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Behavioral/Cognitive

Nonspecific Inhibition of the Motor System during Response
Preparation
Ian Greenhouse, Ana Sias, Ludovica Labruna, and Richard B. Ivry
Department of Psychology, University of California, Berkeley, Berkeley, California 94720

Motor system excitability is transiently inhibited during the preparation of responses. Previous studies have attributed this inhibition to
the operation of two mechanisms, one hypothesized to help resolve competition between alternative response options, and the other to
prevent premature response initiation. By this view, inhibition should be restricted to task-relevant muscles. Although this prediction is
supported in one previous study (Duque et al., 2010), studies of stopping ongoing actions suggest that some forms of motor inhibition
may be widespread (Badry et al., 2009). This motivated us to conduct a series of transcranial magnetic stimulation (TMS) experiments to
examine in detail the specificity of preparatory inhibition in humans. Motor-evoked potentials were inhibited in task-irrelevant muscles
during response preparation, even when the muscles were contralateral and not homologous to the responding effector. Inhibition
was also observed in both choice and simple response task conditions, with and without a preparatory interval. Control experiments ruled
out that this inhibition is due to expectancy of TMS or a possible need to cancel the prepared response. These findings suggest that motor
inhibition during response preparation broadly influences the motor system and likely reflects a process that occurs whenever a response
is selected. We propose a reinterpretation of the functional significance of preparatory inhibition, one by which inhibition reduces noise
to enhance signal processing and modulates the gain of a selected response.
Key words: action selection; decision-making; gain modulation; inhibition; response preparation; transcranial magnetic stimulation

Significance Statement
Motor preparation entails the recruitment of excitatory and inhibitory neural mechanisms. The current experiments address the specificity of inhibitory mechanisms, asking whether preparatory inhibition affects task-irrelevant muscles. Participants prepared a finger
movement to be executed at the end of a short delay period. Transcranial magnetic stimulation over primary motor cortex provided an
assay of corticospinal excitability. Consistent with earlier work, the agonist muscle for the forthcoming response was inhibited during the
preparatory period. Moreover, this inhibition was evident in task-irrelevant muscles, although the magnitude of inhibition depended on
whether the response was fixed or involved a choice. These results implicate a broadly tuned inhibitory mechanism that facilitates
response preparation, perhaps by lowering background activity before response initiation.

Introduction
Behavioral and electrophysiological studies have provided
compelling evidence that the motor system is transiently inhibited during the preparation of volitional movements (Hasbroucq et al., 1997, 1999a,b; Touge et al., 1998; Davranche et
al., 2007; van Elswijk et al., 2007; Duque and Ivry, 2009; Sinclair and Hammond, 2009; Duque et al., 2010, 2012; Soto et
al., 2010). The functional significance of this transient inhibiReceived April 2, 2015; revised June 7, 2015; accepted June 13, 2015.
Author contributions: I.G., A.S., L.L., and R.B.I. designed research; I.G. and A.S. performed research; I.G. contributed unpublished reagents/analytic tools; I.G. and A.S. analyzed data; I.G., A.S., L.L., and R.B.I. wrote the paper.
This work was supported by the National Institute of Health (NS074917 and NS0085570).
The authors declare no competing financial interests.
Correspondence should be addressed to Ian Greenhouse, Department of Psychology, University of California,
Berkeley, 3210 Tolman Hall, Berkeley, CA 94720-1650. E-mail: igreenhouse@berkeley.edu.
DOI:10.1523/JNEUROSCI.1436-15.2015
Copyright © 2015 the authors 0270-6474/15/3510675-10$15.00/0

tion has remained the subject of debate. One model proposes
that this preparatory inhibition reflects the operation of two
independent mechanisms (Duque et al., 2010, 2012). One
mechanism is associated with the suppression of competing
response representations to facilitate response selection. The
other mechanism targets the selected response to prevent its
premature execution.
This model makes specific predictions concerning the constraints on preparatory inhibition. In particular, the model predicts
that inhibition should be restricted to task-relevant effectors. To test
this prediction, Duque et al. (2010) used transcranial magnetic stimulation (TMS) to probe changes in corticospinal excitability while
participants performed a delayed response task. They compared
conditions in which the probed muscle was either task-relevant or
task-irrelevant for a block of trials. Motor-evoked potentials (MEPs)
were only attenuated in the former case, a finding that helped motivate the two-mechanism model.
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The observation that inhibition during response preparation
is limited to task-relevant muscles contrasts with studies showing
inhibition in task-irrelevant muscles during response initiation
or when people are required to abort a planned action. For example, when people make a unimanual response, inhibition is
observed in the homologous resting muscles immediately before
movement initiation, even though these muscles are taskirrelevant (Leocani et al., 2000; Liepert et al., 2001; Sohn et al.,
2003; Weiss et al., 2003). However, this line of work did not
include a preparatory delay, which helps separate signatures of
brain mechanisms involved in response preparation from those
involved in response execution. A separate line of research on
reactive response inhibition using the stop signal task has found
that signatures of inhibition are manifest in muscles completely irrelevant to the task (e.g., inhibition of leg muscles when
aborting a finger response; Badry et al., 2009). Indeed, work on
reactive inhibition suggests the recruitment of a global inhibitory
process (Badry et al., 2009; Cai et al., 2012; Greenhouse et al.,
2012; Majid et al., 2012; Wessel et al., 2013).
We set out to revisit the specificity of preparatory inhibition
using modified versions of the delayed response task introduced
by Duque et al. (2010, 2012). The first experiment included conditions in which there were multiple response options (choice
RT) and conditions in which there was only one response option
(simple RT). The choice RT condition provided a replication of
prior studies in which the targeted muscle was always task relevant, either selected or not selected for the forthcoming response.
The simple RT condition allowed us to evaluate the presence of
inhibition in the absence of a choice. To further understand the
constraints on preparatory inhibition, we also examined changes
in corticospinal excitability when the preparatory cue was eliminated and the imperative served to indicate the response (no
delay). In a second experiment, we tested whether inhibition is
observable in resting effectors that are not homologous to a responding muscle, providing an assay of the anatomical specificity
of preparatory inhibition. In a third experiment, we probed
whether inhibition relates to anticipating the need to abort a
prepared response.

