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Stopping speech suppresses the task-irrelevant hand
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Abstract

Some situations require one to quickly stop an initiated response. Recent evidence suggests that
rapid stopping engages a mechanism that has diffuse effects on the motor system. For example,
stopping the hand dampens the excitability of the task-irrelevant leg. However, it is unclear
whether this ‘global suppression’ could apply across wider motor modalities. Here we tested
whether stopping speech leads to suppression of the task-irrelevant hand. We used Transcranial
Magnetic Stimulation over the primary motor cortex with concurrent electromyography from the
hand. We found that when speech was successfully stopped the motor evoked potential from the
task-irrelevant hand was significantly reduced compared to when the participant failed to stop
speaking, or responded on non stop signal trials, or compared to baseline. This shows that when
speech is quickly stopped, there is a broad suppression across the motor system. This has
implications for the neural basis of speech control and stuttering.
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1. Introduction

Many situations require the rapid stopping of initiated actions. For example, one must
withhold one's initiated step into the street when a car suddenly appears, and one must
withhold one's initiated verbal comment when the person whom one is about to refer to
suddenly appears. In the laboratory, stopping has been studied using the stop signal task. On
each trial, participants initiate a response, and sometimes, when a signal occurs, they are
required to stop it (Logan, Cowan, & Davis, 1984; Verbruggen & Logan, 2008). Several
studies have shown that stopping is accompanied by suppression of non task-related
effectors, such as the task-irrelevant muscle of the same hand (Coxon, Stinear, & Byblow,
2006; Leocani, Cohen, Wassermann, lkoma, & Hallett, 2000; Sohn, Wiltz, & Hallett, 2002;
van den Wildenberg et al., 2010), the homologous muscle of the task-irrelevant hand (Coxon
et al., 2006) and even the task-irrelevant leg (Badry et al., 2009; Greenhouse, Oldenkamp, &
Aron, 2011; Majid, Cai, George, Verbruggen, & Aron, 2011). This indicates that rapid
stopping has a diffuse suppression effect over the motor system. While this has been termed
‘global suppression’ (Aron & Verbruggen, 2008), it is unclear how broadly it extends since
the above studies have only examined the limbs. Here we aimed to test a putative global
suppression mechanism by using two very different effector systems: vocal and manual.
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We used transcranial magnetic stimulation (TMS) to probe the corticospinal excitability of
the task-irrelevant hand muscle while participants performed a vocal version of the standard
stop-signal task (Fig 1a). Participants prepared to name a letter “T” or “D” on each trial.
Occasionally, they tried to stop their vocal response when the letter changed color (a stop
signal). Concurrent electromyography (EMG) was recorded from the right hand, which is
task-irrelevant. We delivered TMS over the contralateral motor cortex and measured the
motor evoked potential (MEP, an index of corticospinal excitability) from the hand at
specific points in the trial. The global suppression hypothesis predicts that when the
participant successfully stops speech, then the MEP of the task-irrelevant hand will be
smaller than for trials in which participants did not successfully stop, and also compared to
the pre-trial baseline (Badry et al., 2009; Greenhouse et al., 2011; Majid et al., 2011). The
alternative hypothesis is that stopping speech has no effect on the task-irrelevant hand.

2. Material and Methods
2.1. Participants

Sixteen adults participated in this study (aged 19-27 yrs, 11 female, 2 left handed). Three
participants were excluded from the group analysis because of noisy EMG or over-saturated
MEPs. All provided consent according to an Institutional Review Board at the University of
California, San Diego, and passed TMS safety screening.

2.2. Task paradigm

In each trial, a letter “T” or “D” in white (a go signal) was presented. Participants were
instructed to say the letter as quickly as possible. In 33% of trials, the letter turned red (a
stop signal) shortly after the go signal (a Stop trial). Participants tried to withhold their vocal
response. The interval between the go and stop signal is called the stop signal delay (SSD).
SSD values began at 150 ms and were adjusted dynamically, increasing 50 ms for a
successful stop and decreasing 50 ms for a failed stop. Two separate staircases were used for
the two letters. The response window was 1 second. The inter-trial-interval (ITI) was jittered
between 3 and 3.5 seconds.

