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Abstract
In this study, we examined the dynamics of inhibitory preparatory processes, using a delayed response task in which a cue
signaled a left or right index finger (Experiment 1) or hand (Experiment 2) movement in advance of an imperative signal. In
Experiment 1, we varied the duration of the delay period (200, 500, and 900 ms).When transcranial magnetic stimulation (TMS)
was applied 100 ms before the imperative, motor evoked potentials (MEPs) elicited in the first dorsal interosseous were strongly
inhibited. For delays of 500 ms or longer, this inhibition was greater when the targeted muscle was selected compared with
when it was not selected. In contrast, the magnitude of inhibition just after the cuewas inversely related to the duration of the
delay period, and the difference between the selected and nonselected conditions was attenuated. In Experiment 2, TMS and
peripheral nerve stimulation procedures were used during a 300-ms delay period. MEPs in the flexor carpi radialis for both
selected andnonselected conditionswere inhibited, butwithout any change in theH-reflex. Taken together, these results reveal
the dual influence of temporal constraints associated with anticipation and urgency on inhibitory processes recruited during
response preparation.
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Introduction
Our interaction with the environment requires motor decisions
depending on the available information. Decisions about hand
choice are part of our daily routine (e.g., choosing which hand
to use to press a lift button), and engage neural structures of
both cortical hemispheres (Swinnen 2002; Duque et al. 2005,
2012; Koch et al. 2006). Transcranial magnetic stimulation
(TMS) can be used to assay changes in corticospinal excitability,
providing a useful tool to characterize the neural dynamics at
play during response selection and preparation. To this end,

single-pulse TMS is applied over the motor cortex to elicit motor
evoked potentials (MEPs) in a muscle that is either required (se-
lected) or not required (nonselected) for the upcoming response.
For example, when the TMS pulse is applied after an imperative
signal, MEPs increase in the selected muscle prior to electromyo-
graphic (EMG) onset, and decrease in the nonselected muscles,
suggesting the operation of a competitive process in response se-
lection (Rossini et al. 1988; Chen et al. 1998; Leocani et al. 2000).

Note, however, that when TMS is applied after the imperative
signal, it is difficult to attribute neural changes to response
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selection and/or response initiation. An alternative approach is
to use a delayed response task, in which an informative cue is
presented prior to an imperative signal. With a fixed delay period
of 900 ms, MEPs are markedly attenuated relative to baseline
when the TMS probe is applied 100 ms before the imperative
signal (Duque et al. 2010). Moreover, this inhibition is greater
when the targeted muscle is selected for the forthcoming re-
sponse compared with when it is not selected, suggesting some
degree of specificity. Duque et al. (2010, 2012) proposed that this
delay-period inhibition reflects the operation of 2 separable
mechanisms. The first, referred to as impulse control, is hypothe-
sized to help prevent prematuremovement of the selected effect-
or, and possibly improve the dynamics of response initiation
(i.e., rebound inhibition). The second mechanism, referred to as
competition resolution, is hypothesized to facilitate response
selection through the inhibition of the nonselected effector.

This dual-mechanism hypothesis is based on evidence from
a variety of stimulation protocols (Duque et al. 2010). Impulse
control is also evident at the spinal level, with the reduction in
MEPs accompanied byan attenuation of a spinal reflex associated
with the agonist muscle for the forthcoming response (Touge
et al. 1998; Duque et al. 2010). In contrast, competition resolution
is limited to the supraspinal level, with inhibition of the nonse-
lected muscle evident in MEPs, but not in spinal reflexes. Further
evidence that these 2 processes are dissociable comes from a
study in which TMS of the primary motor cortex (M1) was
coupled with rTMS of premotor or prefrontal cortices (Duque
et al. 2012). Dorsal premotor rTMSmodulated the MEP responses
associated with impulse control, while lateral prefrontal
rTMS modulated MEP responses associated with competition
resolution.

The excitability changes described above have been observed
in a task in which participants are provided with a relatively
long delay between the preparatory cue and imperative signal
(i.e., >500 ms) and the TMS probe was applied just before the
imperative signal. If the TMSpulse is delivered right after the pre-
paratory cue (100 ms post-cue), the MEPs show minimal change,
suggesting that response preparation was deferred until near the
expected time of the imperative signal (Duque et al. 2010). Other
studies have manipulated the duration of the delay period and
timing of the TMS pulse (Touge et al. 1998; Davranche et al.
2007; van Elswijk et al. 2007; Duque et al. 2010). Touge et al.
(1998) used a delay period of 500 ms. Shortly after the preparatory
cue (250 ms post-cue), MEP responses were attenuated in both
the selected and nonselected muscles, and H-reflex only in se-
lected muscles. Interestingly, when the delay period was ex-
tended from 500 ms to 2 s, no modulation was found in either
MEPs or H-reflexes for probes across the delay period. Thus, the
recruitment of inhibitory processes may require that the partici-
pant can anticipate the onset of the imperative signal, a process
that is difficult with a long delay.