Materials and Methods
Participants
All participants were screened for contraindications to TMS and provided informed consent following a protocol approved by the IRB of the
University of California, Berkeley. A total of 38 participants (17 female,
21 male, 31 right-handed, 7 left-handed, 22.2 ⫾ 2.5 years of age) were
tested. Of these, 15 were tested in Experiment 1, 13 in Experiment 2, and
10 in Experiment 3. Two participants were tested in both Experiments 1
and 2. One participant was tested in both Experiments 1 and 3, and one
participant was tested in both Experiments 2 and 3.
In all three experiments, participants were seated comfortably in front
of a computer monitor with their hands palm-down on a pillow in their
laps. The presentation of task stimuli was controlled with E-Prime (Psychology Software Tools) in Experiments 1 and 2, and was controlled with
the Psychtoolbox within MATLAB (MathWorks) in Experiment 3.

Experiment 1
Experiment 1 was designed to explore two questions. First, we wanted to
test whether motor inhibition was observable outside the context of a
choice. To this end, we compared changes in motor excitability before response initiation during choice and simple reaction time tasks.
The underlying assumption was that any inhibition observed during the
preparation of simple responses could not be attributed to “competition”
between candidate responses because there is only one response option in
the simple RT task. Second, we asked whether inhibition attributed to
response selection processes is only manifest when participants are pro-

vided with a preparatory interval. To answer this question, we compared
conditions involving a delay period to conditions without a delay. In the
latter, the cue also served as the imperative signal. Here we measured
motor excitability after this stimulus, but before movement initiation.
Behavioral task. Choice and simple response blocks were administered
separately to test for inhibitory signatures in the presence and absence of
a choice. Blocks were further divided into delay and no-delay conditions,
creating a 2 ⫻ 2 factorial design. For all conditions, the response on each
trial entailed a lateral flexion of either the right or left index finger (agonist muscle is the first dorsal interosseous; FDI).
Example trials from the choice and simple delay conditions of the task
are depicted in Figure 1A. Each trial began with a 4000 – 4500 ms (uniform distribution) intertrial interval, followed by the presentation of a
fixation stimulus for 200 ms. In delay blocks, the fixation was replaced by
a cue, a bracket opening to the left or to the right. The orientation of the
cue indicated whether the participant should prepare a left or right index
finger response and occurred with equal frequency for the two fingers.
The cue remained on the screen throughout a 900 ms delay period and
was followed by the presentation of a 500 ms imperative stimulus. Participants were instructed to respond quickly and accurately to the imperative stimulus by making a lateral flexion of the cued index finger. In
no-delay blocks, the cue and imperative were presented simultaneously
and remained visible for 500 ms (Fig. 1B); thus, there was no preparatory
delay period.
Task blocks consisted of 42 trials. To limit premature responding, an
“X” was presented in place of the imperative stimulus on eight of the
trials, and participants were instructed not to respond on these catch
trials. In the delay condition, TMS (see below) was administered on
four trials at fixation onset (baseline) and 800 ms into the delay period on
24 of the trials. No TMS was administered on the remaining 14 trials. In
the no-delay condition, TMS was administered on four trials at fixation
onset or 150 ms after the imperative on 24 trials.
Participants completed four blocks (2 delay, 2 no-delay) of the
choice task, two blocks (1 delay, 1 no-delay) of the simple task in
which only the left index finger was cued, and two blocks (1 delay, 1
no-delay) of the simple task in which only the right index finger was
cued. We doubled the number of choice blocks relative to simple
blocks to match the number of trials for each response. The order of
the six conditions was randomized across participants, with the two
choice delay blocks run consecutively and the two choice no-delay
blocks run consecutively. Participants completed 10 trials of practice
without TMS before the start of each new condition.
MEP measurements were always made from the left FDI muscle. Thus,
during one simple delay block MEPs were recorded from the responding
left hand (task-relevant), and in the other simple delay block, MEPs were
recorded from the resting left hand (task-irrelevant).

