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Greenhouse I, Saks D, Hoang T, Ivry RB. Inhibition during
response preparation is sensitive to response complexity. J Neuro-
physiol 113: 2792-2800, 2015. First published February 25, 2015;
doi:10.1152/jn.00999.2014.—Motor system excitability is transiently
suppressed during the preparation of movement. This preparatory
inhibition is hypothesized to facilitate response selection and initia-
tion. Given that demands on selection and initiation processes increase
with movement complexity, we hypothesized that complexity would
influence preparatory inhibition. To test this hypothesis, we probed
corticospinal excitability during a delayed-response task in which
participants were cued to prepare right- or left-hand movements of
varying complexity. Single-pulse transcranial magnetic stimulation
was applied over right primary motor cortex to elicit motor evoked
potentials (MEPs) from the first dorsal interosseous (FDI) of the left
hand. MEP suppression was greater during the preparation of re-
sponses involving coordination of the FDI and adductor digiti minimi
relative to easier responses involving only the FDI, independent of
which hand was cued to respond. In contrast, this increased inhibition
was absent when the complex responses required sequential move-
ments of the two muscles. Moreover, complexity did not influence the
level of inhibition when the response hand was fixed for the trial
block, regardless of whether the complex responses were performed
simultaneously or sequentially. These results suggest that preparatory
inhibition contributes to response selection, possibly by suppressing
extraneous movements when responses involve the simultaneous
coordination of multiple effectors.

response preparation; inhibition; TMS; response complexity; motor
control

RESPONSE PREPARATION ENTAILS the transient inhibition of the
motor system. Signatures of this inhibition have been observed
in studies that use transcranial magnetic stimulation (TMS) to
elicit motor evoked potentials (MEPs) during the preparatory
period of delayed-response tasks (Duque and Ivry 2009; Duque
et al. 2010, 2012, 2014; Hasbroucq et al. 1997, 1999a, 1999b;
Labruna et al. 2014; Sinclair and Hammond 2008, 2009; van
den Hurk et al. 2007). MEP amplitudes are consistently re-
duced during this preparatory period relative to resting baseline
measurements. This effect has been attributed to two distinct
mechanisms (Duque et al. 2010, 2012). The first mechanism is
hypothesized to facilitate the selection of appropriate responses
by suppressing the representations of undesired responses, a
process that has been referred to as “‘competition resolution.”
The second mechanism is hypothesized to reflect the suppres-
sion of the selected response to prevent premature movement
initiation, a process that has been referred to as “impulse
control.” In the present work, we set out to test whether the
complexity of a response influences the level of inhibition
associated with one or both of these mechanisms.
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Neuroimaging studies have consistently shown that activa-
tion across many areas of the cortex, including sensorimotor
cortex, increases as a function of movement complexity (Rao
et al. 1993; Shibasaki et al. 1993; Verstynen et al. 2005;
Wexler et al. 1997). Moreover, the influence of complexity is
not restricted to contralateral motor cortex, but is also pro-
nounced in ipsilateral motor cortex (Hackley and Miller 1995;
Shibasaki et al. 1993; Verstynen and Ivry 2011; Verstynen et
al. 2005). The greater recruitment of ipsilateral motor cortex
associated with complex responses may reflect a spillover from
the opposite hemisphere when preparatory processes are taxed.
In support of this hypothesis, when people plan a complex
sequence of unilateral movements (Verstynen and Ivry 2011)
or a coordinated movement of the upper and lower limbs (van
den Berg et al. 2011), MEPs are larger in homologous muscles
of the resting hand. This spillover may arise from interhemi-
spheric connections between homologous muscles (Kanouchi
et al. 1997; Kobayashi et al. 2003) or the engagement of
bihemispheric planning processes (Cramer et al. 1999;
Hanakawa et al. 2005; Shibasaki et al. 1993; Verstynen et al.
2005). Moreover, as the complexity of movement execution
increases, greater inhibition may be required to uncouple the
two hands (Meyer-Lindenberg et al. 2002), with failures of this
form of inhibition underlying the manifestation of mirror
movements (Verstynen and Ivry 2011).

Given the pronounced effects of movement complexity on
cortical dynamics, both within and between hemispheres, we
set out to examine the relevance of complexity on inhibitory
mechanisms that operate during movement preparation. Partic-
ipants were required, in separate blocks, to prepare either an
easy, single-effector response or a more complex response
requiring coordinated gestures of two effectors. We used TMS
to probe motor excitability during the preparation of each type
of response and compared trials in which the targeted muscle
was either involved or not involved in the planned response.
We hypothesized that competition resolution would be sensi-
tive to response complexity, with greater inhibition observed in
the nonselected effector when the task required a more com-
plex movement. This prediction was based on the assumption
that more inhibition would be required to offset the bilateral
recruitment of the motor pathways for complex movements. In
contrast, we did not expect impulse control to be sensitive to
response complexity and thus predicted that inhibition of the
selected effector would be similar for easy and complex re-
sponses. This prediction was based on the assumption that
constraints on movement initiation would be comparable.