Participants performed 5 blocks of the task. In the first block, there were 60 Go and 30 Stop
trials without TMS. Behavioral data from this block were used to calculate the mean Go RT.
In so doing we could set the TMS stimulation time for the second block at mean Go RT —
100ms (Badry et al., 2009; Majid et al., 2011). This approach assumes that the speed of
stopping (stop-signal reaction time, SSRT) is in the range of 150 to 250 ms (Xue, Aron, &
Poldrack, 2008), and the race between the go and stop processes is tied; if so, then this
stimulation timing should ensure that the TMS pulse is delivered during the stopping
process. Subsequent blocks (2 through 5) all included three types of stimulation trials: TMS
trials (48 in each block: 32 Go and 16 Stop trials) in which stimulation was given 100 ms
before the mean Go RT, noTMS trials (24 in each block: 16 Go and 8 Stop trials) in which
no stimulation was given, and baseline TMS trials (6 in each block: 4 Go and 2 Stop trials)
in which stimulation was given 200 ms before the go signal (i.e. in the Inter-Trial-Interval).
The probability of the stop signal was the same for the three stimulation trial types, so the
presence/absence of TMS pulses did not carry any information about whether the trial was a
go or stop. After each block, the stimulation time was updated based on the mean Go RT of
all completed noTMS trials in the prior blocks. Because we did not know whether TMS
stimulation would speed or delay speech, we expected it would be more reliable to estimate
the stimulation time using noTMS trials rather than TMS trials.
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2.3. Voice input and sound thresholding

Vocal responses were collected through a microphone, which was connected to the
experiment computer. An in-house built voice key was made to capture participants' vocal
output and measure the onset of vocal response using Psychtoolbox-3
(www.psychtoolbox.org). To differentiate participants' vocal responses from the TMS
stimulation, we recorded the sound waves for the letters “T” and “D” and also for TMS
stimulation. These sound waves were differentiable in amplitude, duration and shape (Fig
1b). As the amplitude of the TMS sound wave was much smaller than the human voice, a
threshold was chosen to trigger the voice key to the voice alone.

2.4. EMG recording

Surface EMG was recorded from the first dorsal interosseous of the right hand (Fig 1c) via
10-mm-diameter Ag-AgCl hydrogel electrodes (Medical Supplies Inc, Newbury Park, CA).
A ground electrode was placed over the right radius. The EMG signal was amplified via a
Grass QP511 Quad AC Amplifier (Grass Technologies, West Warwick, RI), with a band-
pass filter between 30 Hz and 1 kHz and a notch filter at 60 Hz. A CED Micro 1401 mk 11
acquisition system was used to sample data at 2kHz. Data were displayed and recorded
using CED Signal v4 (Cambridge Electronic Design, Cambridge, UK).

2.5. TMS and hotspotting

TMS stimulation was generated with a MagStim 200-2 system (MagStim, Whitland, UK)
and a 70-mm figure-of-eight coil. A ‘hotspotting’ procedure was performed to identify the
stimulation locus and intensity. The coil was first placed 5 cm lateral and 2 cm anterior to
the vertex and repositioned to where the largest MEPs were observed consistently (Fig 1c).
Then we measured resting motor threshold which was defined as the minimum stimulation
intensity required to induce 0.1 mV peak-to-peak amplitude MEP in 5 out of 10 consecutive
stimulations (Rossini et al., 1994). Next, the maximum MEP size was determined by
increasing stimulus intensity in 2% increments until the MEP amplitude no longer increased
or until stimulation intensity reached 160% of resting motor threshold. Finally, the TMS
stimulus intensity was adjusted to produce an MEP that was approximately half of the
maximum MEP amplitude. This was the intensity used during the experiment (50 = 7%
maximum stimulator output, which was ~110% of resting motor threshold: 45 + 5%).

2.6. MEP analysis

An EMG sweep started 200 ms before stimulation. MEPs were identified from EMG using
in house software developed in Matlab (Mathworks, Natick, MA). Trials were excluded if
the root mean square EMG in the 100 ms before the TMS stimulus was greater than 0.01
mV. Mean peak-to-peak amplitude of MEPs was calculated for Go trials, successful Stop
trials (StopSucc) and failed Stop trials (StopFail) and baseline trials. The top and bottom
10% of MEPs in each type of trials were trimmed (Cai, Oldenkamp, & Aron, 2011; Majid et
al., 2011). The global suppression hypothesis predicts smaller MEPs for StopSucc trials than
for Go, StopFail and even baseline TMS trials (Badry et al., 2009; Greenhouse et al., 2011;
Majid et al., 2011). To test this prediction, paired t-tests were conducted between StopSucc
vs. Go, StopSucc vs. StopFail, and StopSucc vs. baseline TMS trials. Multiple comparisons
were corrected using the Holm-Bonferroni method (Levin, 1996).