Experiment 2
Experiment 2 was designed to address two questions. First, are signatures of motor suppression detectable in a task-irrelevant muscle that
is not homologous to the responding effector? Second, is inhibition
during delayed response tasks related to the preparation/anticipation
of a movement, or might it also reflect anticipation of the TMS pulse?
Behavioral task. Participants were only tested in the simple reaction
time condition. In separate blocks, the responding effector was the
left index finger (task-relevant), the right index finger (taskirrelevant, homologous), or the right pinky finger (task-irrelevant,
nonhomologous). MEP measurements were always made from the
left FDI. Each of these three conditions was tested in two 54-trial
blocks in the delayed response condition (i.e., cue then imperative).
In addition, participants completed two 38-trial blocks requiring
right pinky responses in which the delay period was eliminated (i.e.,
simultaneous cue and imperative). The order of the four task conditions was randomized across participants.
In the delay condition blocks, we also included trials in which the cue
was replaced by an X. Participants were instructed to not prepare a response on these trials (Fig. 1C). However, TMS was administered with
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Figure 1. The delayed response task was administered in separate blocks of choice and simple trials. A cue indicated which response to prepare, and an imperative signaled to execute the
prepared response. Responses were comprised of lateral flexions of the index finger or downward flexion of the pinky finger. Experiment 1 consisted of both choice and simple blocks of trials with
a cue delay (A) and without a cue delay, i.e., only the imperative was presented (B). Experiment 2 included null response trials in which the cue was replaced by an X, and no response was prepared
(C). Experiment 3 included three separate conditions with different types of catch trials: (1) no catch trials at all, (2) standard catch trials (A), and (3) no imperative trials (D) in which the cue remained
on the screen throughout the trial. EMG was recorded from the left first dorsal interosseous muscle and used to measure MEP amplitudes and EMG burst onset times (E).
the same likelihood as response trials. These no-response trials allowed
us to ask whether delay period inhibition might be related to anticipation
of the TMS pulse rather than processes related to response preparation.
In the six delay-condition blocks, there were 22 go trials, 8 catch trials,
and 24 no-response trials. As in Experiment 1, TMS was administered at
fixation onset (baseline) on six trials and 800 ms into the preparatory
period on 34 trials of each block. There was no TMS pulse on the remaining 14 trials of each block. The proportion of TMS and no-TMS trials,
along with the timing of the pulses, was matched between response and
no-response trials. In the two no-delay blocks, nine trials were catch
trials, and TMS was administered at fixation onset on six trials or 150 ms
after the imperative on 24 trials.
In addition, 20 MEP measurements were obtained at rest, before and
after the task. These measurements were made to assess the stability of
our “baseline” MEP measurements during the task, and to detect general
changes in motor excitability that might occur across the experimental
session (Labruna et al., 2011).

Experiment 3
We examined the impact of the catch trials on preparatory inhibition
in Experiment 3. In Experiments 1 and 2, as well as in our previous
studies (Duque and Ivry, 2009; Duque et al., 2010, 2012; Labruna et
al., 2014; Greenhouse et al., 2015), we included catch trials so that
participants could not anticipate the imperative stimulus. However,
the inclusion of these trials means that participants must discriminate
between an imperative stimulus signaling a response and a catch
stimulus indicating no response. We included conditions in Experiment 3 in which this discrimination was eliminated to examine
whether anticipating the need to cancel a planned response might be
a source of preparatory inhibition.
Behavioral task. Three variants of the choice delayed response task
were used in Experiment 3, each performed in two 54-trial blocks. The
order of the three pairs of blocks was randomized across participants.
The first condition was similar to the standard delayed response condition in which a preparatory cue was followed by either an imperative or a

catch stimulus (Fig. 1A). The imperative stimulus appeared on 22 response trials, and the catch stimulus appeared on 32 no-response trials.
These standard catch trials require participants to discriminate between
these two possible stimuli. For the second condition, the cue remained
visible for the 32 no-response trials (Fig. 1D); here, the “catch” was
signaled by the absence of the appearance of the imperative. In the third
condition, the imperative was presented on all 54 trials, i.e., there were no
catch trials. Note that in the latter two conditions, participants do not
need to discriminate between a go imperative and a catch stimulus. Thus,
it was possible to test whether anticipation of stimulus discrimination
might also account for motor inhibition.
As in Experiment 2, 20 MEP measurements from the left FDI were
made at rest, before, and after the task.