To systematically explore the dynamics of inhibitory pro-
cesses, we designed a pair of experiments in which we varied
the duration of the delay period and the timing of the TMS
probe. In the first experiment, participants were cued to prepare
a movement with the right or left index finger. We used 3 delays
(200, 500, and 900 ms) and applied a TMS pulse 100 ms after the
preparatory cue or 100 ms before the imperative signal. Wemea-
suredMEPs in the first dorsal interosseous (FDI)muscle of the left
hand, comparing conditions inwhich thismusclewas selected or
not selected for the forthcoming response.

We expected to replicate the findings of Duque et al. (2010)
with the 900-ms delay period. Namely, that minimal change
would be observed in the MEPs with the early probe, while

considerable inhibition from impulse control and competition
resolution would be observed with the late probe. The 200-ms
delay condition creates a situation in which the participants
are unable to defer planning processes. If we again see little
change in corticospinal excitability in this condition, then we
would infer that 100 ms provides insufficient time to recruit in-
hibitory processes. Alternatively, we might observe inhibition
in either the selected, nonselected conditions, or both, suggest-
ing that the recruitment of inhibitory processes is tightly coupled
to the anticipated time of the response. For example, inhibition
might be seen when the muscle is not selected to respond
due to the operation of competition resolution, but not evident
when the muscle is part of the selected response due to the
impending imperative signal. We included the 500-ms condition
as an intermediate value, one in which the delay period
affords only a modest extension beyond the time required for
selection.

In the second experiment, we complemented the TMS proto-
col with a peripheral stimulation protocol that provided a meas-
ure of excitability changes at the spinal level. Prior work has
shown that the monosynaptic H-reflex is suppressed during an
extended preparatory period (Brunia et al. 1982; Komiyama and
Tanaka 1990; Bonnet et al. 1991; Hasbroucq et al. 1999), even
when long-latency reflexes are facilitated (Bonnet and Requin
1982). Relevant to the current work, peripheral stimulation has
revealed dissociations in the locus of inhibition for selected and
nonselected responses. In the current context, combining TMS
and peripheral stimulation methods with different preparatory
intervals will provide insight into the dynamics of inhibitory pro-
cesses at different levels of the motor system.

Materials and Methods
Experiment 1: Corticospinal Excitability

Participants
Twelve right-handed healthy subjects (6 women,mean age 23 ± 6
years) were recruited from the University of California, Berkeley
community. Participants were naive to the purpose of the
study, provided written informed consent, and were financially
compensated for their participation. The protocol was approved
by the institutional review board of UC, Berkeley.

Experimental Procedure
The participants sat in front of a computer screen with both
hands resting on their lap, palms down. The task used here has
been described as a virtual “soccer game” (see Duque and Ivry
2009). Each trial began with the brief presentation (100 ms) of a
fixation marker at the center of the screen. After a blank screen
of 600 ms, a preparatory cue appeared at the center position.
The cue was a bracket and described as the “soccer goal.” If or-
iented to the right, the participants should prepare a right hand
response; if oriented to the left, the participant should prepare
a left hand response. The left index was designated as “selected”
when a left finger movement was cued and as nonselected when
a right fingermovement was cued. After a fixed delay (see below),
a circle was added to the display, positioned just outside the
bracket. This circle, described as the “ball,” was present for
300 ms and served as the imperative signal (Fig. 1A). Participants
were instructed tomove their index finger (abduction) “as quickly
as possible” after the onset of the imperative signal. On some
trials, the cue was replaced by an “X” at the center of the screen
(catch trials); participants were instructed to not perform the
movementwhen the “X” stimuluswas presented. The catch trials
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were included to reduce anticipatory responses. The screen re-
mained blank for a 3-s intertrial interval.

Three different delay intervals were employed (200, 500, and
900 ms) in separate blocks. Participants completed 10 blocks, 2
with the 200-ms delay and 4 with each of the 500 and 900-ms de-
lays. The difference in the number of blocks was due to the fact
that a single TMS timing was used in the 200-ms condition,
while 2 TMS timingswere used in the 500- and 900-ms conditions
(early and late, see below). Each block lasted∼3 min and the order
of the 3 delay periodswas counterbalanced. Participantswere ex-
plicitly informed about the duration of the delay for each block
and completed 20 practice trials (no TMS) prior to the start of
the set of blocks for a given delay. Within each test block, there
were 36 trials, half with left hand cues and half with right hand
cues. Of the 18 trials for each hand, 14 were followed by an

imperative signal and 4 were catch trials. All trials were pre-
sented in random order.

Transcranial Magnetic Stimulation
Corticospinal excitability was assessed by recording MEPs from
the FDI of the left hand in response to single-pulse TMS applied
over the hand area of the right primary motor cortex. A Magstim
200 stimulator was used to activate a figure-of-eight coil (diam-
eterofwings 70 mm)placed tangentially on the scalp. The handle
was oriented toward the back of the head and laterally at a 45°
angle, assumed to be approximately perpendicular to the central
sulcus.