3. Results

3.1. Behavior

Behavioral data are summarized in Table 1. On Go trials, the mean RT was 566 + 30 ms for
TMS and 569 + 31 ms for noTMS trials. This was not a significant difference, t(12) < 1. For
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stop trials, the speed of stopping (SSRT) for TMS trials was 207 + 16ms and for noTMS
was 214 + 21ms. This was not a significant difference, t(12) < 1. Go RT in our study is
relatively longer compared to a previous report (Xue et al., 2008). The elongated RT might
result from the combination of TMS effect and the stop-signal task. It is possible that some
participants applied a waiting strategy. However, we do not think this could possibly affect
our main results, e.g. MEP difference for StopSucc vs. StopFail. The fact that behavior was
not different for TMS and noTMS trials indicates that TMS over the hand territory of the
primary motor cortex has no effect on speech behavior (i.e. there was no startle or
distraction) and thus validates our approach of adjusting TMS stimulation with respect to
mean Go RT on noTMS trials.

Figure 1d shows the MEP data. As predicted, MEPs were significantly smaller on StopSucc
than Go, t(12) = 6.08, p < 0.001, Cohen's d=1.69. This difference was evident for every
participant. Further, MEPs on StopSucc were significantly smaller than StopFail, t(12) =
2.57, p =0.024, Cohen's d=0.72; and MEPs on StopSucc were also smaller than baseline
TMS trials, t(12) = 2.79, p = 0.016, Cohen's d= 0.78. All three tests were significant after
the Holm-Bonferroni correction. Notably, analysis of EMG in the 100 ms before TMS
showed that the hand muscle was equally at rest in all three conditions before stimulation
was given: for the above three comparisons, all ps > 0.12.

Note: further analyses were done to compare Go and StopFail and baseline conditions.
MEPs for Go were higher than for StopFail (p=0.04), but this was not significant after
multiple comparison correction. MEPs for Go were not higher than baseline (p=0.18), nor
were MEPs higher for StopFail than Baseline (p=0.78).

4. Discussion

We measured the corticospinal excitability of the task-irrelevant hand while participants
performed a vocal stop signal task. We found that when participants successfully stopped
their speech, there was reduced corticospinal excitability of the task-irrelevant hand
compared to when they failed to stop, or compared to when they responded on Go trials, or
compared to the pre-trial baseline. This extends previous findings that stopping the hand
reduces the corticospinal excitability of the task-irrelevant leg (Badry et al., 2009;
Greenhouse et al., 2011; Majid et al., 2011) by showing that stopping, at least in this basic
paradigm, also has global suppressive effects across response modalities, in this case across
vocal and manual motor systems.

An alternative explanation of the MEP reduction from the task-irrelevant hand on successful
stop trials could relate to nonspecific brain arousal arising from ‘odd ball’ saliency, orienting
or detection of the stop signal. However, we regard this generalized arousal account as very
unlikely for several reasons. First, this account should predict that StopFail is different from
Go and baseline trials because StopFail is an error trial that should be as arousing or even
more so than StopSucc [Note: StopFail trials activate widespread autonomic/error-detection
brain regions including the anterior cingulate cortex] (Li et al., 2008). Yet we did not see
any difference between StopFail and Go or baseline trials; whereas we did see that StopSucc
was different from all of StopFail, Go and baseline trials (also see Majid et al., 2011).
Second, there is independent behavioral evidence for global suppression during successful
stop trials. When subjects need to stop one manual response rapidly while continuing with
another, the continuing response is severely delayed (Aron & Verbruggen, 2008; Coxon,
Stinear, & Byblow, 2007). Thus, the “‘global suppression’ observed in the MEP in this and
other studies (Badry et al., 2009; Majid et al., 2011) has its counterpart in behavior; which
again speaks against a mere arousal account for the MEP findings. Third, we have shown, in
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a different stop paradigm, that successful stopping of one hand does not lead to MEP
suppression of the leg (‘global suppression’) when there is a requirement to stop selectively
(i.e. to continue with another hand); but it does lead to leg suppression if the subject has to
stop both hands (Majid et al., 2011). This shows that whether there is MEP suppression or
not from a task irrelevant effect is not simply related to whether stopping is successful and
again speaks against a mere arousal account for the current finding. Taken together, we
suggest that the reduced MEPs of the task-irrelevant muscle on successful stop trials is
caused by an active suppression mechanism rather than nonspecific arousal induced by
saliency, orienting or detection of stop signals.

