional lesion.

The results of Control Session 2 reveal a
striking difference between the effects of rTMS
over PMd and LPF on the excitability state of
M1 at rest. Repetitive TMS over left PMd
tended to reduce MEPs elicited by right M1
stimulation, although this effect never reached
statistical significance. In contrast, rTMS over
left and right LPFs led to an increase in MEPs,
an effect that was consistently reliable at 100 ms
for both locations. At first blush, one may be
tempted to assume that rTMS of LPF provided
an excitatory input to right M1. However, the
first control session (where rTMS was applied
over M1) suggests that an rTMS train depresses
activity in the stimulated area, an assumption
critical to studies in which rTMS is used to induce virtual lesions. If we
extend the argument to the current experiment, the MEP enhancement
would suggest the attenuation of an inhibitory signal from LPF to M1 at
rest, or more precisely, during an instruction-based resting period. Given
that M1 excitability was reduced after a single TMS pulse, we infer that
the projection from LPF includes a significant inhibitory component (Ni
et al., 2009). When rTMS is applied to this region, we assume the func-
tionality is disturbed—that is, we have created a virtual lesion. Disrup-
tion of this inhibitory input leads to an increase in M1 excitability, even at
rest. We note that “at rest” is a form of an instruction; LPF may be
involved in implementing this instruction by inhibiting M1 (MacDonald
et al., 2000; Bunge, 2004).

Interestingly, rTMS (and sTMS) of right and left LPFs induced similar
patterns of change in right M1. This observation suggests that the func-
tional recruitment of LPF to competition resolution may not be strongly
lateralized, an issue we will return to in the Discussion.

The picture is more complex for PMd. As with LPF, a single TMS pulse
to left PMd produced an immediate reduction in MEPs elicited from
right M1. This suggests that neurons from left PMd have the potential to
inhibit right M1 (Ni et al., 2009). More puzzling is the absence of signif-
icant modulation of the MEPs following rTMS over PMd, the conditions
that, we assume, produce a virtual lesion. One possibility is that PMd
does not functionally influence M1 excitability at rest (at least interhemi-
spherically), but rather the influence of PMd on M1 only becomes rele-
vant when a movement has to be performed (Koch et al., 2006; Kroeger et
al., 2010).

Choice reaction time task
Participants sat in front of a computer screen with both hands resting on
a pillow, palms down, with the arms semiflexed. We used a partial cueing
task, similar to that in Duque et al. (2010b). A preparatory cue indicated
the response hand (left or right), and an imperative signal indicated
which of two fingers, index finger or pinky, was to be used on each trial.
The preparatory cue was always valid, and participants were instructed to
use this information to reduce their RTs.

A fixation cross was presented for 100 ms to signal the start of each trial
(Fig. 4 A). After a delay of 800 ms, a preparatory cue was presented for 100
ms. The cue was either the letter “x,” indicating a forthcoming left hand
movement, or the letter, “o,” indicating a forthcoming right hand move-
ment. Following the offset of the cue, the screen was blanked for a delay
interval of 500 ms (total delay including the 100 ms preparatory cue �
600 ms). An imperative signal then appeared for 100 ms. The imperative
was either a “�” or a “�.” If the left hand had been cued, these symbols
corresponded to pinky and index fingers, respectively; if the right hand
had been cued, these symbols corresponded to index and pinky fingers,
respectively. The participant was instructed to perform the specified fin-
ger movement as quickly as possible following the imperative signal.
Following the response, there was an intertrial interval of 5000 –5500 ms.