TMS and EMG
TMS was administered using a Magstim 200-2 (Magstim) stimulator
with a 7-cm-diameter figure-of-eight coil. In all of the experiments, the
TMS coil was positioned over the right primary motor cortex to elicit
MEPs in the left FDI muscle. Electromyography (EMG) was recorded
using bipolar surface electrodes from both FDI muscles and the right
abductor digiti minimi muscle in Experiment 2, sampled at 2000 Hz,
amplified, and bandpass filtered (50 –2000 Hz; Delsys).
To identify the optimal target for stimulation, the coil was first placed
⬃5 cm lateral and 2 cm anterior to the vertex, oriented ⬃45° off of the
midline. During the hot-spotting procedure, TMS pulses were administered once every 3 s while the coil was repositioned and the intensity of
stimulation was gradually increased. Once the optimal location was identified, the resting motor threshold (RMT) was determined by finding the
intensity level that produced MEPs with peak-to-peak amplitude ⬎50
V on five of 10 pulses. The stimulation intensity during the experimental session was set at 115% of RMT. The average RMTs as a percentage of
maximum stimulator output for Experiments 1, 2, and 3 were 43 ⫾ 4%,
41 ⫾ 7%, and 39 ⫾ 6%, respectively.
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MEP and EMG data analysis
The EMG data were analyzed offline using custom automated routines
within MATLAB. Two dependent variables were measured: (1) the TMSelicited MEP peak-to-peak amplitude, and (2) the onset time of the volitional response relative to the imperative stimulus (EMG-based RT).
An example EMG trace with the MEP and EMG burst indicated is presented in Figure 1E. EMG events were identified whenever the EMG
signal exceeded 3 SDs of the mean of the rectified signal for the entire trial
epoch and was ⬎0.1 mV. All data were visually inspected for the presence
of artifacts. Trials in which EMG activity was detected within the 100 ms
before the MEP, and trials in which the EMG burst onset preceded the
imperative were excluded from the analysis. The EMG data were also
used to calculate the number of failed catch trials, defined as trials in
which EMG activity was detected following the presentation of the catch
stimulus (or when the imperative would have occurred in Experiments 2
and 3).

Results
Experiment 1
MEP amplitudes
Experiment 1 was designed to examine how preparatory inhibition was modulated by the degree to which selection processes
involve choice and anticipation. Participants performed a choice
or simple RT task and initiated responses following an extended
preparatory interval or immediately after a cue (i.e., delay vs nodelay). The simple versus choice contrast allowed us to ask
whether inhibition reflects processes involved in making a
choice. This question is especially relevant when considering inhibition of the left FDI when only the right hand is used to respond; if inhibition reflects competition between candidate
response representations, then we would not expect to observe
inhibition during response preparation in the simple RT task,
based on the assumption that there is no competition. The delay
versus no delay manipulation tested whether inhibition is observed in the absence of a preparatory delay.
The MEP data are presented in Figure 2A. Given that our prior
work has focused on preparatory inhibition and that we used
different TMS timings for the delay and no delay conditions, we
opted to analyze the data separately for these conditions. We
conducted two repeated-measures ANOVAs, with one factor being the type of RT task (simple vs choice) and the other being the
response hand (left vs right). Note that because TMS was always
applied over right motor cortex, the MEP data correspond to the
selected hand when the left hand responded. For right-hand responses, the left hand was either task-relevant but not selected
(choice) or task-irrelevant (simple).
Given that the choice task is essentially identical to our prior
work on preparatory inhibition, we used one-sample t tests to
assess whether MEPs were attenuated in the delay period, relative
to baseline. Replicating previous results (Duque and Ivry, 2009;
Duque et al., 2010, 2012, 2014; Labruna et al., 2014; Greenhouse
et al., 2015; Lebon et al., 2015), the MEPs were significantly inhibited in the choice task (both p ⬍ 0.005, two-tailed) and this
effect was greater when the left hand was selected for the forthcoming response compared to when it was not selected (t(14) ⫽
2.2, p ⬍ 0.05, two-tailed). When the same analysis was applied to
the MEP data from the simple task, we also observed inhibition of
left FDI (both p ⬍ 0.005, two-tailed), including when the right
hand was used for the response. A comparison between the left
(relevant) and right (irrelevant) simple responses was not significant (t(14) ⫽ 1.0, p ⫽ 0.3). Thus, preparatory inhibition is observed outside the context of a choice, and is of similar magnitude
when the targeted muscle is task relevant or task-irrelevant. A