At the start of each session, the experimenter identified the
optimal spot for eliciting MEPs in the left FDI and marked this
position on the participant’s scalp. The resting motor threshold
(rMT) was defined as the minimal TMS intensity required to
evoke MEP peak-to-peak amplitudes of ∼50 µV in the targeted
muscle on 5 of 10 consecutive trials. During the main phase of
the experiment, the TMS intensity was set to 120% of the partici-
pant’s rMT.

In each block, a TMS pulse was applied on 30 of the 36 trials.
The pulse was applied at onset of the fixation marker on 10 of
these 30 trials, providing a within-block baseline measure of ex-
citability. The other 20 pulses were applied during the delay per-
iod, either 100 ms after the onset of the preparatory cue (early;
n = 10) or 100 ms prior to the onset of the imperative signal
(late; n = 10). In the 200-ms condition, the early and late timings
are identical (Fig. 1B).

EMG Recording
EMG activity was recorded by surface electrodes (Delsys, Inc.)
placed over the left and right FDI. EMG data were collected for
3 s on each trial, starting 200 ms before the onset of the fixation
point. The EMG signals were amplified and bandpass filtered on-
line (50–2000 Hz), and digitized at 2000-Hz for offline analysis.
EMG signals from left FDI were used to measure MEPs, defined
as the peak-to-peak amplitude difference in the EMG signal eli-
cited by the TMS pulse. Trials with background EMGRMS (root
mean square) activity above 0.01 mV in either hand during a
100 ms window preceding the TMS pulse were excluded from
the analysis (21 of 4320 trials).

Experiment 2: Corticospinal and Spinal Excitability

Participants
A total of 13 right-handed healthy participants (11 men, aged
28 ± 7 years) were recruited from the University of Burgundy
(Dijon, France). The protocol was approved by the University’s in-
stitutional review board.

Experimental Procedure
The general structure of Experiment 2 was similar to that of Ex-
periment 1 with 3 notable changes (Fig. 1C). First, in addition to
measuring TMS-elicited MEPs, we also used peripheral nerve
stimulation (PNS) to measure changes in spinal excitability.
Since reflexive responses tend to be variable in intrinsic hand
muscles (Mazzocchio et al. 1995), we switched to awrist response
for the choice RT task, allowing us to measure H-reflexes in the
flexor carpi radialis (FCR) following median nerve stimulation.
Second, the H-reflexes and MEPs were recorded from the FCR
muscle of the right hand. Through a comparison with Experi-
ment 1, we could assess laterality differences in preparatory pro-
cesses, although we do so only qualitatively given the various
methodological differences. Third, we only used the short delay

Figure 1. Protocol design and stimulation timings. (A) Participants prepared to

move their left or right index finger (Experiment 1) or hand (Experiment 2)

following a preparatory cue. Stimulation was delivered during the delay period.

(B) There were 3 delay periods in Experiment 1 (900, 500, and 200 ms). For each

delay, TMS was administered at the onset of the fixation cross (Baseline),

100 ms after the preparatory cue (Early) or 100 ms before the imperative signal

(Late). Note that for the 200 ms delay, early and late TMS correspond to the

same time. (C) In Experiment 2, TMS and PNS was applied at baseline or 250 ms

after the preparatory cue during a 300-ms delay period.

Time of Movement Preparation Lebon et al. | 3
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period since our main focus here was on the recruitment of in-
hibitory processeswhen the preparatory interval is brief. Because
modulation of H-reflexes in choice RT tasks has been shown to
require 250 ms (see Touge et al. 1998), we extended the short
delay interval to 300 ms.

All participants completed a block of trials with the PNS
protocol. Eight of the 13 participants were then enlisted to com-
plete a second block of trials, this time with the TMS protocol.
Each block was composed of 60 trials, half of which involved
the right hand cue and half of which involved the left hand
cue. For 44 trials, the cue was followed by the soccer ball impera-
tive signal and participantswere required to flex the cuedwrist as
fast as possible. The other 16 trials were catch trials in which the
cue was followed by an “X” and participants were instructed to
not perform the cued movement. The test block was preceded
by a practice block of 20 trials.

Peripheral Nerve and Transcranial Magnetic Stimulation
To elicit H-reflexes in right FCR, the right median nervewas elec-
trically stimulated by 2 electrodes connected to a Digitimer
stimulator (Model DS7). The intensity was adjusted on an indi-
vidual basis to produce an H-reflex with either no preceding
M-wave, or an H-reflex that had the smallest and most constant
M-wave component (see Maffiuletti et al. 2000). The range of in-
tensities was 1.3–7.4 mA (mean = 4.0 ± 1.6 mA). For participants
completing the TMS protocol, the rMT was defined as in Experi-
ment 1, but with the coil positioned to optimize MEPs from
right FCR. The stimulator intensity ranged from 43 to 74 of max-
imum stimulator output (mean = 58 ± 11%).

