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1. Introduction

ABSTRACT

An important aspect of cognitive control consists in the ability to stop oneself from making inappropriate
responses. In an earlier study we demonstrated that there are different mechanisms for stopping: global
and selective [Aron, A. R., Verbruggen, F. (2008). Stop the presses: Dissociating a selective from a global
mechanism for stopping. Psychological Science, 19(11) 1146-1153]. We argued that participants are more
likely to use a global mechanism when speed is of the essence, whereas they are more likely to use
a selective mechanism when they have foreknowledge of which response tendency they may need to
stop. Here we further investigate the relationship between foreknowledge and selective stopping. In
Experiment 1 we adapted the earlier design to show that individual differences in recall accuracy for
the stopping goal correlate with the selectivity of the stopping. This confirms that encoding and using a
foreknowledge memory cue is a key enabler for a selective stopping mechanism. In Experiment 2, we used
transcranial magnetic stimulation (TMS), to test the hypothesis that foreknowledge “sets up” a control set
whereby control is applied onto the response representation that may need to be stopped in the future.
We applied TMS to the left motor cortex and measured motor evoked potentials (MEPs) from the right
hand while participants performed a similar behavioral paradigm as Experiment 1. In the foreknowledge
period, MEPs were significantly reduced for trials where the right hand was the one that might need to
be stopped relative to when it was not. This shows that having a goal of what response may need to be
stopped in the future consists in applying advance control onto a specific motor representation.

© 2009 Elsevier Ltd. All rights reserved.

for one motor representation rather than another. In such situa-
tions, a fast but ‘global’ mechanism is probably used to stop the

Much human cognitive control consists in the ability to stop
inappropriate action. In real-world scenarios such control is usually
proactive in the sense that people have goals (or foreknowledge) of
what they need to stop even if they are not currently trying to stop
any impulse or action. Here we explore the neurocognitive basis for
how foreknowledge is used to stop particular response tendencies.

A good experimental paradigm for examining the stopping of an
incipient response tendency is the stop-signal paradigm (reviewed
by Verbruggen & Logan, 2009). In the standard paradigm, on each
trial, the participant initiates a choice response, and then, on a
minority of trials, must try to stop the initiated response when
a stop signal occurs. The main dependent measure is the speed
of the stopping process, stop-signal reaction time. In the standard
version, the participant has a general goal to stop when a stop sig-
nal occurs, but he or she does not need to deploy this selectively
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response tendency. The mechanism is global in the sense that it
has effects on muscle representations over and above the particular
muscle that needs to be stopped (Badry et al., 2009; Coxon, Stinear,
& Byblow, 2006, 2007; Leocani, Cohen, Wassermann, Ikoma, &
Hallett, 2000; Sohn, Wiltz, & Hallett, 2002). However, stopping
may also be achieved by means of a selective mechanism—i.e.
one that has specific effects on particular motor representations
rather than many (or all) possible representations. We provided
evidence for dissociable global and selective stopping mechanisms
by developing a novel version of the stop-signal paradigm (Aron
& Verbruggen, 2008). On each trial participants initiated a cou-
pled response with fingers of both hands, and then, when a stop
signal occurred, the participant tried to stop one response while
continuing with the other one (see Fig. 1A and B). This design
allows a measurement of the selectivity of the stopping in terms
of the degree of interference that is produced in the alternative
(non-stopped) response—we refer to this as the ‘stopping interfer-
ence effect’. We compared a condition in which foreknowledge was
provided of which response(s) may need to be stopped compared
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to a condition where no foreknowledge was provided. To do this,
we presented the cues “Maybe Stop Left”, “Maybe Stop Right” and
“Maybe Stop XXX” in the foreknowledge period. Our key finding
was that the stopping interference effect was reduced whereas
stop-signal reaction time was increased when foreknowledge was
provided compared to when it was not. We argued that when fore-
knowledge is provided stopping is more selective precisely because
the participant uses the stopping goal (foreknowledge) to prepare
to stop a specific response tendency. We speculate that this type
of selective stopping is slower because it involves a fronto-basal-
ganglia circuit with more synapses than the one that is putatively
used to stop quickly (and globally) (c.f. Aron & Verbruggen, 2008;
Aron et al., 2007)—although this remains to be established empiri-
cally.