In each session, participants completed eight blocks of 28 trials, each
lasting approximately 5 min. The 28 trials consisted of 14 left hand trials
and 14 right hand trials, with half of the trials requiring index finger
movements, and the other half requiring pinky movements. The first
block was used to determine the participant’s mean RT in the absence of
TMS. RT was defined as the interval between the onset of the imperative

Figure 4. A, Illustration of a trial requiring a left index finger response. B, A single TMS pulse was applied over the right M1 at
two possible timings (baseline or preparation). This pulse was preceded by an rTMS train on half of the trials (rTMSon trials). On the
other half of the trials, the sTMS pulse was presented alone (rTMSoff trials).
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signal and a movement-related increase in the EMG activity of the ago-
nist muscle [FDI for the index finger response and abductor digiti
minimi (ADM) for the pinky finger].

TMS was applied during the other seven blocks. A single pulse was
delivered over right M1 on 24 of 28 trials to measure MEPs in the left FDI
at one of two timings (Fig. 4 B). The first timing was set to obtain a
baseline measurement of CS excitability. To this purpose, the sTMS
probe was applied at random during the intertrial interval (200 –700 ms
before fixation cross onset) on 8 trials of each block (TMSbaseline, total of
8 trials � 7 blocks � 56 trials). On the other 16 TMS trials of each block,
left MEPs were elicited 550 ms after the onset of the cue (i.e., 50 ms before
the onset of the imperative signal). At this point, the participant knows
the response hand, but the finger remains unknown. Hence, with this
second timing we assessed changes in CS excitability associated with
response preparation in a selected (left MEPs when left hand cued) or
nonselected hand (left MEPs when right hand cued) late in the delay
period [TMSpreparation, total of 16 trials (8 for each cued hand) � 7
blocks � 112 trials � 56 trials per cued hand]. Left MEPs should be
suppressed both when the left hand is selected and nonselected, presum-
ably due to the concurrent operation of inhibitory mechanisms related to
impulse control and competition resolution, respectively (Duque et al.,
2010b). In four catch trials in each block, no sTMS pulse was applied.

Half of the M1 sTMS pulses at TMSbaseline and TMSpreparation were
preceded by a 400 ms rTMS train targeted, in separate sessions on differ-
ent days, either over PMd, LPF, or PCs (or over right LPF in the fourth
additional post hoc session). The rTMS train was always fixed to termi-
nate 100 ms before the sTMS probe (see Fig. 4 B). For the TMSbaseline

condition, the rTMS train began during the intertrial interval. For the
TMSpreparation condition, the rTMS train began 50 ms after the cue onset
and continued through the delay period, terminating 150 ms before the
imperative signal. The fact that the rTMS train was not applied on half of
the M1 sTMS trials allowed us to compare MEP amplitudes on trials with
rTMS (rTMSon trials) and without rTMS (rTMSoff trials). Moreover, by
having both TMSbaseline and TMSpreparation probes, we could evaluate the
specific effects of the rTMS train during response preparation (e.g., the
TMSpreparation probe). With the current design, we obtained 28 measures
of left MEP amplitudes for each of the six experimental conditions
[TMSbaseline probe (rTMSon or rTMSoff), TMSpreparation with left hand
cued (rTMSon or rTMSoff), or TMSpreparation with right hand cued
(rTMSon or rTMSoff)] within a session.

EMG recording
EMG activity was recorded from surface electrodes placed over the left
and right FDI and ADM muscles. EMG data were collected so that the
artifacts of the rTMS and sTMS pulses as well as the motor response were
visible on each sweep. The EMG signals were amplified and bandpass
filtered on-line (10 –500 Hz; Neurolog; Digitimer) and digitized at 2 kHz
for off-line analysis. The EMG signals were used to determine the reac-
tion times and measure the peak-to-peak MEP amplitude in left FDI.
ADM MEPs were inconsistent and relatively weak, presumably because
the hotspot was always selected based on FDI responses; as such, we do
not report the ADM data. Trials with background EMG activity �100 �V
in the 200 ms window preceding the TMS pulse were excluded from the
analysis. This was done to prevent contamination of the MEP measure-
ments by fluctuations in background EMG (Duque et al., 2005, 2007;
Duque and Ivry, 2009). After trimming the data for errors and back-
ground EMG activity, a minimum of 20 MEPs remained to assess CS
excitability in each condition.