Weused only a single delay period of 300 ms, fixing the stimu-
lation time (for TMS or PNS) at 250 ms, that is, 50 ms before the
imperative signal. As noted above, we opted to increase the
short delay to 300 ms and probe 250 ms after the preparatory
cue (relative to the shorter timings used in Experiment 1) tomaxi-
mize the opportunity to detect differences in reflex modulation
between trials when right FCR was selected or nonselected for
the forthcoming response.

EMG Recording
EMG activity was recorded by surface electrodes placed over the
right and left FCR. EMG data were collected for 2.1 s on each
trial, starting 100 ms prior to the stimulation. The EMG signals
were amplified and bandpass filtered online (50–2000 Hz, Biopac
Systems, Inc.), and digitized at 2000 Hz for offline analysis. Trials
with EMGRMS above 10 µV were discarded (52 of 2688 trials).

Data and Statistical Analysis (Experiments 1 and 2)

Reaction time (RT) was defined as the interval between the pres-
entation of the imperative signal and the point at which the
EMGRMS in the appropriate effector was 2.5 times above the base-
line level. MEPs and H-reflexes were measured as the peak-to-
peak amplitude of the response elicited after the stimulation.
Mean values for RT, MEP and H-reflex were calculated for each
participant in each experimental condition. The Shapiro-Wilk
test was used to evaluate if the observed values were normally
distributed. This test revealed a normal distribution for the
MEPs (P > 0.05), but not for the H-reflexes and RTs (P < 0.05).

In Experiment 1, RT was analyzed with a Friedman ANOVA to
assess the effects of “effector” (selected: left index, nonselected:
right index) and “pulse timing” (baseline, early, late) for each
delay period separately. Wilcoxon tests with paired values were
used for post hoc analysis. We used the same statistical tests
with averaged RTs to assess the effect of “delay” (200, 500, and

900 ms). For the MEP data, we first tested, by means of a within-
subject one-wayANOVA,whetherMEPamplitude at baseline var-
ied across the 3 delay conditions. The MEP amplitudes were then
normalized relative to the baseline and converted to percentage
scores: (Condition/Baseline − 1) × 100. In this format, values <0
are indicative of inhibition. We used one-sample t-tests (with
Bonferroni correction formultiple comparisons) to test if the per-
centage score in each condition was significantly different from
zero, a probe on whether corticospinal excitability had changed
from baseline. Normalized MEP values were also submitted to a
three-way repeatedmeasure ANOVAwith effector (selected, non-
selected), delay (200, 500, and 900), and pulse timing (early, late)
as within-subject variables. Note that this design is not balanced
since there is only one pulse timing in the 200-msdelay condition
(100 ms after preparatory cue is the same as 100 ms before the
imperative signal). To compensate for this imbalance, the data
were randomly sampled without replacement to create 2 distri-
butions, one for the “early” pulse condition and one for the
“late” pulse condition. Because these 2 distributionswere derived
from the same sample, they should not differ. Moreover, this
method is conservative in that the derived distributions will
have larger variability than the single distribution.

In Experiment 2, RT was analyzed with a Friedman ANOVA to
assess the effects of effector (selected: right hand, nonselected:
left hand), and pulse timing (baseline, delay) for each type of
stimulation (TMS and PNS). Wilcoxon tests with paired values
were used for post hoc analysis. MEP and H-reflex amplitudes
were normalized relative to the baseline and converted to per-
centage scores. One-sample t-tests (with Bonferroni correction
for multiple comparisons) were used to assess changes in corti-
cospinal excitability relative to baseline. To evaluate differences
in the effector condition (selected, nonselected), we used a paired
t-test. To evaluate the effects of peripheral stimulation, we used
nonparametric tests with the normalized H-reflex values, since
these data violated normality. One-sample Wilcoxon-ranked
tests were used to test if the percentage scores in each effector
condition were significantly different from zero. Finally, Wil-
coxon tests with paired samples were used to examine differ-
ences between the selected and nonselected conditions.

For all statistical analyses, the alpha valuewas set at 0.05. The
data are presented as mean values (±standard deviation).

Results
Experiment 1

Experiment 1 was designed to examine the changes in corticosp-
inal excitability at different time points during the preparatory
period and the effect of the duration of the preparatory period.
To this end, we measured MEPs at an early and late point within
delay periods of varying duration, comparing these with a base-
line state.