Here we investigate the neurocognitive mechanisms by which
foreknowledge is used to stop particular response tendencies. For
Experiment 1 we had two objectives: to replicate our earlier result
that stopping is more selective (and slower) for a foreknowledge
vs. no foreknowledge condition (Aron & Verbruggen, 2008); and to
show that, across participants, those with better recall of the fore-
knowledge rule are those who are able to stop more selectively.
This would help to establish an important link between working
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Fig.1. Taskdesign.(A)Go trials. The cue “Maybe Stop Left” or “Maybe Stop Right” (or.
in the no foreknowledge condition, “Maybe Stop XXX") is presented for 1 s followed
by a blank screen for 1s, after which time the imperative go stimulus is presented
as two blue colored circles (either outer or inner). Participants initiate left and right
index finger presses if the blue circles are on the outside, or left and right index finger
presses if the blue circles are on the inside. Limited hold refers to the time period
during which the circles are displayed if there is no response. ITI is the inter-trial-
interval. (B) Stop trials. These make up one-third of trials and are identical to go trials,
except that a stop signal is presented with a variable stop-signal delay subsequent
to the go stimulus. If a stop-signal occurs, the subject must try to stop the indicated
hand while completing a key press with the other (‘alternative response’) as quickly
as possible. (C) Probe trials. 25% of stop trials were probe trials. For these, the stop
signal appeared in the middle of the screen, probing the participant’s knowledge of
the cue. The participant tries to stop the hand indicated by the cue and to respond
with the other hand. The percent of trials for which this was performed correctly
provides the cue recall accuracy measure. The stop-signal delay on all probe trials
was 50 ms.

memory for stopping goals and the mechanism of inhibitory control
that ostensibly underlies the behavioral stopping itself. To examine
the relationship between foreknowledge and selective stopping a
key addition was made to the design used in Aron and Verbruggen
(2008).0n a minority of stop-signal trials in the foreknowledge con-
dition, the stop signal was uninformative about which response to
stop, thus serving as a memory probe. On probe trials, the stop sig-
nal was presented at the center of the screen (Fig. 1C). When this
‘probe’ occurred the participant was required to stop the response
that had been indicated by the foreknowledge cue. This design fea-
ture allowed us to compute ‘cue recall accuracy’—a measure of
working memory for the foreknowledge cue. This accuracy mea-
sure reflected the proportion of probe trials when the participant
correctly stopped the required hand out of all probe trials when
they stopped one or both hands. We predicted that those partici-
pants with higher cue recall accuracy scores would be those with
smaller stopping interference effects. This result would provide fur-
ther evidence that knowledge of the stopping goal is a key enabler
of selective stopping.

Experiment 2 tested a neurocognitive hypothesis about how
foreknowledge enables selective stopping. We hypothesized that
foreknowledge “sets up” a control set whereby control is applied
onto the response representation that may need to be stopped
in the future. This predicts that the motor representation of the
response that might need to be stopped in the future is affected
by the foreknowledge before the response is even initiated. Testing
this idea requires a technique that can measure the state of specific
motor representations with high temporal resolution. Here we used
TMS of the primary motor cortex, using surface electromyography
to record evoked potentials from intrinsic muscles of the hand. We
delivered TMS stimuli to the left primary motor cortex at specific
time-points in the foreknowledge period while participants per-
formed a behavioral paradigm similar to Experiment 1, i.e. making
coupled responses with little or index fingers of both hands, and try-
ing to stop one hand when indicated, for both foreknowledge and no
foreknowledge conditions. We recorded MEPs from the right first
dorsal interosseous muscle (FDI). These MEPs provide a measure
of corticomotor excitability for the index finger response represen-
tation. We predicted that when the cue was ‘Maybe Stop Right’
the MEP for the right index finger would be significantly reduced
compared to when the cue was ‘Maybe Stop Left’. We expected that
corticomotor excitability for the ‘Maybe Stop XXX’ condition would
either be similar to ‘Maybe Stop Left’ (participants do not prepare to
stop the right hand) or else intermediate between ‘Maybe Stop Left’
and ‘Maybe Stop Right’ (participants expect to stop the right hand
to some extent). An alternative outcome was that there would be no
effect of foreknowledge cue on MEPs in the foreknowledge period.
This would indicate that preparing to stop happens at a purely cog-
nitive level, without any effects on the motor system until stopping
itself is needed.

2. Methods
2.1. Experiment 1: behavioral study

2.1.1. Participants

Sixteen young adults participated (5 male; all right handed, mean age=21.2,
range 18-27 years). All participants provided written consent in accordance with
the Internal Review Board guidelines of the University of California at San Diego.