Statistical analysis
We first analyzed MEPs in the absence of rTMS (rTMSoff trials) to con-
firm the presence of CS suppression at TMSpreparation with respect to
TMSbaseline. To do so, we used a series of one-way ANOVAsRM, one for
each session (PMd, LPF, PCs), with the factor condition (TMSbaseline,
TMSpreparation_selected, and TMSpreparation_nonselected). To investigate the
effect of the rTMS “virtual lesions,” left FDI MEPs in the rTMSon trials
were expressed with respect to the corresponding MEPs recorded in
the rTMSoff trials ([rTMSon] � [rTMSoff]/[rTMSoff]). This normal-

ized score was then used in a similar series of one-way ANOVAsRM

(again, one for each session).
RTs were calculated separately for rTMSoff and rTMSon trials (exclud-

ing the “catch” trials). For these analyses, we pooled the data for the index
and pinky trials to increase the number of observations. We first analyzed
the RT data in the rTMSoff trials by using a series of two-way ANOVARM

with condition (TMSbaseline, TMSpreparation), and hand (left, right) as
factors for each session (PMd, LPF, PCs). Similar to the MEP analysis,
RTs in the rTMSon trials were expressed with respect to the correspond-
ing RTs gathered in the rTMSoff trials ([rTMSon] � [rTMSoff]/
[rTMSoff]). This normalized score was then used in a series of two-way
ANOVAsRM.

All post hoc comparisons were conducted using the Fisher’s Least Sig-
nificant Difference procedure. Single sample t tests were used to assess
the significance of rTMS-related changes with respect to the 0 value (no
change). All of the data are expressed as mean � SE.

Results
We observed the same effects for right and left LPF stimulation.
For the sake of clarity, we only report the results from left LPF
stimulation in the main paper, providing a comparison of the
effects of rTMS of LPF and PMd for the same (left) hemisphere.

MEP measurements
Figure 5A shows the mean MEP amplitudes in the absence of rTMS
(rTMSoff trials). The data are plotted separately for the PMd and LPF
sites, as well as for our control site, PCs. MEPs elicited during the inter-
trial interval (TMSbaseline) equaled 1.1 mV [SE � 0.19, n � 12], 1.6 mV
[SE � 0.26, n � 11] and 1.1 mV [SE � 0.18, n � 12] in the PMd, LPF,
and PCs sessions, respectively. We assume that these differences are in-
dicative of the variation classically observed in MEP measurements
across different sessions. The MEPs were strongly suppressed at TM-
Spreparation elicited at the end of the delay period (main effect of condi-
tion:F(2,22) �6.3,p�0.007;F(2,20) �14.9,p�0.0001;andF(2,22) �9.3,
p � 0.002 in the PMd, LPF and PCs sessions, respectively; Fig. 5A).
This suppression was evident both on trials in which the left hand
was selected for the forthcoming response (TMSpreparation_selected;
average suppression � 36%, all three sessions p � 0.003) and
when the left hand was not selected for the forthcoming response
(right hand response; TMSpreparation_nonselected, average � 28%, all
p � 0.02). In our previous studies (Duque and Ivry, 2009; Duque
et al., 2010b), we reported that left MEP suppression was system-
atically larger when the left hand was selected. This pattern was
also evident here, although the difference between trials in which
the left hand was selected and nonselected was not significant
(p � 0.08). Based on other stimulation protocols (Duque and
Ivry, 2009; Duque et al., 2010b), we assumed that the delay period
suppression of the left MEPs reflects the operation of two distinct
inhibitory processes: impulse control when the left hand is se-
lected and competition resolution when the right hand is selected
(left hand nonselected). Note that part of the left MEP suppres-
sion in the left response condition might also reflect inhibition
for competition resolution, explaining why the MEP suppression
is consistently larger in a selected hand (competition resolution
and impulse control) compared to a nonselected hand (compe-
tition resolution only).