The convention in previous studies has been to use an
intermanual choice reaction time (RT) task (Duque et al. 2010,
2012; Labruna et al. 2014). We opted to focus on intermanual
competition in the current study, providing an opportunity to
replicate past work as part of our extension into the study of
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response complexity. However, in addition to our basic choice
RT tasks in which the required movements varied across trials
within a block, we also included simple RT blocks in which the
same movement was repeated on every trial. If inhibition of the
nonselected effector reflects the operation of a process in-
volved in resolving response competition, we would expect to
see diminished inhibition in the simple RT condition, indepen-
dent of response complexity.

METHODS

Participants. Twenty-four healthy young adults participated in the
study, 12 in experiment 1 (age 22.4 * 3.0 yr, 3 female, 2 left handed)
and a different group of 12 participants in experiment 2 (age 21.4 *
1.9 yr, 1 female, all right handed). Participants provided informed
consent before the start of the study under a protocol approved by the
IRB of the University of California, Berkeley.

Task. We used a delayed-response task similar to that employed in
previous studies (Duque et al. 2010, 2012; Labruna et al. 2014; see
Fig. 1A). Participants were seated comfortably in front of a computer
monitor with their hands palm down on a pillow in their lap. Each trial
began with the presentation of a fixation stimulus for 100 ms,
followed by a blank screen for 600 ms. An informative cue in the form
of a bracket opening to the left or right was then presented, indicating
that the forthcoming response should be performed with the left or
right hand, respectively. The cue remained visible for 900 ms, and
participants were instructed to prepare the cued response during this
preparatory period. At the end of this period, an imperative stimulus
was added to the display. On 81% of the trials, this stimulus was an
“O” and signaled to the participant to produce the prepared response.
On the remaining 19% of trials, the imperative was an “X”’; for these
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trials, the participant was instructed to withhold their planned re-
sponse. These “catch” trials were included to limit anticipatory re-
sponses. The display was blanked 300 ms after the onset of the
imperative stimulus and initiated a variable intertrial interval (3,000-
3,500 ms, uniform distribution).

In each experiment participants completed 8 blocks of 42 trials
each. Four of the blocks required making a choice between the two
hands. During these choice RT blocks, the cue indicated on a trial-
to-trial basis whether to prepare a right- or left-hand response. Each
hand was cued on 21 trials per bock in a random order. The other four
blocks did not involve a choice, with the response hand fixed for the
entire block (simple RT: 2 blocks left hand, 2 blocks right hand).
During these blocks, the cue indicated the preparation of the same
response on every trial. The blocks were further divided by whether
responses were easy or complex. Easy responses in both experiments
consisted of a lateral movement of the specified index finger toward
the midline. In experiment 1, complex responses required that the
same lateral movement of the index finger be performed simultane-
ously with a downward movement of the pinky finger on the same
hand (Fig. 1B), a coordinated gesture that participants found demand-
ing. In experiment 2, the complex responses required that these two
gestures be performed sequentially rather than simultaneously. That
is, the participant first produced the lateral movement with the index
finger and then produced the downward movement with the pinky
finger. As such, the initial gesture is essentially identical in the easy
and complex conditions in experiment 2. In summary, each participant
completed two complex choice blocks, two complex simple blocks
(one with each hand), two easy choice blocks, and two easy simple
blocks (one with each hand).

The order of conditions was randomized across participants with
the two choice blocks within each level (easy or complex) adminis-

Fig. 1. A: delayed-response task. A fully informative cue
(bracket) indicated which hand to prepare for a forthcom-
ing speeded response. The delay period ended with the
presentation of an imperative signal (“O”) on go trials.
The circle was replaced by an “X” on no-go catch trials.
Transcranial magnetic stimulation (TMS) was delivered at
fixation (baseline) or 100 ms before the imperative (de-
lay). Motor evoked potentials (MEPs) were always re-
corded from the first dorsal interosseous (FDI) muscle in
the left hand. B: in both experiments, easy responses
involved lateral flexion of the left or right index finger. In
experiment 1, complex responses involved lateral flexion
of the index finger with simultaneously coordinated ab-
duction of the pinky finger of the same hand. In experi-
ment 2, complex responses involved the lateral flexion of
the index finger followed sequentially by the abduction of
the pinky of the same hand.
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tered consecutively. Before each block, participants were instructed
how to execute the desired responses and completed 10 trials of
practice without any TMS. Participants were instructed to keep their
hands at rest when not responding.