Behavior
Behavioral data were evaluated to examine the effect of the dif-
ferent delay periods and TMS stimulation on RTs. Within each
of the 3 delay periods, there was no effect of RT as a function of
the factors effector (selected and nonselected) and pulse timing
(baseline, early, and late) (for all, P > 0.27). But there was an effect
of the delay period (χ2 = 11.16, P = 0.003). The mean RTs for the
200, 500, and 900 ms conditions were 288 (±58), 270 (±59), and
276 (±66) ms, respectively. RT was significantly slower in the
200-ms condition compared with the 500-ms condition (Z = 3.05,
P = 0.002) and tended to be slower compared with the 900-ms
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condition (Z = 1.64, P = 0.099). The participants were also more
likely to respond on catch trials when the preparatory period
was shortened. Across the 3 delays, an increase in the EMG
(and in some cases, overt movement) was evident on 13.02 ±
14.46, 12.24 ± 13.22, and 8.33 ± 8.87% of the catch trials for the
200, 500, and 900 ms delay conditions, respectively.

Corticospinal Excitability: MEPs
MEP amplitudes did not differ across the 3 baseline conditions
(F2,22 = 2.66, P = 0.09; on average:1.36 ± 0.60, 1.51 ± 0.74, and 1.51 ±
0.64 mV for the 200-, 500-, and 900-ms delay, respectively). We
then calculated changes in corticospinal excitability for each
condition, relative to its own baseline, and tested whether the
normalized MEP values were different from zero (correcting for
multiple comparisons).

When the TMS pulse was applied 100 ms prior to the impera-
tive signal (late pulse), there was a significant decrease in the
mean MEP amplitude relative to baseline in all the delay condi-
tions (Fig. 2; all P < 0.01). The results were different when the
TMS pulse was applied 100 ms after the preparatory cue (early
pulse), with the magnitude of suppression increasing when the
delay periods became shorter. ThemeanMEP valueswere signifi-
cantly lower than baseline for the 200-ms and the 500-ms delay
conditions, an effect observed for both effectors (all 4 values, P <
0.05). However, for the 900-ms delay, theMEP valueswere not sig-
nificantly different from baseline for either the selected (P = 0.89)
or nonselected (P = 0.17) condition, although both values were
negative relative to baseline.

The comparison of normalized MEP amplitudes between
the conditions showed significant main effects of pulse timing
(F1,11 = 6.68, P = 0.02) and effector (F1,11 = 22.72, P < 0.001). There
was no main effect of delay (F2,22 = 0.40, P = 0.67). However, there
were 2 two-way interactions, pulse timing × effector (F1,11 = 5.86,
P = 0.03) and pulse timing × delay (F2,22 = 11.72, P < 0.001). Post
hoc analyses revealed that MEP suppression was stronger when
the effector was selected for the forthcoming response compared
with the nonselected condition, but only for the late pulse timing
(P < 0.001). Moreover, this suppression was greater for late pulse
timing compared with early pulse timing, but only for the 500-
ms and 900-ms delay conditions (both, P < 0.001). There was
also a significant three-way interaction of delay × pulse timing ×
effector (F2,22 = 3.95, P = 0.03). The higher order interaction
stemmed from 2 effects. First, the magnitude of MEP reduction
moved in opposite directions for the 2 probes. For the early
probe, the suppression increased as the delay period became
shorter (Fig. 3A). In contrast, for the late probe, suppression in-
creased as the delay period became longer (Fig. 3B). Second, the
degree ofMEP suppression for early probes did not differ between
the selected and nonselected trials for all 3 of the delay periods
(all P > 0.05). However, for late probes, suppression was greater
when the left index finger was selected compared with nonse-
lected when the delay period was at least 500 ms in duration
(Fig. 3B; in long and medium delays, P < 0.05; in short delay,
P > 0.05).

In sum, the results of Experiment 1 revealed the flexible
recruitment of inhibitory processes, as a signature of MEP

Figure 2.Timeline of corticospinal excitability (Experiment 1). Upper chart: 900-msdelay period.Middle chart: 500-msdelay period. Lower chart: 200-ms delay period. Data

are presented as a percentage change from baseline (TMS at onset of fixation). Early and late TMS correspond to 100 ms after preparatory cue and 100 ms prior to

imperative signal, respectively. Black bars are from trials in which the left finger was selected (Sel) and white bars are from nonselected trials (NSel). Error bars

correspond to standard errors. §P < 0.05, §§P < 0.01, §§§P < 0.001: different from 0.
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suppression. With a long preparatory interval (900 ms cue), the
results were consistent with earlier observations (Duque and
Ivry 2009; Duque et al. 2010): MEPs were reduced just prior to
the imperative signal and this effectwas greaterwhen the probed
muscle was the agonist for the forthcoming response. With this
long delay, inhibition was modest (and not significant) 100 ms
after the preparatory cue. When the delay period was shortened
and thus, preparatory processes hastened, inhibitory effects be-
came prominent at the early probe. Indeed, when there was
only 200 ms between the preparatory cue and the imperative sig-
nal, pronounced inhibition was observed 100 ms after the pre-
paratory cue (or 100 ms before the imperative signal), and this
inhibition was independent of whether the targeted muscle
was selected or not selected for the forthcoming response.