The effects of rTMS-induced virtual lesions of PMd, LPF, and
PCs are shown in Figure 5B. For each panel, the data are pre-
sented as a change in MEP amplitude following rTMS (rTMSon

trials) relative to the MEP amplitude when rTMS was absent
(rTMSoff trials). The data from the control stimulation site, PCs,
indicate that cortical rTMS does not produce a nonspecific atten-
uation of MEP suppression during response preparation. Repet-
itive TMS over PCs had no effect on MEPs elicited by the sTMS
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M1 probe (Fig. 5B, right). There was a
trend for PCs rTMS to produce smaller
MEPs at baseline and larger MEPs during
the delay period. However, none of these
changes were significantly different from
zero (all p values �0.14), nor were there
any differences between the three condi-
tions in terms of rTMS-induced changes.

Repetitive TMS over PMd produced a
selective change in the amplitude of MEPs
elicited by the sTMS M1 probe (F(2,22) �
4.3, p � 0.03). As shown in Figure 5B
(left), rTMS attenuated MEP suppression
during the delay period (TMSpreparation),
but only in trials in which the left hand
was selected for the forthcoming response
(percentage change larger than 0). Left
MEPs elicited at TMSpreparation_selected

were 35% larger in the rTMSon compared
to the rTMSoff trials. The MEPs were still
suppressed in rTMSon trials, but the mag-
nitude of this suppression was only 18% fol-
lowing PMd rTMS, a value that is
significantly smaller than the 33% reduction
obtained in the rTMSoff trials (p � 0.03).
Importantly, there was no change in the
magnitude of MEP suppression during the
delay period in the (nonselected) left hand
when participants prepared a right hand re-
sponse (TMSpreparation_nonselected; p � 0.96),
nor was there an effect of PMd rTMS on
MEPs elicited at TMSbaseline (p � 0.26). Post
hoc paired-comparisons showed that the ef-
fect of rTMS of PMd produced a significant
difference in the condition in which the
left hand was selected compared to when
this hand was not selected (p � 0.04) or
from that induced by rTMS at baseline
(p � 0.01). These results suggest that
PMd is involved in a process producing
inhibition on selected representations (im-
pulse control) but does not induce inhibition targeted at nonselected
representations (competition resolution).

A different picture emerged when the rTMS train was directed
at LPF (Fig. 5B, middle). MEPs elicited by the M1 probe were also
significantly changed by rTMS of LPF (F(2,20) � 8.5, p � 0.002).
Post hoc tests revealed that here the delay period inhibition was
reduced on trials in which the left hand was selected (p � 0.01)
and on trials in which the left hand was nonselected (right hand
selected; p � 0.03). Relative to MEPs elicited at TMSbaseline, MEPs
in the rTMSon trials were inhibited by 13 and 12% on selected and
nonselected trials, respectively, values that were significantly
lower than those observed when rTMS was absent (rTMSoff trials:
33 and 25%). These rTMS-induced changes on MEPs elicited
during the delay period were significantly different from those
observed when the rTMS train was applied at baseline (preceding
MEPs elicited at TMSbaseline; both p � 0.02). Importantly, the
effects of LPF rTMS were also significantly different from the
effects observed following rTMS of the control postcentral sulcus
site [two-way ANOVARM showed a main effect of site (PCs, LPF)
regardless of the selected hand: F(1,10) � 7.78, p � 0.02]. These
results suggest that LPF inhibits both selected and nonselected
response representations during motor preparation, possibly as

part of an inhibitory process associated with competition
resolution.

In summary, we found that rTMS of both LPF and PMd al-
tered MEP suppression in conditions where the left hand was
selected; virtual lesions of each frontal region produced an in-
crease in MEPs (i.e., reduced inhibition) relative to when the
rTMS train was absent. In contrast, the left MEP suppression
observed in conditions where the right hand was selected (left
hand nonselected) was only altered by rTMS over LPF.