Transcranial magnetic stimulation. TMS was administered using a
Magstim 200-2 stimulator (Magstim, Whitland, UK) with a 7-cm-
diameter figure-of-eight coil. Stimulation was targeted at the right
primary motor cortex (M1) to elicit MEPs from the left first dorsal
interosseous (FDI) muscle, the agonist for the lateral index finger
movement. Electromyographic (EMG) activity was also recorded
from the right FDI and both abductor digiti minimi (ADM) muscles.

To target the M1 representation of the left FDI, TMS intensity was
first set to 30% of maximum stimulator output, and the isocenter of the
coil was positioned ~5 cm lateral and 2 cm anterior to the vertex, with
the coil orientation ~45° off of the midline. A single TMS pulse was
administered every 3 s, with stimulation intensity gradually increased
and the coil repositioned, until reliable MEPs were observed. A
marker was used to record the optimal stimulation position on partic-
ipants’ scalps. The resting motor threshold (RMT) was then deter-
mined by adjusting the TMS intensity until MEPs with peak-to-peak
amplitude >50 wV were observed on 5 of 10 trials at the optimal
target location. TMS intensity during the experimental tasks was fixed
at 115% of the RMT. RMT was 44 * 7% maximum stimulator output
in experiment I and 45 = 7% maximum stimulator output in exper-
iment 2.

In both experiments, TMS was either administered at fixation onset
(baseline: 4 per block, or 32 trials total) or 800 ms after the cue onset
(delay period: 24 per block, or 192 trials total). Each block also
included 14 trials without TMS. These trials were included to measure
EMG onset times in the absence of TMS. In experiment 2, we also
obtained 40 MEP measurements at rest, 20 before the first experimen-
tal block and 20 after the last experimental block (interpulse interval
3,300 to 3,900 ms, uniform distribution). These pre- and posttask
baseline measurements were included to assess changes in resting
motor excitability during the experimental session.

Data analysis. The EMG data were analyzed offline with Matlab,
using automated routines and visual inspection for the detection of
artifacts. RT was defined as the interval from the onset of the
imperative stimulus to the onset of the EMG burst in the responding
FDI. EMG burst onset was defined as the first data point following the
imperative onset in which the signal exceeded 0.1 mV and was 3
standard deviations (SD) greater than the mean of the rectified signal
for the entire trial epoch. The same criteria were used for detecting
responses following imperative and catch stimuli. Trials in which
EMG activity was detected before the onset of the imperative (go or
catch) were excluded from the analysis. For the majority of partici-
pants, zero or one trial in total was excluded due to premature or
erroneous responses, and the maximum number of trials removed for
any single participant was 10. On average, fewer than 1% of trials
were excluded per condition in each experiment. Individual partici-
pants’ mean RTs were used for statistical analyses in repeated-
measures ANOVA with the factors TMS (delay vs. absent), response
type (easy vs. complex), condition (choice vs. simple), and hand (left
vs. right). EMG burst peak-to-peak amplitude was also calculated, and
these data, limited to trials without TMS, were submitted to an
ANOVA with the factors response type (easy vs. complex), condition
(choice vs. simple), and hand (left vs. right).

To measure corticospinal excitability, we calculated the peak-to-
peak amplitude of the MEPs elicited by the TMS pulses. MEP
amplitudes were calculated on a trial-by-trial basis prior to averaging.
For statistical analyses, mean MEP amplitudes during the delay period
were converted to percentage scores, relative to mean baseline MEP
amplitudes. Paired-samples one-tailed #-tests were used to compare
MEP amplitudes in all conditions against baseline. We also compared
the easy selected and easy nonselected conditions with a #-test,
because this contrast provides a replication of the main conditions
included in previous studies (Duque et al. 2010, 2012; Labruna et al.
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2014). For each experiment, the MEP data were analyzed in a
repeated-measures ANOVA with the factors response type (easy vs.
complex), condition (choice vs. simple), and relevance (selected vs.
nonselected/irrelevant). We grouped the irrelevant hand in the simple
condition with the nonselected hand in the choice condition because in
both cases the contralateral homologous muscles were used for the
response. These conditions provide a test of changes in corticospinal
excitability emerging in the ipsilateral motor cortex. Note that levels
of the relevance factor in the MEP analysis and levels of the hand
factor in the RT analysis refer to the same task conditions. We chose
these different terminologies for the sake of clarity.

We also performed an exploratory analysis on the MEP and RT
data between the two experiments. The easy responses in the two
experiments were identical. Therefore, a mixed ANOVA restricted to
these conditions was used to assess between-group differences and/or
effects of task context given that the complex responses differed
between the two experiments. This ANOVA included the between-
subject factor experiment (E1 vs. E2) and within-subject factors
condition (choice vs. simple) and relevance (selected vs. nonselected/
irrelevant). To compare the two types of complex responses, we
calculated an MEP difference score (complex — easy) for each pair of
response conditions (i.e., complex choice — easy choice and complex
simple — easy simple for selected and nonselected/irrelevant re-
sponses). These difference scores were submitted to the same mixed
ANOVA as employed in the between-experiment analysis of the easy
conditions.