Experiment 2

In the short delay condition of Experiment 1, therewas a trend for
inhibition to be larger when the muscle was the agonist for the
selected response. This difference has, in prior reports, provided
one piece of evidence that separate inhibitory processes are re-
cruited to regulate the control of a selected response and a non-
selected response. In one study (Duque et al. 2010), a second
dissociation was obtained by comparing these 2 conditions
with central and peripheral stimulation protocols. We applied
that same strategy here, using TMS as a probe on overall corti-
cospinal excitability and PNS to probe changes that are manifest
at the spinal level. We set the short delay period to 300 ms and
applied either a TMS or PNS pulse 250 ms after the preparatory
cue given prior work indicating that changes in spinal excitability
are only evident 250 ms after a preparatory cue (Touge et al. 1998).

Reaction Time
TMS stimulation did not affect RT (χ2 = 1.05, P = 0.78). For the right
hand, RTs were 322 ± 31 ms (TMS at baseline) and 326 ± 61 ms
(TMS during delay periods), while for left hand RTs were
329 ± 45 and 327 ± 53 ms, respectively. Similarly, PNS did not
affect RTs (χ2 = 5.03, P = .17). For the right hand, RTs were 319 ± 54
ms (TMS at baseline) and 295 ± 54 ms (TMS during delay periods),
while for the left hand, RTs were 309 ± 51 and 304 ± 45 ms,
respectively.

Corticospinal Excitability: MEPs
The TMS resultswere similar to those from the short delay period
in Experiment 1 (Fig. 4, left; and Fig. 5A for typical recording).
Marked inhibition of the MEPs was observed when the right
hand was cued (t(7) = −4.71, P = 0.002) or not cued (t(7) = −4.90,
P = 0.001) for the forthcoming response. Numerically, the effect
was slightly larger in the selected condition (−32 ± 19%) com-
pared with the nonselected condition (−28 ± 16%), but this differ-
ence was not significant (t(7) =−0.80, P = 0.44).

Spinal Excitability: H-reflex
The PNS results suggest that, with the short delay, there was no
modulation of excitability at the spinal level. Relative to baseline
(mean amplitude: 0.91 ± 0.74 mV), the H-reflex response showed
a small increase in magnitude when the right wrist was selected
(2.52 ± 13.48%) or not selected (3.31 ± 6.73%) for the forthcoming
response. Neither effect approached significance (P > 0.05) nor
did the 2 values differ (Z = 0.59, P = 0.55; Fig. 4, right; and Fig. 5B
for typical recording). When considered in light of the MEP
data, it appears that the effects of inhibitory processes engaged
with short delay periods are limited to supraspinal mechanisms.

Discussion
In this study,weused variable delayperiods to investigate the dy-
namics of corticospinal and spinal activation during the prepar-
ation of a response involving a choice between the 2 index fingers
(Experiment 1) and the 2 hands (Experiment 2). We found that
the pattern of inhibition varied as a function of the duration of

Figure 3. Dynamics of inhibition in Experiment 1 when TMS was triggered (A)

100 ms after the preparatory cue (Early Timing) and (B) 100 ms prior to

imperative signal (Late Timing). Error bars correspond to standard errors.

*P < 0.05 different from 200-ms delay period. #P < 0.05 difference between

selected and nonselected.

Figure 4.Measure of corticospinal and spinal excitability (Experiment 2). TMS and

PNS, eliciting MEPs and H-reflexes, respectively, were applied 250 ms after the

preparatory cue. Values are represented as percentage of baseline. Black bars

are for trials in which the right hand was selected (Sel) and white bars are from

nonselected trials (NSel). Error bars represent standard errors. §§P < 0.01,
§§§P < 0.001: different from 0.
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the delay period. During short delay periods (200 and 300 ms),
corticospinal, but not spinal, excitability decreased immediately
after the preparatory cue, independent of the forthcoming re-
sponse (right or left side). In contrast, during delays of 500 or
900 ms, inhibitionwas attenuated immediately after the prepara-
tory cue, increased right before the imperative signal, and was
larger when the probedmusclewas the agonist for the forthcom-
ing response.