2.1.2. Apparatus

Participants were seated 50 cm in front of an iMac (19 in. monitor). The exper-
iment was run using Matlab (Mathworks, Natick, MA) and the PsychToolBox3
(http://www.psychtoolbox.org). Participants sat with their forearms resting on the
table surface in front of four keypads (19 Key Numeric Keypad, Adesso, Walnut, CA).
Two of the keypads were mounted vertically with the key surfaces facing laterally
(Fig. 2A). Participants placed their index finger against a key on each vertical keypad
such that they could respond with a key press by moving the index fingers of each
hand inward in a lateral abduction. [This movement is optimal for measuring EMG
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from the index (FDI) muscle, as we did in Experiment 2 below.] The other two key-
pads lay in a normal position on the table. Participants positioned these keypads so
that they could comfortably make a downward key press using their little finger.

2.1.3. Task and procedure

Each trial began with a cue (white text on a black background), followed by a
blank screen (black), followed by the go signal (Fig. 1A). The go signal consisted of
two blue circles and two gray circles in a horizontal row, each 2.3° visual angle in
diameter. The two inner circles were separated from one another by 4.6° and each
inner circle was separated from the outer ones by 1.2°. The four circles corresponded
to the four fingers the participant could potentially use to respond. Participants
simultaneously pressed both index fingers if the two inner circles were blue and
simultaneously pressed both little fingers if the two outer circles were blue. On a
third of trials, a stop signal was presented at some delay after the onset of the circles
(Fig. 1B). The stop signal was a red “X” superimposed either over one of the circles
(typical stop signal) or centered between the two middle circles (probe test of cue
recall accuracy on a subset of trials).

In the no foreknowledge condition, the cue that preceded the go signal was
“Maybe Stop XXX". On stop trials, a red “X” would appear over one of the two blue
circles. If the “X” was over the blue circle on the left side of the screen, participants
were to stop the left hand response. If the “X” was over the blue circle on theright side
of the screen, participants were to stop the right hand response. In the foreknowl-
edge condition, the cue was “Maybe Stop Left” or “Maybe Stop Right”. On 75% of stop
trials, ared “X” would appear over one of the blue circles as in the no foreknowledge
condition. On 25% of stop trials (the probe trials), the red “X” was centered between
the two middle circles (Fig. 1C). On these probe trials, the stop signal did not provide
any information about which hand to stop and participants had to recall the cue in
order to know which hand response to stop. For example, if the cue was “Maybe
Stop Left” and the red “X” appeared in the center of the screen, the participant had
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Fig. 2. Experimental setup and procedure. (A) Response boxes. Keypads were posi-
tioned vertically to utilize first dorsal interosseous (FDI) muscle of the index finger
for making key press responses. The FDI muscle is well isolated and can be recorded
using electromyography (EMG) with little interference from other muscles. Subjects
responded by making key presses with either a lateral movement from both index
fingers or a downward movement with both little fingers. (B) Trial design for Exper-
iment 2. On each trial a TMS stimulus was delivered. It could be delivered at any of
four possible time-points; in the inter-trial interval (ITI), or in the foreknowledge
interval 800, 500 or 200 ms before the go stimulus. (C) Trial sequence procedure.
The cue was constant for four trials in a row (Experiment 1) and 12 trials in a row
(Experiment 2). Before the cue changed, the subject was notified with a message
(e.g. “The cue is changing to: Maybe Stop Left”). The order of cues was randomized.
Feedback was provided to the participant after each block of 72 trials.

to stop the response with the left hand and only respond with the right hand. The
cue remained the same for at least 4 trials in a row (and 12 trials in a row in Expt 2)
and a change in cue was signaled by an instruction “Cue changing to ...".

All participants learned the task using a structured training program that
introduced different aspects of the task sequentially. Participants first practiced
responding to go trials, then practiced stopping responses for the stop signal,
and then practiced observing foreknowledge cues and using recall on probe trials.
Verbal instructions from the experimenter emphasized the importance of respond-
ing quickly on each trial with fingers of both hands together when the go signal
appeared. It was also emphasized that participants were to try their best to stop a
particular response when indicated by a stop signal, while simultaneously executing
the alternative response as fast as possible. It was explained that stopping would
not always be possible, but that trying to stop was important.

To prevent participants from delaying the response for the cued hand in the
foreknowledge condition (e.g. the left hand when the cue was “Maybe Stop Left”),
the text “buttons not pressed together” was presented after responses for which
the difference in RT for the two hands was more than 70 ms. This textual prompt
was followed by a 3-s punishing time-out before the next trial ensued. Participants
were careful not to uncouple their responses (as will be seen below in terms of the
correlation of RT for the two hands, and the small number of uncoupled trials). In
the no foreknowledge condition, the same instructions applied, except now the cue
was uninformative.