RESULTS

Experiment 1. The EMG-based RT data for FDI responses
are presented in Fig. 2A. A repeated-measures ANOVA
showed a main effect of TMS [F(1,11) = 30.6, P < 0.001].
Consistent with previous results (Duque et al. 2012; Labruna et
al. 2014), RTs were faster on TMS trials compared with
no-TMS trials. There was a trend-level effect of hand [F(1,11) =
3.8, P = 0.08], with faster RTs for right-hand responses. There
were no other significant main effects or interactions. Note that
an effect of response type was not expected because of the
relatively long preparatory interval and training on the complex
responses. On complex simultaneous response trials, ADM
EMG onset was 16 = 18 ms later than FDI onset, indicating
that the ADM movement initiated at approximately the same
time as the FDI movement. FDI EMG activity above baseline
was detected on 24 * 14% of catch trials, although the EMG
bursts were often attenuated on these trials compared with the
go trials. EMG burst amplitude on trials without TMS was
smaller for complex responses, relative to easy responses
[F(1,11) = 19.6, P < 0.001; Table 1].

The MEP data for experiment 1 are depicted in Fig. 3A.
Peak-to-peak raw MEP amplitudes were 1.1 = 0.6 mV (range
0.4 to 2.3 mV) for the baseline condition in experiment 1.
Relative to baseline, MEPs were attenuated during the prepa-
ratory delay period. This inhibition was significant in all
conditions (all P < 0.05) except on trials in the easy choice
blocks, in which the response was made with the right index
finger (nonselected condition); even here, the effect was mar-
ginally significant [#(11) = —1.6, P = 0.07, 1-tailed]. The
pattern for the easy choice blocks was similar to that observed
in prior studies (Duque et al. 2010, 2012; Labruna et al. 2014).
Inhibition was greater when the left FDI was selected for the
forthcoming response compared with when it was not selected
[#(11) = 2.8, P < 0.01, 1-tailed].

MEP amplitudes were more suppressed during the prepara-
tion of complex responses compared with the preparation of
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Fig. 2. Reaction times (RT; ms) based on
electromyographic (EMG) records for exper-
iment 1 (A) and experiment 2 (B) were faster
for TMS trials compared with no-TMS trials.
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easy responses [F(1,11) = 7.4, P < 0.05; Fig. 3A]. This effect
was amplified when the left hand was the nonselected/irrele-
vant hand compared with when the left hand was selected for
the forthcoming response, resulting in a significant two-way
interaction between response type and relevance [F(1,11) =
6.5, P < 0.05]. The increased inhibition observed when par-
ticipants prepared a complex response tended to be greater in
the choice condition, although the two-way interaction of
response type and condition was only marginally significant
[F(1,11) = 4.6, P = 0.06]. There was also a reliable two-way
interaction of condition and relevance [F(1,11) = 84, P <
0.05]. As noted above, MEP amplitudes were significantly
smaller in the selected compared with the nonselected hand in
the choice condition. In contrast, in the simple condition,
MEPs were slightly larger when the finger was relevant (se-
lected) than when it was irrelevant for the forthcoming re-

Table 1. EMG peak-to-peak amplitude for correct responses

right

sponse. There were no other significant main effects or
interactions.

In summary, MEPs were consistently attenuated just before
the onset of an imperative signal, an observation consistent
with previous studies. This preparatory inhibition was larger
when participants prepared a complex response compared with
an easy response, especially when MEPs were measured from
the nonselected or irrelevant hand. This latter effect is consis-
tent with the hypothesis that the demands for inhibition are
greater when preparing complex responses, possibly related to
the recruitment of ipsilateral M1. Contrary to our predictions,
this complexity effect was also observed when the muscle was
selected for the forthcoming response. This result suggests that
the competition resolution mechanism may influence the level
of excitability for the entire set of possible responses, i.e., both
selected and nonselected response representations, or that there

Experiment 1

Experiment 2

LFDI RFDI LADM RADM LFDI RFDI LADM RADM
Choice easy no TMS 2.6 (1.4) 2.7 (1.3) 2.7(1.4) 2.5(1.2)
Choice easy TMS 2.5(L.5) 2.8 (1.5) 2.6(1.4) 2.6 (1.4)
Simple easy no TMS 2.3 (1.1) 2.7(1.4) 2.7 (1.3) 2.5(1.2)
Simple easy TMS 2.4(1.2) 2.6(1.4) 2.5(1.3) 2.6(1.2)
Choice hard no TMS 1.7 (0.9) 2.2 (1.5) 2.0(1.2) 1.4 (0.9) 2.6 (1.5) 2.2 (1.0) 1.3 (0.6) 1.4 (0.7)
Choice hard TMS 1.7 (1.0) 2.2(1.6) 2.2 (1.5) 1.7 (1.1) 2.6 (1.6) 2.4(0.9) 1.2 (0.6) 1.3 (0.7)
Simple hard no TMS 1.6 (1.0) 1.9 (1.1) 1.5 (1.0) 1.5(0.9) 2.8 (1.7) 2.5(1.1) 1.3 (0.5) 1.5(0.7)
Simple hard TMS 1.6 (1.0) 1.9 (1.0) 1.7 (1.1) 1.6 (1.0) 2.8 (1.6) 2.5(1.0) 1.2 (0.4) 1.5 (0.6)