repeated-measures ANOVA on the data from the delay condi-
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tions revealed no main effects (F(1,14) ⫽ 0.03, p ⫽ 0.9 and F(1,14) ⫽
0.3, p ⫽ 0.6 for the effects of task and hand, respectively) indicating comparable levels of inhibition in all four conditions. A trend
level interaction (F(1,14) ⫽ 3.7, p ⫽ 0.08) reflected the difference
between the two hands in the choice but not the simple response task.
For the no-delay condition, MEP amplitudes were generally
larger when the left (selected) hand was responding than when
the right (nonselected) hand was responding (F(1,14) ⫽ 5.8, p ⬍
0.05). This effect was more pronounced for simple than choice
responses, resulting in a significant interaction (F(1,14) ⫽ 5.7, p ⬍
0.05). The main effect of task (choice vs simple) was not significant (F(1,14) ⫽ 3.1, p ⫽ 0.1). As can be seen in Figure 2A (right),
there was a marked increase, relative to baseline, in corticospinal
excitability when the imperative signaled the participants to execute simple left-hand responses, although this effect was not statistically reliable (t(14) ⫽ 1.6, p ⫽ 0.13). Latencies were
considerably shorter for simple responses (see below), and thus,
the TMS probe at 150 ms occurred near the end of the RT interval. Moreover, MEP amplitudes tended to be inhibited relative to
baseline when the left hand was selected in the choice task, although this effect was only marginally reliable (t(14) ⫽ 2.1, p ⫽
0.06). Interestingly, left-hand MEPs were attenuated in the nodelay condition when the right hand was responding, regardless
of whether the left hand was nonselected (choice: t(14) ⫽ 2.2, p ⬍
0.05) or irrelevant to the task (simple: t(14) ⫽ 7.1, p ⬍ 0.001). The
latter result is consistent with previous reports (Leocani et al.,
2000; Liepert et al., 2001; Sohn et al., 2003; Weiss et al., 2003).
To directly compare the delay and no delay conditions, we
conducted two additional ANOVAs, one for the choice response
condition and another for the simple response condition. The
level of inhibition did not differ between the delay and no delay
conditions for choice responses (all p ⬎ 0.11). However, there
was a significant interaction for simple responses (F(1,14) ⫽ 5.6,
p ⬍ 0.05), driven by the greater difference between the delay and
no delay conditions for the selected hand.
EMG onset times and failed catch trials
EMG-onset RTs are presented in Figure 3A. We analyzed these
data with a repeated-measures ANOVA containing the factors
condition (delay vs no-delay), response type (simple vs choice),
hand (selected vs nonselected/irrelevant), and TMS (present vs
absent). As expected, there was a main effect of condition, (F(1,14)
⫽ 10.3, p ⬍ 0.01), with faster RTs in the delay condition compared with the no-delay condition. This result indicates that, as
instructed, participants used the cue to prepare their responses.
This factor interacted with response type, (F(1,14) ⫽ 6.5, p ⬍ 0.05)
and TMS, (F(1,14) ⫽ 17.5, p ⬍ 0.001). The first interaction reflects
the fact that choice responses were slower than simple responses
in the no-delay condition, but were similar in the delay condition.
This interaction further indicates that participants used the delay
period to prepare the forthcoming response and were able to
negate the standard cost in RT observed for choice RT compared
with simple RT.
The second interaction is due to TMS facilitating RT in the
delay condition and slowing RT in the no-delay condition. The
facilitation of RT by TMS in the delay condition replicates earlier
findings (Duque et al., 2012; Labruna et al., 2014; Greenhouse et
al., 2015), as does the slowing of RT when TMS was administered
close to movement onset in the no-delay condition (Weiss et al.,
2003). In the delay condition where the response is likely prepared before the delivery of TMS, the TMS pulse may facilitate
behavior either as an alerting signal and/or by further enhancing
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Figure 2. A, Experiment 1: Mean MEP amplitudes (⫾SE) in the left FDI muscle were reduced relative to baseline in all delay conditions (left), as well as 150 ms after a choice imperative or a simple
imperative cuing the right finger, in the absence of a preparatory delay (right). B, Experiment 2: Mean left FDI MEP amplitudes (⫾SE) were also reduced during the delay period whenever a simple
response was prepared but remained at baseline whenever a response was not being prepared and 150 ms after the right pinky was cued to respond in the absence of a preparatory delay. C,
Experiment 3: the likelihood of a catch trial and the type of catch trial did not impact the observed reduction in mean MEP amplitudes (⫾SE). *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001.
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Figure 3.
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Mean EMG-based response times (⫾SE) are shown for all correct response trials in Experiment 1 (A), Experiment 2 (B), and Experiment 3 (C).