Behavioral measurements
Overall, error rates were �2%, and this number did not differ
between stimulation sites and did not increase on trials with
rTMS. Reaction times were quite short, averaging 289 ms
across conditions in which only sTMS was applied. There was
no difference in RT between left and right hand responses
(main effect of hand: all session, F � 3.5, p � 0.1). Given this,
the RT data were pooled across the two hands (Fig. 6 A). For
the rTMSoff trials, there was no increase in RT when the sTMS
probe was applied in the delay period compared to when it
was applied at baseline (main effect of condition: all session,
F � 2.5, p � 0.1).

Figure 5. A, Amplitude of MEPs (mV) in the absence of rTMS (rTMSoff trials) recorded during the intertrial interval (TMSbaseline)
or during the delay period (TMSpreparation). For the latter, the data are separated for trials in which left FDI was associated with a
selected (TMSpreparation_selected) or nonselected (TMSpreparation _nonselected) response. Left, middle, and right are for the PMd, LPF,
and PCs sessions, respectively. B, Percentage change in MEPs following rTMSon over PMd (left), LPF (middle), and PCs (right). All
values are expressed with respect to MEPs in rTMSoff trials. *p � 0.05.
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The inclusion of an rTMS train during the delay period also
had a negligible effect on RTs. Figure 6B plots these data as a
function of the change in rTMSon trials with respect to the RTs in
rTMSoff trials. The only effect that approached significance in the
ANOVAs was when rTMS was applied over the LPF (F(1,10) � 4.2,
p � 0.07). The trend here was for shorter RTs when the rTMS
train was applied during the delay period compared to trials in
which rTMS occurred during baseline. The decrease in RTs fol-
lowing rTMS over LPF during the delay period was significantly
different than zero, an effect observed on both left and right hand
trials, pooled together in Figure 6B (both p � 0.05). Such a
change was not observed following right LPF stimulation (F(1,8)

� 0.4, p � 0.5), although the data also show a trend for shorter
RTs during the delay period in the rTMSon trials.

Discussion
Recently we proposed that the inhibitory effects observed in se-
lected and nonselected effectors during motor preparation reflect
the operation of two distinct inhibitory mechanisms (Duque et
al., 2010b). Here, we provide converging evidence in support of
this idea by demonstrating that inhibition of the selected and
nonselected effectors were differently affected by rTMS applied
over PMd or LPF. Repetitive TMS applied over PMd distinctively
attenuated inhibition in the selected effector; in contrast, rTMS

over LPF attenuated inhibition in both the
selected and nonselected effectors.

PMd and impulse control
We found that rTMS over PMd specifi-
cally attenuated inhibition in a selected ef-
fector before the onset of an imperative
signal. When the preparatory cue indi-
cated a left hand response, left MEPs were
significantly larger (less suppressed) when
the M1 sTMS pulse was preceded by an
rTMS train over PMd compared to when
the sTMS pulse was applied alone. In con-
trast, left MEPs remained unchanged by
rTMS when the preparatory cue indicated
a right hand response. Thus, rTMS over
PMd did not alter inhibition targeted at a
nonselected effector. These findings
strongly point to a role of PMd in impulse
control.

Faster RTs were not observed in the
rTMSon trials, a result that might be ex-
pected if impulse control were disrupted.
While caution is required in interpreting
null results, we must emphasize that im-
pulse control is not the sole function of
PMd but is rather one part of its prepara-
tory activity. It is possible that, in the pres-
ent study, in addition to disrupting
impulse control, rTMS also attenuated ac-
tivation of the prepared response (Pass-
ingham, 1993; Schluter et al., 1998).