Values are means (SD) of electromyographic (EMG) activity for correct hand movement responses. LEDI and RFDI, left and right first dorsal interosseous;
LADM and RAMD, left and right adductor digiti minimi; TMS, transcranial magnetic stimulation.
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may be additional inhibition of the selected response when
preparing a complex response that is associated with another
mechanism, e.g., impulse control.

The effect of response complexity was less clear in the
simple than in the choice condition. Although the effect of
complexity was not reliable, and nor was the interaction of this
factor with task relevance for simple responses, we did observe
unexpected suppression of left FDI MEPs regardless of
whether this muscle was the agonist for the forthcoming
response (left-hand blocks) or irrelevant to the task (right-hand
blocks). There are at least two possible explanations for this
unexpected result. The underlying inhibitory mechanism may
have a broad influence on motor system excitability that
extends beyond the set of possible responses. Alternatively,
response preparation could always engage ipsilateral M1 rep-
resentations of only the homologous effectors, even in the
absence of a choice between the two hands.

Experiment 2. In experiment 2, we repeated the design of
experiment 1 using sequential gestures for the complex re-
sponses. Sequential responses enabled us to match the initial
gesture in the complex condition to the easy response gesture,
a lateral index finger movement. As such, we assessed whether
the increased inhibition during complex responses is unique to
movements that require inter-effector coordination.

Similar to results of experiment 1, EMG-based RTs were
faster on TMS trials compared with no-TMS trials [F(1,11) =
13.2, P < 0.001; Fig. 2B]. Right-hand RTs tended to be faster
than left-hand RTs [F(1,11) = 3.7, P = 0.08], and there was a
trend-level interaction indicating that this pattern was more
pronounced for simple than for choice RTs [F(1,11) = 4.5,

P = 0.06]. In addition, there was a significant condition by
response type interaction [F(1,11) = 5.1, P < 0.05]. RTs were
slower for the complex than for the easy responses in the
simple condition, but this pattern was slightly reversed in the
choice condition. For sequential complex responses, ADM
movements were initiated 304 * 86 ms after FDI movements.
FDI EMG activity above baseline was detected on 18 = 8% of
catch trials. Unlike experiment 1, EMG burst amplitudes on
trials without TMS did not differ between the different re-
sponse conditions (see Table 1).

Peak-to-peak raw MEP amplitudes were 1.2 = 1.0 mV
(range 0.4 to 3.7 mV) for the baseline condition in experiment
2. In agreement with experiment 1 and previous studies of
preparatory inhibition, MEP amplitudes during the delay pe-
riod were significantly smaller than those measured at baseline
in every condition (all P < 0.05; Fig. 3B), and this inhibition
was greater in the easy choice condition when the left finger
was selected for the forthcoming response [#(11) = 4.6, P <
0.001, 1-tailed]. In contrast to experiment 1, inhibition did not
increase when the complex responses required the sequential
execution of two gestures. Indeed, MEP amplitudes tended to
be larger in the complex condition relative to the easy condi-
tion, although this effect was only marginally reliable [F(1,11) =
4.5, P = 0.06; Fig. 3B]. Overall, MEP amplitudes across all
conditions were significantly smaller during preparation of
responses involving the selected/relevant hand compared with
the nonselected/irrelevant hand [F(1,11) = 8.6, P < 0.05].

We again observed considerable corticospinal inhibition in
the simple condition. This effect was similar in magnitude
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regardless of whether the effector was relevant or irrelevant for
the forthcoming response.

MEP amplitudes measured during the task baseline did not
differ significantly from resting MEP amplitudes measured
before [#(11) = —0.70, P > 0.05, 2-tailed] or after [#(11) =
—0.59, P > 0.05, 2-tailed] the experiment.