Each participant completed 6 blocks of 72 trials (432 trials total). Each block
contained 24 stop trials and 48 go trials. Trials were divided evenly across the three
cues (Maybe Stop Left, Maybe Stop Right and Maybe Stop XXX). No set of 4 trials
had more than 2 stop trials. The trials were divided evenly between the middle
two circles being blue (i.e. index finger response) and the outer two circles being
blue (i.e. little finger response). After each block of 72 trials, participants were given
graphical feedback in terms of mean correct go RT, number of errors on go trials (i.e.
with respect to accuracy of making index or little finger responses), and cue recall
accuracy on foreknowledge probe trials.

For each hand, stop-signal delays were adjusted dynamically according to the
participant’s performance: if a response was stopped then the stop-signal delay
increased by 50 ms; but if it was not stopped then the stop-signal delay decreased by
50 ms (Osman, Kornblum, & Meyer, 1986). A total of 6 dynamic staircases were used,
one for each combination of response (index finger, little finger) and cue (Maybe Stop
Left, Maybe Stop Right and Maybe Stop XXX). The starting value for the stop-signal
delay was either 50 ms or 300 ms. For all probe trials, the stop-signal delay was set
to 50 ms to give participants sufficient opportunity to stop their response and thus
reveal their cue recall accuracy of the foreknowledge cue.

2.14. Analysis

The analysis steps are described in detail in Aron and Verbruggen (2008); here
we explain them briefly. In the foreknowledge condition, data for ‘Maybe Stop Left’
and ‘Maybe Stop Right’ were calculated separately. Taking the example of ‘Maybe
Stop Left’: we calculated mean correct RT on go trials for the left hand (i.e. the cued
hand RT) and mean correct RT on go trials for the right hand (i.e. the non-cued hand
RT). Trials were deemed correct if both hands were pressed together (i.e. difference
between cued hand RT and non-cued hand RT<70ms) and if the correct buttons
were pressed. When the cue was ‘Maybe Stop Left’, we calculated the cue recall
accuracy as the percent of probe trials when the participant correctly stopped the
left hand out of all probe trials, whether one or both or no hands were stopped.
We also calculated the stop-signal delay that gave an approximately 50% stop rate.
There were two staircases for the left hand and each staircase had 48 stop-signal
delays over the course of 6 blocks. Inspection of data showed that stop-signal delay
converged after about 24 moves of each staircase. Therefore, for each participant,
we averaged the final 24 moves of each staircase, and these two averages were
averaged to get the mean stop-signal delay for the left hand. SSRT for the left hand
was estimated by subtracting mean stop-signal delay from cued hand mean correct
go RT for the left hand (Logan, Schachar, & Tannock, 1997). We also calculated the
stopping interference effect when the cue was ‘Maybe Stop Left’ by subtracting the
mean correct RT for the non-cued hand (i.e. the right hand) on go trials from the
mean RT for that same hand (i.e. the right hand) when subject did stop the left
response on stop trials.

The above calculations of mean correct go RT for the cued hand and non-cued
hand, SSRT and the stopping interference effect were also made for the ‘Maybe Stop
Right’ condition. Following this, data were collapsed across ‘Maybe Stop Left’ and
‘Maybe Stop Right’ conditions in the foreknowledge condition. All these calculations
were also repeated for the no foreknowledge condition (see Aron & Verbruggen,
2008) except for cue recall accuracy (there were no probe trials). For key measures
of interest, the group mean values for foreknowledge and no foreknowledge were
compared statistically with paired-sample t-tests. In the foreknowledge condition
alone, the correlation was assessed between cue recall accuracy and the stopping
interference effect across participants.

2.2. Experiment 2: TMS study

2.2.1. Participants
Fifteen young adults participated (4 male; 1 left handed; mean age =20.7, range
18-28). These were different participants from Experiment 1. All participants pro-
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vided written consent in accordance with Internal Review Board guidelines of the
University of California, San Diego. Participants also completed a TMS safety screen
questionnaire and were found to be free of contraindications.