PMd plays a critical role in the selec-
tion and implementation of action plans,
especially in the context of visuomotor as-
sociations (Grafton et al., 1998; Cavina-
Pratesi et al., 2006; Hoshi and Tanji, 2006;
Terao et al., 2007). When an upcoming
action is cued but needs to be withheld
until an imperative signal, PMd neurons

exhibit tuning for parameters of the selected response during the
delay period (Cisek and Kalaska, 2005; Churchland et al., 2006).
Inhibition related to impulse control allows this cortical prepa-
ration to occur without causing undesired premature move-
ments (Boulinguez et al., 2008; Kaufman et al., 2010). The
present findings suggest that PMd contributes to the generation
of these inhibitory signals. That is, PMd may not only help to
specify the selected movement, but also generate inhibitory sig-
nals to block motor output until the movement is initiated (Prut
and Fetz, 1999).

The current results are consistent with previous studies point-
ing to a role of PMd in impulse control. In monkeys, the injection
of GABAA antagonist within PMd reduces the ability to withhold
movements (Sawaguchi et al., 1996). Moreover, using a paired-
pulse TMS protocol in which single TMS pulses were applied
sequentially over PMd and M1, MEP suppression was observed
in the selected effector during a delay period (Kroeger et al.,
2010). Intriguingly, when a similar TMS protocol is applied after
the onset of the imperative, the effect is reversed with inhibition
now observed in nonselected effectors (Koch et al., 2006; but see
also O’Shea et al., 2007).

Electrophysiological studies in humans and monkeys have re-
vealed that the excitability of agonist motoneurons is reduced

Figure 6. A, Reaction times (ms) recorded on rTMSoff trials during the PMd (left), LPF (middle), and PCs (right) sessions. Data for
the left and right hands are pooled together. B, Percentage change in reaction times when rTMS was applied (rTMSon trials),
expressed with respect to RTs observed in the absence of rTMS (rTMSoff trials). There was a trend for LPF rTMS to shorten reaction
times when applied during the delay preparation period.
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during delay periods (Touge et al., 1998; Hasbroucq et al., 1999;
Prut and Fetz, 1999; Kaufman et al., 2010), suggesting that im-
pulse control operates by inhibiting the motor output at the spi-
nal level. This raises the question of how PMd modulates spinal
cord excitability. One possibility is through CS projections, since
a proportion of the CS tract originates from pyramidal cells lo-
cated in PMd (Dum and Strick, 1991). Interestingly, whereas M1
cells predominantly terminate on spinal motoneurons control-
ling distal hand muscles, PMd terminations are primarily di-
rected to spinal interneurons (Galea and Darian-Smith, 1994;
Dum and Strick, 2005). Given this anatomical organization, PMd
has been associated with the preparation of the spinal motor
circuitry (Bizzi et al., 2000) rather than in the generation of finger
movements, consistent with our impulse control hypothesis.

Impulse control might also arise via PMd modulation of sub-
cortical regions. There is a prominent PMd projection to basal
ganglia (McFarland and Haber, 2002), a region linked to re-
sponse initiation and inhibition (Aron, 2007). PMd might also
influence spinal excitability via the brainstem. There are signifi-
cant projections from the brainstem to interneurons located in
the intermediate zone of the spinal cord (primarily part of the
reticulospinal tract) (Riddle et al., 2009) that are involved in the
control of distal hand muscles (Borra et al., 2010; Cohen et al.,
2010).

The attenuation of impulse control on the selected effector
(left FDI) resulted from the application of rTMS over the left
ipsilateral PMd. We expect we would have observed similar ef-
fects if the rTMS train was directed at contralateral PMd (right
hemisphere), although the size of the coils precludes a test of this
hypothesis. Nonetheless, it is important to consider how ipsilat-
eral cortex could selectively target the selected response, espe-
cially since most PMd CS fibers project to the contralateral spinal
cord (Nathan et al., 1990). One possibility is that homologous
regions of PMd work in concert via transcallosal fibers to produce
impulse control (Marconi et al., 2003; Hofer and Frahm, 2006).
Alternatively, left PMd might influence spinal excitability via de-
scending pathways originating from subcortical structures that
target ipsilateral spinal interneurons (Riddle and Baker, 2010).