Between-experiment exploratory analyses. As can be seen
by comparing Fig. 3, A and B, the pattern of corticospinal
inhibition differed dramatically between the two experiments
in the choice condition. To assess these effects statistically, we
conducted two post hoc exploratory analyses. The first, mixed
ANOVA, was restricted to the easy response trials since these
were the same in the two experiments. This test yielded a trend
toward a main effect of experiment [F(1, 22) = 3.9, P = 0.06],
with MEPs tending to have smaller amplitude in experiment 2
compared with experiment 1. There was also a main effect of
relevance [F(1, 22) = 9.4, P < 0.01], with generally smaller
MEP amplitudes in the selected than in the nonselected/irrel-
evant hand. Notably, there was not a difference in baseline
MEP amplitudes between the two experiments [#(11) = 0.3,
P = 0.75].

Participants responded significantly faster in experiment 2
than in experiment 1 [F(1,22) = 11.7, P < 0.005]. Easy choice
responses were 53 ms faster in experiment 2 than in experiment
1, and easy simple responses were 63 ms faster in experiment
2 than in experiment 1. Complex responses were 77 ms faster
in experiment 2 than in experiment I, and complex simple
responses were 52 ms faster in experiment 2 than experiment 1.
Importantly, there were no significant correlations between RT
and MEP amplitudes for the easy response conditions in either
experiment (all —0.35 < R < 0.38 and all P > 0.23).

Because the complex responses differed between the two
experiments, we compared the effect of complexity on MEP
amplitudes across the two experiments by calculating a differ-
ence score, defined by subtracting the MEP values for easy
responses from the corresponding MEP values for the complex
responses (Fig. 4). The condition (simple or choice) by exper-
iment (E1 or E2) interaction for this difference score was
significant [F(1, 22) = 6.8, P < 0.05]. In the choice condition,
inhibition increased when participants prepared simultaneous
gestures (E1) but decreased when participants prepared se-
quential gestures (E2); all difference scores were significantly
different from zero (all P = 0.05). In contrast, the pattern for
the simple responses was highly similar across the two exper-
iments, with no reliable difference between the complex and
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easy conditions, with all the difference scores not significantly
different from zero (all P > 0.17).

We recognize that the difference score comparison could
potentially be accounted for by the pattern of MEPs on easy
trials only. To rule out this possible explanation, we ran a
separate mixed ANOV A mirroring that performed for the easy
trial MEPs, this time including data only from complex trials.
The condition (simple or choice) by experiment (E1 or E2)
interaction was significant [F(1,22) = 7.7, P < 0.05], reflect-
ing that the level of inhibition on complex trials was reliably
different between the two experiments for the choice condition,
but not for the simple condition. This pattern indicates that the
difference score results cannot be explained only by data from
easy trials. The condition by relevance interaction was also
significant [F(1,22) = 7.0, P < 0.05], which indicates there
was less MEP suppression associated with the nonselected than
with the selected complex responses, but only in the choice
condition. A similar pattern was also observed for the easy
trials.

On trials without TMS in experiment 1, EMG amplitudes
were greater when the participants performed an easy response
compared with a complex response. It is possible that this
difference is related to the effect of complexity on preparatory
inhibition. To explore this possibility, we calculated a differ-
ence score for the EMG amplitudes (complex — easy) and
compared this to the MEP difference score described above,
using the data from the choice condition. The EMG difference
scores for the left FDI or right FDI did not predict the MEP
difference scores in left FDI when this muscle was either
selected for the forthcoming response (R = —0.1, P = 0.75) or
not selected (R = 0.43, P = 0.15), respectively. Moreover, we
did not observe a difference in EMG amplitude between the
easy and complex responses in experiment 2, providing further
evidence against the hypothesis that preparatory inhibition is a
function of the intensity of the forthcoming response, rather
than the complexity of the response.

DISCUSSION

In two experiments we have shown that response complexity
influences motor excitability during response preparation and
that this effect is most robust in the context of a choice. In
experiment 1, preparatory inhibition as reflected in reduced
MEP amplitudes relative to baseline was greater during the
preparation of complex responses relative to easy responses.

Experiment 2
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Fig. 4. MEP difference score (complex — easy).
Experiments 1 and 2 reveal an opposing influence of
response complexity on motor inhibition for the
choice but not the simple responses.
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For experiment 2, this pattern was reversed. Here, inhibition
was greater for easy responses relative to complex responses,
although this effect was only marginally reliable. A complex-
easy difference score for MEP amplitudes was calculated for
both experiments and reinforced the observation that the effect
of complexity was most pronounced in the context of a choice.
Unrelated to the effect of response complexity, we also ob-
served inhibition in the resting, task-irrelevant, left hand during
the preparation of simple responses involving the right hand.
We did not predict this pattern of results, and it is unlikely to
be explained by a mechanism involved in intermanual choice
because simple response trials did not involve a choice.

Models have accounted for preparatory inhibition by refer-
ring to mechanisms associated with response competition
(Duque et al. 2010, 2012; Swinnen 2002; van den Berg et al.
2011; Verstynen and Ivry 2011) and impulse control (Aron
2011; Dalley et al. 2011; Davranche et al. 2007; Duque et al.
2010, 2012; Frank 2006; Hasbroucq et al. 1999b; Sinclair and
Hammond 2009). In the following sections, we review how the
current results inform these models and highlight alternative
hypotheses concerning how inhibitory processes influence cor-
ticospinal excitability during response preparation.