motor activation. In contrast, in the absence of a preparatory
period, stimulus discrimination, and decision processes may still
be operating at the time of the TMS pulse. TMS at this stage may
interfere with these processes and consequently slow RT.
There was also a significant three-way interaction between
response type, hand, and task condition (F(1,14) ⫽ 9.7, p ⬍ 0.01).
Separate post hoc repeated-measures ANOVAs were conducted
for the delay and no-delay conditions, collapsed across the TMSpresent and TMS-absent trials. These post hoc tests revealed a

significant interaction in the no-delay condition (F(1,14) ⫽ 11.1,
p ⫽ 0.005) that was not present in the delay condition. In the
former, left-hand RTs were faster for simple responses, but
slower for choice responses.
We analyzed the number of failed catch trials with a repeatedmeasures ANOVA containing the factors condition (delay vs nodelay), response type (simple vs choice), and hand (selected vs
nonselected/irrelevant). Participants generated an EMG burst on
0.05 ⫾ 0.06% of the catch trials in the delay condition compared
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with 0.003 ⫾ 0.009% of the catch trials in the no-delay condition
(F(1,14) ⫽ 17.7, p ⬍ 0.001). In addition, EMG activity was detected
on 0.03 ⫾ 0.06% of the catch trials involving simple responses
compared with 0.02 ⫾ 0.04% of the catch trials involving choice
responses (F(1,14) ⫽ 3.4, p ⫽ 0.09). There were no other main
effects or interactions.
Experiment 2
In Experiment 1, we observed substantial preparatory inhibition
in the absence of a choice. While we had predicted that we would
see this inhibition when the left FDI was cued for the forthcoming
response, we had not expected it when the left hand was irrelevant
(i.e., simple right-hand response blocks). In Experiment 2, we
repeated these two simple response tasks and also included blocks
in which the responses were always made with the right pinky.
This design allowed us to test whether inhibition is observed in
task-irrelevant, nonhomologous muscles, or whether it is specific
to homologous muscles. In addition, we assessed whether inhibition might arise from anticipation of the TMS pulse. To this end,
we included no-response trials in which the cue indicated that no
response should be prepared (Fig. 1C), even though TMS could
still occur.
MEP amplitudes
The MEP data for Experiment 2 are depicted in Figure 2B. These
data were analyzed with a repeated-measures ANOVA with the
factors trial type (response vs no-response) and responding effector (left index, right index, or right pinky). MEP amplitudes were
attenuated when participants were cued to prepare a response
compared with when they were cued to not prepare a response
(F(1,12) ⫽ 12.3, p ⬍ 0.005). The main effect of effector was not
significant (F(2,24) ⫽ 1.0, p ⬍ 0.4) nor did the factors interact
(F(2,24) ⫽ 0.6, p ⬍ 0.6).
Compared with baseline, left FDI MEPs were inhibited during
the delay period regardless of whether the response was made
with the left index finger, right index finger, or right pinky (independent t tests, all p ⬍ 0.05). The left and right index finger results
replicate Experiment 1: inhibition in a simple RT task is not
restricted to conditions in which the probed muscle is task relevant. In addition, the pinky results demonstrate that inhibition of
a task-irrelevant muscle is observed even when it is not homologous to the responding effector. MEPs were not different from
baseline in any of the conditions following the no-response cue
(all p ⬎ 0.2). Thus, preparatory inhibition is not related to anticipation of the TMS pulse.
We included a fourth, no-delay block of trials in which all of
the responses were made with the right pinky finger to examine
the effect of homology on postimperative inhibition in a taskirrelevant muscle. MEPs were not significantly below baseline
during these trials (t(12) ⫽ 0.8, p ⫽ 0.5). A planned comparison of
the delay and no-delay conditions for right pinky blocks showed
that task-irrelevant, nonhomologous inhibition was greater during the delay period compared with the postimperative period
(t(12) ⫽ 2.2, p ⬍ 0.05, one-tailed). Thus, inhibition in the left
hand was present during the delay period when the right pinky
was prepared to respond but was absent in a postimperative window when the participants were initiating a right pinky response.
The results from Experiments 1 and 2 (see Fig. 2 A, B) reveal
inhibition in both homologous and nonhomologous taskirrelevant muscles during a preparatory delay period. In contrast,
inhibition of the task-irrelevant hand following the imperative
was only observed during right index finger responses (Experiment 1; Fig. 2A, right) and was not observed during pinky re-
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sponses (Experiment 2; Fig. 2B). To directly compare these
conditions, we conducted a between-subjects post hoc t test. Inhibition was greater in the task-irrelevant left index finger when
the right index finger was responding compared with when the
right pinky finger was responding (t(26) ⫽ 3.7, p ⬍ 0.001, twotailed). This comparison reinforces the finding that inhibition
observed in the task-irrelevant left hand was present during the
preparation but not during the execution of right pinky responses
and suggests that inhibition during response execution may be
restricted to contralateral homologous muscles.
EMG onset times and failed catch trials
EMG onset times are presented in Figure 3B. A repeatedmeasures ANOVA for the delay condition data with the factors
responding effector (left index, right index, right pinky) and
TMS (present vs absent) showed that RTs were faster on TMS
trials (F(1,12) ⫽ 23.6, p ⬍ 0.001). There was also a significant
interaction (F(1,12) ⫽ 4.0, p ⬍ 0.05). The facilitatory effect of
TMS on RT was smaller for the pinky responses compared
with the two index finger responses. RTs did not differ between the pinky responses for the delay and no-delay conditions (t(12) ⫽ 1.2, p ⫽ 0.2). Participants responded on 0.04 ⫾
0.04% of catch trials in the delay conditions and on 0.03 ⫾
0.06% of catch trials in the no-delay pinky condition. The
number of failed catch trials in the delay pinky and no-delay
pinky conditions did not differ (t(12) ⫽ 1.5, p ⫽ 0.2).
Experiment 3
We included catch trials in Experiments 1 and 2 (Duque and Ivry,
2009; Duque et al., 2010, 2012; Labruna et al., 2014; Greenhouse
et al., 2015; Lebon et al., 2015) so that participants would not
anticipate the imperative stimulus. The catch trials require that
participants discriminate between the go imperative and the
no-go catch stimulus, a discrimination that is present even in the
simple RT conditions. To assess whether preparatory inhibition
is related to this discrimination, we compared, in separate test
blocks, a condition with the standard version of catch trials, a
condition with catch trials in which the cue was never replaced by
the imperative stimulus (i.e., catch trials without a discrimination), and a condition with no catch trials. For this experiment,
we returned to a choice task involving the left and right index
fingers.
MEP amplitudes
The MEP data for Experiment 3 are depicted in Figure 2C. A
repeated-measures ANOVA with the factors catch trial condition
(standard catch, no imperative, and no catch) and hand (selected
vs nonselected) indicated that MEP amplitudes measured during
the delay period were smaller in the selected hand than in the
nonselected hand (F(1,9) ⫽ 5.3, p ⬍ 0.05). There was no effect of
the different types of catch trials (F(2,18) ⫽ 0.8, p ⫽ 0.5) and the
factors did not interact (F(2,18) ⫽ 0.6, p ⫽ 0.6).
Relative to baseline, left FDI MEPs were inhibited during the
delay period when the left hand was cued (selected MEP) in all
three catch trial conditions (all p ⬍ 0.05, one-tailed). A similar
pattern was observed when the right hand was cued (nonselected
MEP), with significant inhibition in the no imperative condition
(t(9) ⫽ 2.2, p ⬍ 0.05) and marginally reliable inhibition in the
other two conditions (standard catch: t(9) ⫽ 1.3, p ⫽ 0.1; no
catch: t(9) ⫽ 1.6, p ⫽ 0.07). In sum, preparatory inhibition does
not appear to be related to the need to discriminate go and no-go
stimuli, or the anticipation of catch trials.
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Figure 4. The inhibitory spotlight (mesh overlay) may be centered over the selected (green bar) response representation. In the context of a choice task (top row), the tuning of the spotlight is
sharper, increasing separation between the selected and nonselected (red bar) response representations. Given the lack of competition, the tuning of the spotlight can be broader in the absence of
a choice (simple RT, bottom row).