LPF and competition resolution
In contrast to what was found for PMd, rTMS over LPF reduced
inhibition in the representation of the nonselected effector, con-
sistent with the hypothesis that this region is a source of inhibi-
tion related to competition resolution (Ridderinkhof et al., 2004;
Sumner et al., 2010). Our initial expectation was that disruption
of competition resolution would be limited to the nonselected
effector. However, repetitive TMS over LPF also affected sup-
pression of the selected effector, similarly to that observed when
rTMS was applied over PMd. It is possible that LPF is also a
source of signals related to impulse control (Risterucci et al.,
2003; Narayanan and Laubach, 2006).

Alternatively, the reduced inhibition for both selected and
nonselected conditions may reflect a generic effect of LPF rTMS
on competition resolution, one that is manifest on all task-
relevant representations. Such an effect may reflect the operation
of a winner-take-all network (Coles et al., 1985; Usher and Mc-
Clelland, 2004; Brown and Heathcote, 2005), but one in which
there are mutual inhibitory links between potential responses
(Ferrera and Lisberger, 1995; Sheliga et al., 2006). In the current
study, the onset of the preparatory cue would trigger a competi-
tion between preparatory processes associated with right and left
hand responses, with each preparatory process producing some
inhibition of the other alternative. Over time, the dynamics will

favor the response indicated by the cue. Nonetheless, representa-
tions of the nonselected action will also have produced some
inhibition targeted at the selected action. The similar effects of
rTMS of LPF on trials in which the left hand is selected and not
selected may thus reflect the disruption of mutual inhibitory sig-
nals associated with competition resolution.

The preceding argument suggests that during the delay period
the selected action is subject to the joint influence of impulse
control and competition resolution; the nonselected action is
subject only to competition resolution. This is consistent with the
observation that MEP suppression is systematically stronger on
selected trials than on nonselected trials (Duque and Ivry, 2009).
Additionally, there was a trend for faster RTs following rTMS of
LPF, independent of whether the responses were made with the
left or right hand. This hastening may be the consequence of a
reduced inhibition related to competition resolution in the se-
lected hand.

Prefrontal cortex is associated with the implementation of
higher-order rules and strategies (Fuster, 2001; Koechlin and
Summerfield, 2007). During delayed response tasks, LPF cells
show sustained activity reflecting the goal of a forthcoming action
in a given context (Fuster, 2000; Rowe et al., 2000; Hester et al.,
2007). Our results suggest that, as part of this goal-based func-
tion, LPF helps sharpen competitive processes, ensuring that the
appropriate actions are selected given information specifying the
context (e.g., hand) for the forthcoming trial (Fassbender et al.,
2009).

Our prior studies indicate that, unlike the spinal manifesta-
tion of impulse control, competition resolution is limited to su-
praspinal interactions (Duque et al., 2010b). This competition
may entail corticocortical dynamics that presumably include
transcallosal interactions essential for movement preparation
(Geschwind and Kaplan, 1962; Franz et al., 1996; Kennerley et al.,
2002). In this context of hand selection, LPF may modulate these
interactions by imposing task-constraints on areas, such as sup-
plementary motor area, premotor cortex, or even M1, that are
more directly involved in the preparation and implementation of
the selected movement (Dum and Strick, 2005). It is also possible
that the inhibitory influence of LPF to competition resolution
occurs through the basal ganglia (Coulthard et al., 2008), similar
to what was proposed in the sensory domain (Brunia, 1999;
Knight et al., 1999; Frank et al., 2007; Frank, 2011). The current
results underscore that the dynamics underlying the translation
of a goal into a movement involve the operation of inhibitory
processes.

Notes
Supplemental material for this article is available at http://www.
julieduque.com/publications. Illustration of stimulation sites and results
in the right LPF session This material has not been peer reviewed.
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