2.2.2. EMG recordings

Participants were seated comfortably in front of an iMac desktop computer
(Apple Corporation, Cupertino, CA). Surface EMG recordings were made via 10-mm-
diameter Ag-AgCl hydrogel electrodes (Medical Supplies, Inc., Newbury Park, CA)
placed over the first dorsal interosseous muscle (FDI: index finger) (Fig. 2A). A ground
electrode was placed over the styloid process (wrist) of the right ulna. The EMG sig-
nal was amplified using a Grass QP511 Quad AC Amplifier System Grass amplifier
(Grass Technologies, West Warwick, RI), with a band-pass filter between 30 Hz and
1kHz and a notch filter at 60 Hz. Data were sampled at 2 kHz using a CED Micro
1401 mk II acquisition system and displayed and recorded to disk using CED Sig-
nal v4 (Cambridge Electronic Design, Cambridge, UK). MEP analysis was performed
using custom software in Matlab R2007a (The MathWorks, Natick, MA).

223. TMS

We used a MagStim 200-2 system with a BiStim module (Magstim, Whitland,
UK) and a figure-of-eight coil (7-cm-diameter) to deliver TMS test stimuli and con-
ditioning stimuli during task performance. To locate the representation of the FDI
muscle in left M1, the coil was initially located at a point 5cm lateral and 2cm
anterior of the vertex. The coil was incrementally repositioned while administer-
ing single stimuli to locate the position that produced the largest, reliable MEPs in
right FDI. This location was marked on a snug-fitting cap worn by the participant
to ensure the consistent placement of the coil through the experiment. Average
location of stimulation was 6.2 cm lateral and 2.1 cm anterior of vertex of the skull.
Resting motor threshold was determined by finding the lowest stimulus intensity
that produced MEPs of at least 0.05mV amplitude on at least 5 out of 10 trials
(Rossini et al., 1994). Next, the participant’s maximum MEP size was determined
by increasing stimulus intensity in 5% increments, starting at rest motor threshold,
until MEP amplitude no longer increased with increasing stimulus intensity. Test
stimulus intensity was set to produce a MEP amplitude that was approximately half
of the participant’s maximum MEP amplitude. This ensured that the test stimulus
intensity was on the ascending limb of the individual’s stimulus-response curve,
so that both increases and decreases in corticospinal excitability could be detected
(Devanne, Lavoie, & Capaday, 1997).

In addition to delivering single magnetic stimuli (half the trials), we also
delivered paired-pulse stimuli (the other half of trials) to probe short interval intra-
cortical inhibition. This paired pulse technique can evaluate whether a reduction in
MEP amplitude following the test stimulus could be due to increased GABA-ergic
inhibition within M1 (Kujirai et al., 1993). The method requires a sub-threshold
conditioning stimulus which is delivered 1-5 ms before a suprathreshold TMS test
stimulus. The effect of the conditioning stimulus on the test stimulus is compared
with trials in which there is a test stimulus alone. However, inspection of such short
interval intracortical inhibition results for this experiment showed that the method
was not technically satisfactory for a majority of participants. This was evidenced by
larger conditioned MEPs than unconditioned MEPs. This probably related to a subop-
timal procedure for performing thresholding. We did this while the participant was
at rest, when a more appropriate method would have been to perform thresholding
during a preparation-to-respond period. Consequently this paired-pulse aspect of
the experiment is not discussed further.

A magnetic stimulus was delivered on each trial. Half of the trials had a single
unconditioned test stimulus. The other half of trials had a conditioning stimulus
followed 3 ms later by a test stimulus (data from these trials are not reported). The
type of stimulation varied randomly by trial. Stimulation was delivered at four dif-
ferent time-points. One time-point was during the inter-trial interval (ITI) at 250 ms
before the cue. The purpose of this time-point was to serve as a baseline for normal-
izing foreknowledge period MEPs within each subject. The other three time-points
were within the foreknowledge period, at 800, 500 and 200 ms before the go signal
appeared (Fig. 2B).

2.2.4. Task and procedure

The task for Experiment 2 was identical to Experiment 1 with the following
exceptions: (a) to maximize utilization of the cue, the cue remained the same for 12
consecutive trials instead of 4 (Fig. 2C), (b) in the foreknowledge condition, the red
“X" appeared in the center of the screen for every stop trial, not just on probe trials.
These changes were intended to maximize the attention to foreknowledge and any
corresponding effects on corticospinal excitability.

An additional change relative to Experiment 1 was that the stop-signal delays
were fixed and evenly distributed among values of 100, 150, 200 and 250 ms. This
was done to make the comparison of MEPs across participants more consistent.
With the dynamic stop-signal tracking method used in Experiment 1, participants
would be expecting stop signals at different times, potentially affecting MEPs in the
foreknowledge period in different ways for different participants.