Temporal Constraints on the Recruitment of Inhibitory
Processes in Response Preparation

The results with a long preparatory period are consistent with
previous results (Touge et al. 1998; Duque et al. 2010). Corticosp-
inal excitability was modulated over preparatory delays of 500
and 900 ms with MEPs showing substantial inhibition as the im-
perative signal approached. Moreover, the amount of inhibition
was greater when the targeted effector was selected as the agon-
ist of the forthcoming response compared with when it was not
selected. This pattern is consistent with the idea of 2 inhibitory
mechanisms, referred to in previous work as impulse control
and competition resolution. Impulse control is hypothesized to
prevent premature initiation of the selected action, and competi-
tion resolution is hypothesized to prevent execution of the non-
selected response. The early probes with these long delays reveal
that these inhibitory processes emerge late in the preparatory
period. In the 900-ms delay condition, the MEPs were not signifi-
cantly attenuated, relative to baseline, when the TMS probe was
applied 100 ms after the preparatory cue. In the 500-ms condi-
tion, the MEPs were inhibited at the early probe, although the
magnitude of inhibition was lower than for the late probe and
similar for when the left index finger was selected and not se-
lected for the forthcoming response. The overall pattern here is
consistentwith results showing thatmotor responses can be pre-
maturely triggered in response to acoustic startle-like stimuli,
suggesting that response preparation is a progressive process
(Carlsen et al. 2011). These findings suggest that the magnitude
of inhibition parallels the state of motor planning.

The short delay periods in Experiment 1 (200 ms) and Experi-
ment 2 (300 ms) provided the strongest demonstration of the

flexible manner in which inhibition is recruited. Here, the MEPs
were rapidly attenuated relative to baseline, reaching a level of in-
hibition comparable with that seen with the late pulses in the
longer delay conditions. Interestingly, the level of inhibition
was similar when the targeted muscle had been cued (selected)
or not cued (nonselected) for the forthcoming response. More-
over, we did not observe a change in the magnitude of the H-re-
flex in Experiment 2, suggesting that changes in excitability
during short preparatory periods are mainly supraspinal.

We can consider several hypotheses that would be consistent
with the inhibitory effects observed in the short delay conditions.
First, given that the instructions emphasized response speed, the
onset of the cue might trigger the rapid engagement of prepara-
tory processes for both left and right finger responses, with the
identification of the cue requiring additional processing time.
An inhibitory processmight be recruited to ensure that these ini-
tial activations do not produce prematuremovement, the process
we have referred to as impulse control. However, in our earlier
work, one signature of impulse control had been inhibition of
spinal excitability (H-reflex suppression), an effect only observed
when the targeted finger was selected for the forthcoming re-
sponse (Duque et al. 2010). With the short delay, we did not ob-
serve a change in the magnitude of the H-reflex response.
Future work will be required to address whether the absence of
an H-reflex response here is due to the use of a short preparatory
period in which there is little time for response selection prior to
the imperative or some other factors. For example, given our ex-
perimental design, participants could predict the onset of the im-
perative signal as they were aware of the delay duration for each
block. With amixed-delay design, participants wouldmost likely
prepare as early as possible, providing an alternativeway to probe
the dynamics of preparatory processes at various levels of the
system.

Second, the pattern of inhibition observed at short delays
could be the signature of a competition resolution mechanism.
With the onset of the preparatory cue, evidence begins to accrue
for each candidate response, with each candidate inhibiting
alternative representations as part of this competition. By this
view, our early probes are occurring at a time point where the
balance of activation has not shifted to the eventual winner of
this competition. The behavioral data are consistent with the hy-
pothesis that response selection is relatively incomplete in the
short delay condition. Not only were reaction times longer, but
there was also a tendency for participants to make (partial) re-
sponses on the catch trials. It would be interesting to examine
MEP changes in a short delay condition in which selection is
not required (e.g., simple reaction time task). The competition
resolution hypothesis would predict that inhibition would be
attenuated or absent with short delay periods. We note that
this early inhibition was not present in the long delay condition.
This observation suggests that the rate of the selected process is
modulated by the amount of time provided for preparation.

Third, the early inhibition might reflect a more generic
process, one that is recruited when there is a tension between
the requirements to respond quickly but discrimination is not
complete. Such a process would help to avoid anticipatory re-
sponses before selection has been completed. This hypothesis
would also be consistent with the longer RTs observed in the
short delay-period conditions.

Our focus has been on preparatory processes triggered by the
cue. An alternative way to consider the data is with respect to
the imperative signal. It is interesting to note that, for the nonse-
lected hand, the magnitude of inhibition was similar in all 3
conditions when assessed 100 ms prior to the imperative. In

Figure 5. Typical recording of MEPs (A) and H-reflexes (B) in Experiment 2. Black

line represents the average and gray lines all the trials.
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contrast, inhibition of the selected hand was higher at this time
point in the 2 longer delay conditions. This pattern may suggest
that inhibition of the nonselected hand occurs relative to the
time of the imperative signal, perhaps in anticipation of this sig-
nal. Future studies that involve multiple stimulation timings
with variable delay periods would help reveal the dynamics of
this inhibition in terms of how it is constrained by the duration
of the preparatory period, anticipation of the imperative, or an
interaction of these factors.