The current results have implications for better understanding the neural mechanisms of how
speech is stopped, and also perhaps for stuttering. Whereas much research with manual
stopping points to a three-way network between the pre supplementary motor area, the right
inferior frontal cortex and the basal ganglia (perhaps specifically the subthalamic nucleus)
(Aron, Behrens, Smith, Frank, & Poldrack, 2007; Chambers, Garavan, & Bellgrove, 2009;
Eagle et al., 2008; King et al., 2011; Schmidt et al., 2011), less data speaks to the neural
basis for stopping speech. A single fMRI study did show that stopping speech also activated
the pre-supplementary motor area and the right inferior frontal cortex (and both these loci
overlapped with activation for stopping manual responses), but vocal stopping activation
was not evident in the basal ganglia (Xue et al., 2008). Consistent with the importance of the
pre-supplementary motor area and the right inferior frontal cortex for stopping speech,
macrostimulation of either of these regions in human patients produces speech arrest (Fried
etal., 1991; Luders et al., 1988; Swann et al., In Press). Together with previous studies
(Badry et al., 2009; Greenhouse et al., 2011; Majid et al., 2011), the current finding that
stopping speech leads to corticospinal suppression of the task-irrelevant hand is consistent
with the idea that simple stopping recruits a global mechanism with very broad effects on
the motor system. This could relate to the recruitment of the subthalamic nucleus. First, this
nucleus has been implicated in stopping by fMRI, lesion and neurophysiological studies
(Aron & Poldrack, 2006; Eagle et al., 2008; Schmidt et al., 2011). Second, it has been
hypothesized that the STN sends a ‘massive pulse’ to the pallidum, thus affecting the motor
system generally (Gillies & Willshaw, 1998; Mink, 1996; Nambu, Tokuno, & Takada,
2002). It is interesting in this regard that stutterers showed hyperactivity in the
pontomesencephalic region, including the subthalamic nucleus (Watkins, Smith, Davis, &
Howell, 2008) and that stimulation of the subthalamic nucleus also produces dysarthria and
makes stuttering worse in some Parkinson's patients (Burghaus et al., 2006; Toft &;
Dietrichs, 2011). Interestingly, some types of stuttering have also been associated with
“freezing’ or *body immobility’ (Alm, 2004), which could be a sign of global motor
suppression.

5. Conclusion

In summary, we showed that stopping speech dampens the corticospinal excitability of the
task-irrelevant hand. This suggests that global suppression is not limited to the control of
limbs, but it also has a much broader effect across wider motor modalities, including vocal
and limb motor systems. We speculate that when people rapidly stop speech, it is possibly
implemented through a fronto-basal ganglia pathway, perhaps via the subthalamic nucleus,
and this could explain the global suppression effect. We expect that the current methodology
could be used to further explore the stopping of speech, both globally and selectively, as
well as the relation between stopping speech and other actions (such as gestures). The
methodology could also be useful for studies of induced and pathological stuttering, and the
relation with whole-body immobility.
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Figure 1.

a. A vocal version of the stop-signal task: participants named a letter “T” or “D” (a go
signal) on each trial; on 33% of trials, the letter turned red (a stop signal) and participants
tried to cancel the vocal response. TMS stimulation was given at 100 ms before average RT
on TMS trials. b. Examples of the sound wave for the Go, StopSucc and StopFail trials with
TMS stimulation. Note that TMS stimulation induced a sharp but weak audio signal around
400 ms whereas the human sound wave had a large amplitude and long duration. c. A
figure-of-eight coil was placed over the left primary motor cortex and EMG was recorded
from the right hand. d. MEP on the StopSucc trials was significantly smaller than on the Go,
StopFail and baseline TMS trials (all ps < 0.05).
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Behavioral measures.

noTMS TMS T Sg.
Go ACC (%) 93(3)  91(3) 1.76 0.10
Go RT (ms) 569(31) 566(30) 0.37 0.72
Stop ACC (%) 50(2) 48(2) 036 0.73
Stop SSRT (ms)  214(21) 207(16) 0.90 0.39

Go ACC: the accuracy in Go trials; Go RT: the reaction time (RT) in Go trials; Stop ACC: the accuracy in Stop trials; SSRT: stop-signal reaction

time (Go RT minus SSD) (Verbruggen & Logan, 2008)
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