2.2.5. Analysis

2.2.5.1. Behavioral data. All relevant metrics were calculated as for Experiment 1
except for stop-signal reaction time. As the use of fixed stop-signal delays resulted
in p(stop) rates far from 50%, stop-signal reaction time was estimated using the

Table 1

Behavioral results for Experiment 1. Key measures and standard deviations. Val-
ues outside parentheses indicate mean across subjects. Values inside parentheses
indicate standard deviation: RT cued hand =RT on go trials for the hand that might
have had to stop; RT non-cued hand=RT on go trials for the hand that was not
cued to stop; % go trials with decoupling =% of go trials with difference in hand RT
was greater than 70 ms; % go trials with other errors =% of go trials when incorrect
keys were pressed (e.g. index finger presses instead of little finger); RT alterna-
tive hand = RT on alternative hand when cued hand successfully stopped; cue recall
accuracy = accuracy of stopping the hand indicated by the cue in probe trials when
at least one response was inhibited; interference effect = the stopping interference
effect, i.e. RT alternative hand — RT non-cued hand; p(stop)=probability of stop-
ping across the whole experiment; SSD = the mean SSD value after convergence of
staircases; SSRT = stop-signal reaction time, i.e. RT cued hand — SSD.

Foreknowledge No foreknowledge

RT cued hand 547 (105) 531(102)
RT non-cued hand 546 (106) 534 (101)
% go trials with decoupling 3.6%(2.3) 2.0% (2.4)
% go trials with other errors 3.5% (2.7) 2.5%(3.2)
RT alternative hand 632 (95) 649 (94)
Cue recall accuracy 74.1%(20.7) NA
Interference effect 86 (39) 114 (30)
p(stop) .50 (.09) .50 (.05)
SSD 279 (114) 278 (119)
SSRT 268 (42) 252 (46)

integration method (Verbruggen & Logan, 2009) rather than the mean method of
Experiment 1.

2.2.5.2. TMS. MEPs were detected from the EMG data using custom software writ-
ten in Matlab 2007a. Trials were excluded if the root mean square in the 100 ms
before stimulus was >10 wV or if the MEP amplitude of a trial was more than 3
standard deviations from the mean for a given subject. Mean MEP amplitude was
calculated for each subject, cue condition, and stimulation time.

A first statistical analysis of FDI MEP amplitude was performed for MEPs in the
ITI period. This used a repeated measures ANOVA with three levels of the factor
cue (Maybe Stop Left, Maybe Stop Right, Maybe Stop XXX). This established that
there were no differences in the ITI period for cue condition. Therefore we used the
average MEP across cue condition in the ITI as a baseline to normalize, within each
participant, the MEP in each cue condition and for each TMS stimulation time, i.e.
800, 500 and 200 ms before the go stimulus. We then performed a repeated measures
ANOVA with the factors of cue (Maybe Stop Left, Maybe Stop Right, Maybe Stop
XXX) and test stimulus time (800, 500 and 200 ms before the go stimulus) with ITI-
normalized MEP as the dependent measure. A further analysis repeated this same
ANOVA on the non-normalized MEPs for the factors cue and test stimulus time.

Additionally, we computed root mean square EMG activity in the 100 ms pre-
ceding the magnetic stimuli for each condition in order to establish if the muscle of
interest was at rest at the time of stimulation, and in order to establish if there were
systematic differences in pre-TMS muscle activity for the conditions of interest.

3. Results
3.1. Experiment 1: behavioral study

Table 1 shows the behavioral data. Consistent with our prior
report (Aron & Verbruggen, 2008), participants required signifi-
cantly more time to successfully stop an initiated response when
they had been cued as to which response to stop than when they
had not, t(15)=2.15, p<.05 (Fig. 3A). Moreover, we found again
that on stop trials, stopping one response had less of an effect
on executing the alternative response in the foreknowledge con-
dition than in the no foreknowledge condition. This observation
was supported by a significantly smaller stopping interference
effect in the foreknowledge condition than in the no foreknowl-
edge condition, t(15)=-4.74, p<.01 (Fig. 3B). Unlike our earlier
report (Aron & Verbruggen, 2008) there were differences in RT
on go trials. The RT for the cued hand on go trials (e.g. the left
hand when the cue was ‘Maybe stop left’) in the foreknowledge
condition was significantly slower than the RT for the same hand
on go trials in the no foreknowledge condition t(15)=3.48, p<.01.
Finally, in the foreknowledge condition, across participants, cue
recall accuracy was significantly correlated with the stopping inter-
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ference effect—those participants with better cue recall stopped
more selectively, robust regression, p <.01 (Fig. 3C).