Neural Mechanisms for Preparatory Inhibition

Separate lines of evidence point to possible neural mechanisms
associated with inhibitory processes recruited during action se-
lection and response initiation. The dorsal premotor cortex
(PMd) has been implicated in the selection and implementation
of action plans (Grafton et al. 1998; Cavina-Pratesi et al. 2006;
Hoshi and Tanji 2006; Terao et al. 2007). Specifically, PMd neurons
fire in a selective manner during a delay period following
a preparatory cue, and this activity is hypothesized to carry
information about the future actions (Cisek and Kalaska 2005;
Churchland et al. 2006). While the output of PMd has a strong in-
fluence over primary motor cortex, it has also been shown that
PMd modulates excitability within spinal motor circuitry (Bizzi
et al. 2000), including through the excitation of inhibitory inter-
neurons (Fetz 1999; Prut and Fetz 1999; Fetz et al. 2002). Transient
disruption of PMd reduces inhibition of the selected response,
consistent with the idea that PMd is part of a circuit associated
with impulse control (Duque et al. 2012). That is, as part of its con-
tribution to preparatory activity, PMd may suppress spinal excit-
ability associated with the selected response. In the current
study, we failed to observe depression of the H-reflex with
short delay periods. Although caution is requiredwhen consider-
ing null effects, these datawould suggest that a PMd-spinal path-
way is not sufficiently engaged to account for early inhibitory
effects when preparatory time is limited.

Alternatively, inhibition with short delays might reflect the
engagement of inhibitory processes associated with competition
resolution. Repetitive TMS over the lateral prefrontal cortex (LPF)
reduced inhibition in the representation of all task-relevant ef-
fectors (Duque et al. 2012). This effect is consistent with the
idea that selection entails a competitive process, such that repre-
sentations vie for selection through their accrual of activation and
suppression of alternative representations (Gold and Shalden
2007; Cisek and Kalaska 2010; but see Brown and Healthcote
2008). This competition may be engaged during the short delay
trials here; indeed, the short delays would place a premium on
rapid selection.

It is also possible that the inhibition at short delays reflects
a more generic inhibitory process. Signatures of widespread in-
hibition of themotor systemhave been observedwhen canceling
an ongoing motor response (Badry et al. 2009; Cai et al. 2012;
Greenhouse et al. 2012; Majid et al. 2012; Wessel and Aron
2013). A similar mechanismmay operate following a preparatory
cue to facilitate the selection processes, possibly by focusing on
task-relevant representations. To date, the neural locus of such
generic signals has focused on a cortical–subcortical network
spanning the right inferior LPF, pre-SMA, and the subthalamic
nucleus (e.g., Aron 2007) that is recruited when volitional control
is required (i.e., during the stop signal tasks). It remains to be seen
if this inhibitory control network is also recruited to facilitate the
preparation of motor responses.

Physiological data from various methodologies provide a
more complete picture of the preparatory mechanisms at play

in delayed response tasks. Depending on the tuning properties
of single neurons, cellular activity may increase or decrease dur-
ing a delay period (e.g., Riehle and Requin 1989; Bastian et al.
2003; Cisek and Kalaska 2005), although these fluctuations do
not map in any direct manner to the operation of excitatory
and inhibitory mechanisms (e.g., Kaufman et al. 2010). Neuroi-
maging studies generally reveal increased motor cortical activity
during delay periods, although an increase in these hemodynam-
ic signals may reflect the operation of facilitatory, inhibitory, or
both types of processes (see Rushworth et al. 2009; Cisek and
Kalaska 2010). TMS and rTMS paradigms provide evidence for
the parallel engagement of inhibitory and facilitatory processes.
For example, one can observe reductions in corticospinal and
spinal excitability even when, concurrently, there is reduced in-
tracortical inhibition, a measure taken to reflect an increase in
local excitability (Duque and Ivry 2009).

The overall picture suggests a transient decrease in motor ex-
citability prior to the imperative stimulus after which corticosp-
inal excitability rapidly increases to initiate the planned response
(Hasbroucq et al. 1997; Coxon et al. 2006; van den Hurk et al. 2007;
Sinclair and Hammond 2008; Duque and Ivry 2009; Labruna et al.
2014). The selection processes inherent in choice tasks may
recruit various cortical and spinal mechanisms to modulate
the readiness state of the system (Touge et al. 1998; Hasbroucq
et al. 1999; Duque et al. 2010). The current results provide a win-
dow into these dynamics, showing that the dip in excitability
during the preparatory period is influenced by the time afforded
for movement preparation.

Summary
In conclusion, the current results provide compelling evidence of
the operation of inhibitory processes in delayed response tasks,
inhibition that is strongly modulated by the duration of the pre-
paratory period. Across the 2 experiments, we observed similar
patterns when TMS was applied over either hemisphere and for
different effectors of the upper limbs (finger and hand muscles).
In line with previous work (Touge et al. 1998; Duque et al. 2010),
inhibition increased progressively from the preparatory cue to
the imperative signal, becoming larger when the effector was se-
lected for the forthcoming response with longer delay periods.
Most interesting, the recruitment of inhibitory mechanisms is
hastened with short delay periods, a pattern that would superfi-
cially appear counter-productive.
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