EMG onset times and failed catch trials
The EMG RT data are presented in Figure 3C. RTs were faster for
trials with TMS (F(1,9) ⫽ 7.3, p ⬍ 0.05). There was also a main
effect of catch trial condition, (F(2,18) ⫽ 3.9, p ⬍ 0.05). As expected, RTs were slower in the standard catch trial condition
compared to when there were no catch trials or when noresponse trials were indicated by the absence of the imperative
stimulus.
Participants responded on 0.03 ⫾ 0.04% of the standard catch
trials and 0.02 ⫾ 0.05% of the no imperative catch trials. There
were no significant differences between the types of catch trials
and there was no interaction with the left or right hand.

Discussion
In three experiments, we assessed corticospinal excitability during the preparation and initiation of finger movements in the
context of choice and simple response tasks. In agreement with
previous studies (Duque and Ivry, 2009; Duque et al., 2010;
Labruna et al., 2014; Greenhouse et al., 2015; Lebon et al., 2015),
MEP amplitudes were reduced during the preparation of responses in the choice response context. Extending this line of
research, we observed reduced MEPs during the preparation of
simple responses, even when MEPs were recorded from a taskirrelevant muscle that was not homologous to the responding
effector. Collectively, these experiments point to a nonspecific
inhibitory process involved in response preparation. Although
we only measured MEPs from the left FDI muscle here, previous
studies suggest the results would generalize to other muscles
(Hasbroucq et al., 1999b).
Novel control experiments helped to rule out the possibility
that the corticospinal inhibition was due to factors other than
response preparation. When no response was prepared, MEPs
did not differ from baseline (Experiment 2), indicating that inhibition was not due to anticipation of the TMS pulse. Additionally,
the presence or absence of no-go catch trials did not impact the
level of MEP suppression (Experiment 3). These results support

the idea that this signature of corticospinal inhibition reflects a
response preparation process.
Broad inhibition of motor system excitability during
response preparation
Many human electrophysiological studies have observed transient suppression of motor excitability during response preparation (Hasbroucq et al., 1997, 1999a,b; Touge et al., 1998;
Davranche et al., 2007; van Elswijk et al., 2007; Duque and Ivry,
2009; Sinclair and Hammond, 2009; Duque et al., 2010, 2012;
Soto et al., 2010). However, the underlying mechanisms and
functional implications remain unclear. Previous work led to the
hypothesis that two independent inhibitory mechanisms operate
in concert. Inhibition of nonselected responses was attributed to
a mechanism for resolving the competition between candidate
responses, labeled competition resolution (Coles et al., 1985;
Usher and McClelland, 2001, 2004; Duque et al., 2010). Inhibition of the selected response was proposed to prevent premature
response execution, a process-labeled impulse control (Duque et
al., 2010). Additional support for this two-process model was
obtained in a study in which single-pulse TMS over M1 was preceded by repetitive TMS (rTMS) over frontal cortex. rTMS over
lateral prefrontal cortex attenuated the signature of the competition resolution process, whereas rTMS over dorsal premotor cortex selectively attenuated the signature of the impulse control
process (Duque et al., 2012). This result implicated independent
prefrontal cortical projections to M1 in the operation of these two
inhibitory mechanisms.
Neither the competition resolution nor the impulse control
mechanism can account for the current observation of inhibition
in a task-irrelevant muscle; these mechanisms, as proposed, only
influence the task-relevant response options. We suggest an alternative framework by which the motor system is broadly suppressed as part of the response preparation process. This could
represent a more general instantiation of “competition resolution,” one that facilitates response selection by broadly inhibiting
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motor representations, including those outside the task set. The
fact that we observed inhibition in the task-irrelevant hand during the preparation of simple contralateral responses indicates
that this broad inhibition does not require a specified competition, at least not in the manner of choosing between preassigned
response options.
There is strong precedent for a broadly tuned inhibitory
mechanism in the motor system. Studies of basal ganglia function
in nonhuman primates have led to the suggestion of widespread
inhibition of motor excitability during the preparation of voluntary movement (Mink and Thach, 1993; Berns and Sejnowski,
1996; Mink, 1996; Nambu et al., 2002). According to this framework, selection and preparation entail two stages. First, widespread output from the basal ganglia inhibits thalamocortical
excitatory projections to M1, producing broad and transient motor suppression. Second, projections within the basal ganglia
(striato-pallidal pathway) inhibit a subset of the output cells in a
focused manner to disinhibit a specific thalamocortical motor
channel, initiating a chosen action. Such a subcortical mechanism differs from the corticocortical mechanism proposed by
Duque et al. (2012). Nevertheless, the prefrontal regions identified by Duque et al. could mediate basal ganglia-thalamocortical
circuits.
Additional precedent for a broadly tuned motor inhibition
mechanism derives from the observation that task-irrelevant
muscles are suppressed when ongoing responses are stopped
(Badry et al., 2009; Cai et al., 2012; Greenhouse et al., 2012; Majid
et al., 2012; Wessel et al., 2013). These studies implicate a
prefrontal-subthalamic network for global motor suppression
(Aron et al., 2007). This same pathway has also been implicated in
the prevention of impulsive responses (Frank et al., 2007). Notably, we did not observe a difference in MEP amplitudes between
conditions with and without catch trials, despite significantly
slower RTs when catch trials were present (Experiment 3). The
lack of a difference in MEP amplitudes despite differences in RTs
across conditions challenges the idea that preparatory inhibition
reflects a mechanism involved in preventing premature responses (Boulinguez et al., 2009).
Moreover, preparatory inhibition does not appear to reflect
the setting of a response decision threshold (Ratcliff and Frank,
2012). If greater preparatory inhibition corresponded to an increased decision threshold, we would have expected to observe a
difference in the level of inhibition between choice and simple RT
tasks, as well as a relationship between inhibition and RT. Neither
pattern was observed. As such, we propose that preparatory inhibition reflects the operation of a mechanism involved in implementing the response after a decision threshold has been reached.
Nevertheless, further experiments may identify a relationship between preparatory inhibition and impulse control.