Response complexity. Neuroimaging studies indicate that
complex or difficult movements recruit representations in ip-
silateral motor cortex (Hackley and Miller 1995; Shibasaki et
al. 1993; van den Berg et al. 2011; Verstynen and Ivry 2011;
Verstynen et al. 2005). This ipsilateral recruitment may con-
tribute to the expression of mirror movements in contralateral
homologous effectors. When a choice pits homologous effec-
tors against each other, the ipsilateral activity may be sup-
pressed to facilitate the correct choice. In line with this inter-
pretation, TMS studies with choice RT tasks have shown that
corticomotor excitability is reduced in a nonselected effector as
participants prepare and execute responses with a competing
effector (Duque et al., 2010, 2012; Hasbroucq et al. 1999b;
Labruna et al. 2014; Leocani et al. 2000; van den Hurk et al.
2007; Verleger et al. 2009), an effect that has been interpreted
to reflect the operation of a “competition resolution” mecha-
nism (Duque et al. 2010, 2012; Klein et al. 2012; Labruna et al.
2014). On the basis of these separate lines of evidence, we
predicted that response complexity would selectively modulate
motor excitability during the preparation of responses when
there is a competition, i.e., a choice between the two hands.
Our results were in line with this prediction (see Fig. 4).
Moreover, the pattern of results we observed suggests that the
inhibitory influence of a competition resolution mechanism is
not restricted to the nonselected response but may also influ-
ence the selected response.

Our results are a first step toward establishing that motor
system excitability dynamics during response preparation are
sensitive to task demands such as response complexity. Com-
petitive interactions between response representations are un-
likely to play out within motor cortex alone. A distributed
network of brain areas is hypothesized to support the large
repertoire of human behaviors involving interlimb coordina-
tion (Swinnen 2002). For example, previous evidence impli-
cates a role for lateral prefrontal cortex (LPFC) in response
selection, and this brain region may be especially sensitive to
the influence of response complexity. Disruption of the LPFC
with repetitive TMS during the preparatory period, identical to
the easy choice RT conditions used in the present study, was

shown to release MEP suppression of both the selected and
nonselected response representations (Duque et al. 2012). In-
teractions between LPFC and medial frontal cortex are be-
lieved to play an important role in action monitoring, with the
latter assaying the level of conflict and performance outcomes
as a way to modulate activity in the LPFC (Botvinick et al.
2001; Gehring and Knight 2000; Ridderinkhof et al. 2004). We
propose that recruitment of LPFC is greater during the prepa-
ration of complex responses because of the increased likeli-
hood of response selection and execution errors (e.g., selection
of the wrong effector or poor configuration of the correct
effector in the complex response condition). Future studies
should explore a relationship between preparatory inhibition
and subsequent action errors, for example, whether the level of
inhibition during response preparation predicts errors and
whether disruption of this inhibition leads to increased error
likelihood.

Our findings that baseline MEP amplitudes did not differ
between experiments 1 and 2, and that the baseline MEP
amplitudes in experiment 2 did not differ from those measured
outside the task, are informative concerning the time course of
preparatory inhibition. Specifically, MEPs were not tonically
suppressed but were dynamically adjusted during the prepara-
tion of responses. This lends further support to the hypothesis
that inhibitory mechanisms are engaged in a dynamic manner
during response preparation. As in previous studies (Duque et
al. 2010, 2012, 2014; Klein et al. 2012; Labruna et al. 2014),
this inhibition is pronounced in both selected and nonselected
effectors, a finding that is consistent with the idea of a func-
tional role in competition resolution. However, we also ob-
served inhibition in left FDI when that muscle was not relevant
to the task. Brain networks involving pathways between the
cortex and basal ganglia have been proposed to exert global as
well as selective effects on motor system excitability (e.g.,
Majid et al. 2013). Although the nonselective inhibition here
might be a form of global suppression, we note that the left
FDI, even when task irrelevant, was also homologous to a
task-relevant muscle (i.e., right FDI).