3.2. Experiment 2: TMS study

3.2.1. Behavior

Table 2 shows the behavioral data. Importantly, for the interpre-
tation of TMS results, performance was similar for Maybe Stop Left
and Maybe Stop Right conditions in terms of the speed of respond-
ing on Go trials (Fig. 4A), the stopping interference effect and SSRT
(all p>.1). Performance was also similar with respect to the per-
centage of times participants stopped the relevant hand (i.e. >85%
in both conditions). Note that in this experiment every stop trial
in the foreknowledge condition was effectively a ‘memory probe’
trial (i.e. the red X was always presented in the center of the screen,
unlike Experiment 1). As the accuracy with which subjects stopped
the correct hand was over 85% on average participants certainly
encoded the foreknowledge cue and used that information at the
time of the stop signal.

An unexpected result arose for the comparison of foreknowl-
edge and no foreknowledge conditions. Here the interference
effect for the foreknowledge condition was larger than for the
no foreknowledge condition, and this was a significant difference
(t(14)=3.6, p<.01). This ran against the findings of Experiment 1,
as well as our earlier report (Aron & Verbruggen, 2008) in which
the stopping interference effect was smaller in the foreknowledge
condition. This anomalous finding must relate to the change in
procedure—in the foreknowledge condition of this experiment, the
stopping cue was always presented in the center of the screen (as
opposed to just 25% of stop (i.e. probe) trials in Experiment 1).
This meant that participants had to recall what to stop on every
stop trial. Although participants stopped the correct hand on over
85% of trials, it is likely that occasional lapses in attention meant
that participants used a non-selective (global) stopping some of the
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edge. Stop-signal reaction time (SSRT) is slower in the foreknowledge (F) than no
foreknowledge (NF) conditions. (B) More selective stopping with foreknowledge.
The stopping interference effect (measuring the selectivity of stopping) is smaller in
the F than NF condition. (C) Degree of foreknowledge correlates with the selectivity
of stopping. Participants with better cue recall of hand-to-be-stopped have smaller
stopping interference effects.
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When the cue is ‘Maybe Stop Right’ (MSR) the MEP is smaller than when it is ‘Maybe
Stop Left’ (MSL) and also compared to when it is ‘Maybe Stop XXX’ (MSX). Note that
the MEPs in this figure are not baseline normalized.

time in the foreknowledge condition, followed by a re-initiation of
the correct responding hand. It is likely that such a global-stop-
plus-re-initiation would produce some trials with very long RT (i.e.
an inflated overall observed interference effect). This occasional
stop-plus-restart requirement in the foreknowledge condition of
this experiment is probably an exaggeration of that in the no fore-
knowledge case. In the latter, the participant can use the explicit
stop signal to know which response to restart—whereas in the fore-
knowledge condition, the participant has to refer to memory to
recall which response needs to be continued. The possibility that
participants sometimes forget what to do on foreknowledge trials
when the stop signal occurs (in the center of the screen), predicts
greater variability of RT for the alternative (i.e. responding hand) on
stop trials compared to the no foreknowledge condition. This was in
indeed the case: the standard deviation of the alternative response
was significantly greater for foreknowledge (M=0.10, SD=0.02)
compared to no foreknowledge (M=0.07, SD=0.02), t(14)=6.44,
p<.001.Regarding SSRT, participants stopped slightly more quickly
in the no foreknowledge compared to foreknowledge condition, as
expected, although in this experiment this was not a significant
difference (t(14)<1, n.s.). Thus, although the change of procedure
altered some of the key measures of selectivity of stopping, it is clear
that the procedure was very effective at requiring participants to
engage foreknowledge. Moreover, as there were no differences on
behavioral measures for the key comparison of Maybe Stop Left and
Maybe Stop Right, the comparison between these conditions for the
TMS experiment remained very interesting. We note that SSRT was
longer for Experiment 2 than Experiment 1. This could be explained
by the fact that the average stop-signal delay was smaller in Exper-
iment 2 than in Experiment 1. Logan and Cowan (1984) showed
that SSRT increases when stop signal delay decreases.