tion in the choice context and broadly focused in the simple
context. This spotlight model is reminiscent of psychological and
physiological models of response selection in which the extent of
attentional focus is assumed to reflect task demands. For example, tuning functions may be sharpened when there is competition from conflicting inputs (Spitzer et al., 1988; Lavie et al., 2004;
Çukur et al., 2013). The notion of a spotlight has also emerged in
response selection models of basal ganglia function (Mink and
Thach, 1993; Berns and Sejnowski, 1996; Nambu et al., 2002).
Here we propose that the aperture of inhibition is narrower when
the participant must select between potential responses.
Preparatory inhibition has been principally implicated in preventing movement (e.g., competition resolution and impulse
control). For example, during the course of response selection,
greater control may be required to prevent selection of erroneous
responses. Although the spotlight model is consistent with the
idea that inhibition serves to prevent premature execution, it may
be appropriate to consider how inhibition might facilitate response selection and initiation. Preparatory inhibition has been
hypothesized to increase the signal-to-noise associate with a selected action (Hasbroucq et al., 1997). Consider the analogy of a
noisy classroom in which a chosen student attempts to answer a
question. If the teacher quiets the entire class (including the designated student), then the student will be more easily heard when
she starts talking. Similarly, a response channel may be activated
but will fail to elicit movement until motor noise has been sufficiently suppressed (Churchland et al., 2006). The narrower focus
in the choice condition would target this inhibition at response
options with a higher probability of being selected.
Physiologically, inhibition has been hypothesized to modulate
the gain of individual neurons by having a divisive influence on a
cell’s sensitivity to excitatory drive (Chance et al., 2002). Greater
inhibition of the corticospinal representation of the selected
response could increase its sensitivity to excitatory input. Interestingly, a centrally controlled and widespread feedforward
GABAergic inhibitory mechanism for this type of gain control on
motor output has been observed in the leech (Baca et al., 2008).
More generally, gain modulation is recognized as a fundamental
computational principle of the nervous system (Salinas and
Thier, 2000; Chance et al., 2002).
Together, broadly tuned inhibition could decrease background activity (i.e., general noise suppression) and also increase
neuronal sensitivity to excitatory drive (i.e., gain modulation).
Thus, following a burst of broad inhibition, the persistent activation of a selected response channel could rapidly drive response
execution. The MEP measure of preparatory inhibition may be a
signature of such a process in the selection and initiation of goaldriven actions.

Preparatory inhibition as a form of gain modulation
Surprisingly, the level of inhibition did not differ between the
selected/relevant and task-irrelevant hands in the simple RT context of Experiment 1. This result contrasts with the observation
that the selected hand is more inhibited than the nonselected
hand in a choice context (Duque et al., 2010; Labruna et al., 2014;
Greenhouse et al., 2015; Lebon et al., 2015), a pattern we replicated here.
One way to conceptualize this result is that inhibition functions as a spotlight, centered at the selected response representation. Importantly, the aperture, or focus of the spotlight, is
assumed to be context-dependent (Fig. 4). We propose that inhibition is narrowly focused at the selected response representa-

Conclusion
A signature of motor inhibition, observed during response preparation, is evident in representations outside the set of candidate
response options. This suppression is not an artifact of TMS expectancy and is not related to anticipating the need to abort a
response. All of these properties suggest that the underlying
mechanism is not under direct cognitive control, but rather operates automatically whenever a voluntary action is prepared. We
hypothesize that the widespread suppression of motor excitability reflects a gain modulation mechanism that facilitates response
selection. Further work is needed to identify the mechanisms—
cortical, subcortical, and/or spinal—that underlie this inhibition
and how they shape the output of the motor system.
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