The results of the two experiments reveal important con-
straints on the modulation of inhibitory processes by response
complexity. First, a lateral flexion of the index finger was a
component of every response in both experiments, yet the level
of inhibition in this effector was modulated as a function of the
context in which this response was performed. This observa-
tion underscores the point that the degree of motor suppression
is contingent on task goals. Second, the increased inhibition
associated with preparing complex responses was absent when
the complex response was composed of sequential gestures
rather than simultaneous gestures; indeed, inhibition tended to
be reduced when participants prepared a sequential response
compared with a simple response, even though the first com-
ponent of the sequential response was identical to the simple
response. Neuroimaging studies have shown similar changes in
activation patterns as movements require more complex con-
figural or sequential gestures (Hackley and Miller 1995; Shi-
basaki et al. 1993; Verstynen and Ivry 2011; Verstynen et al.
2005). TMS, of course, affords the opportunity to probe the
system with greater temporal resolution and suggests that
simultaneous and sequential responses have dissociable effects
on response preparation mechanisms. Third, there was a trend
toward greater corticospinal inhibition in the easy condition in
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experiment 2 compared with experiment 1, although this con-
dition was identical in the two experiments. Although this
pattern could indicate that inhibitory processes are sensitive to
the overall context, it may be related to the parallel finding that
RT decreased in experiment 2.

Functional accounts of preparatory inhibition have empha-
sized how corticospinal suppression may serve to sharpen
processes associated with response selection or preclude pre-
mature responses (Duque et al. 2010, 2012, 2014; Klein et al.
2012; Labruna et al. 2014). An alternative hypothesis is that
preparatory inhibition, at least of the selected effector, en-
hances response initiation by increasing the signal to noise
ratio after the onset of the imperative. That is, inhibition of the
selected effector might not serve to avoid premature responses
(as implied by the term, impulse control) but to facilitate
response initiation (see Hasbroucq et al. 1997). Although this
hypothesis merits further consideration, it does not offer a
parsimonious account of the current results. RTs were reduced
in all conditions in experiment 2, yet the parallel reductions in
MEP amplitudes differed across the easy and complex condi-
tions, complicating any relationship between RT and MEP
suppression. Moreover, within each experiment we failed to
observe a relationship between the level of MEP suppression in
the delay period and RT.

It is important to note that the differential complexity effects
for the two experiments do not appear to be driven by the MEP
change associated with easy responses. Just focusing on the
MEPs in the complex conditions revealed an interaction be-
tween the two different experiments and the simple vs. choice
responses. Moreover, the complex-easy difference scores for
the simple responses did not differ between the two
experiments.

Inhibition of task-irrelevant muscles. In addition to the effect
of response complexity, we observed that MEP amplitudes
were reduced below baseline preceding all the simple re-
sponses in both experiments. This pattern suggests that some
form of inhibition is engaged during the preparation of any
response and that this inhibition can be observed regardless of
whether the probed effector is task relevant or task irrelevant.
This observation would suggest that rather than the view that
preparatory inhibition represents reciprocal inhibition between
competing candidate responses, inhibitory signals may operate
in a broad manner. Such broadly focused suppression might
increase the signal to noise within the motor system, a hypoth-
esis noted above (Hasbroucq et al. 1997). This process could
facilitate response selection by dampening down noise within
the motor system and could be generic or have some broad
tuning that extends to motor representations that are function-
ally or anatomically related to the selected response. The
current set of experiments was not specifically designed to
explore the spatial extent of this inhibitory signature because
MEPs were only measured from muscles that were task rele-
vant or homologous to task-relevant muscles.

Nevertheless, it seems unlikely that this inhibition results
from a mechanism involved in response competition because
there was no choice in the simple task blocks; participants
executed the same response on each trial. Moreover, this
inhibitory signature appears to be distinct from that associated
with response complexity because the complex-easy MEP
difference scores were not reliably different from zero for the
simple response blocks. Thus response complexity did not

impact the level of inhibition when there was no choice. Most
surprising, the level of inhibition in left FDI was the same
when participants were preparing to make left- or right-hand
responses.

Inhibition observed in the simple RT conditions may reflect
the operation of a different inhibitory mechanism than that
observed during choice tasks. It is possible that in the absence
of a choice, ipsilateral motor cortex is recruited in a similar
manner as contralateral motor cortex. Alternatively, the inhi-
bition observed in the simple conditions may reflect the oper-
ation of a process that broadly influences the motor system.
Studies that compare task-irrelevant inhibition as a function of
whether the selected response involves a homologous or non-
homologous contralateral effector will help to determine how
broadly the motor system is suppressed.

Conclusion. The current results demonstrate that inhibitory
mechanisms recruited during response preparation are sensitive
to response complexity, at least when preparation entails a
choice between the two hands. In contrast, our complexity
manipulation did not influence the level of motor suppression
when the same, simple response was executed on every trial.
This pattern is consistent with the hypothesis that one aspect of
preparatory inhibition is related to a mechanism involved in
response selection, perhaps reflecting the operation of a com-
petitive process. The need for inhibitory mechanisms may be
especially acute when preparing simultaneous gestures with
multiple effectors, given the evidence of increased bilateral
recruitment of the motor system during the execution of com-
plex movements. Manipulating the complexity of the required
response offers a novel way to assess constraints on inhibitory

mechanisms involved in the preparation of voluntary
movements.
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