3.2.2. Corticomotor excitability
Average stimulator intensity for the test stimulus was 53.5%
maximum stimulator output (SD=7.15). A first analysis on MEPs



Table 2

Behavioral results for Experiment 2. The measures are similar to Table 1.
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Foreknowledge

No foreknowledge

Maybe Stop Left Maybe Stop Right Maybe Stop XXX

RT cued hand 528 (61) 536 (56) 519 (67)

RT non-cued hand 530 (57) 532 (58) 520 (64)

% go trials with decoupling 2.8%(2.0) 4.1%(2.9) 1.9%(1.9)

% go trials with other errors 3.9% (4.1) 5.2%(7.3) 3.9%(6.8)

% of stop trials on which subject stops correct hand 86.7% (13.3) 88.9% (11.8) NA

Stop-signal reaction time (SSRT) 312 (75) 309 (61) 303 (84)

RT alternative hand 669 (81) 666 (84) 622 (79)
Interference effect 140% (64) 1367 (54) 103 (41)
p(stop)® .69 (.14) 73 (.14) 73 (.14)

2 The interference effect is inflated in the Maybe Stop Left and Maybe Stop Right foreknowledge conditions (relative to Experiment 1)
because the probe method is used on every stop trial. Even if the participant knows what to stop most of the time (as suggested by mean
recall accuracy > 85%) on some trials the participant is likely to forget and this will lead to a longer average stopping interference effect.

b In this experiment fixed delays were used for the stop-signal delay, rather than the tracking method of Experiment 1. This resulted in

a higher p(stop).

in the ITI (baseline) period established that there was no main
effect of cue condition F(2,26)<1, n.s. Therefore we used the
average MEP across cue condition in the ITI as a baseline to
normalize, within each participant, the MEP in each cue condi-
tion and for each TMS stimulation time. The mean baseline MEP
was 0.715mV, SEM =0.027. For the baseline-normalized analysis,
there was a significant main effect of cue F(2,26)=5.47, p<.05,
but no main effect of stimulation time F(2,26)=1.91, n.s., nor
an interaction F(2,26)=1.80, n.s. This analysis was repeated with
non-normalized MEP values, for which there was one additional
participant (one was lost from the normalized analysis because
that person did not have any valid MEPs in the ITI period).
The same cue (3) x stimulation time (3) ANOVA was performed
on non-normalized MEPs. There was a significant main effect
of cue F(2,28)=8.38, p<.001, but no main effect of stimulation
time F(2,28)=2.0, n.s., nor an interaction F(2,28)=1.20, n.s. Post
hoc pairwise analysis applying Bonferroni correction showed that
MEPs were significantly smaller for Maybe Stop Right than Maybe
Stop Left (mean difference=0.14mV, SE=0.043, p <.0167), and
that MEPs were significantly smaller for Maybe Stop Right than
Maybe Stop XXX (mean difference =0.09 mV, SE=0.03, p <.0167),
but there was not a significant difference between Maybe Stop
Left and Maybe Stop XXX (mean difference =0.05mV, SE=0.029,
p=.102) (Fig. 4B).

Finally, pre-TMS EMG validation was performed to make sure
the muscle was equivalently ‘quiet’ across conditions. We analyzed
these data with a repeated measures ANOVA including cue (3) and
time point (800, 500, and 200 ms before the go signal), with root
mean square EMG as the dependent variable. The main effect for
cue was not significant, F(2,28)=2.96, p>.05. The main effect of
time point was not significant, nor was the interaction. Overall,
therefore, the FDI muscle was similarly ‘at rest’ for the different
conditions prior to magnetic stimulation (mean root mean square
3.36 nV, SE=0.32 pV).

4. Discussion

Much human control requires us to keep in mind our goals to
stop specific actions or tendencies should they be provoked or
initiated by environmental contingencies. Here we studied how
such stopping goals (foreknowledge) are set up and how they
are proactively deployed to target specific response tendencies.
There were two main findings. First, those participants with greater
recall accuracy for the foreknowledge cue were able to stop their
responses more selectively. This establishes an important link
between having a goal in working memory and the recruitment of a
selective stopping mechanism. Second, during the foreknowledge

period, corticomotor excitability for a specific hand was signifi-
cantly reduced when that hand was the one that might have needed
to be stopped relative to when it was not. This shows that having a
goal of what response may need to be stopped in the future consists
in applying advance control onto a specific motor representation.

In Experiment 1 we replicated our earlier results (Aron &
Verbruggen, 2008) by showing that stopping is more selective but
also slower in a foreknowledge compared to a no foreknowledge
condition. Itis unlikely that stopping is slower in the foreknowledge
condition because a more potent motor response is generated for
the “non-stopped hand” for two reasons: first, this runs against the
observation that there was slower RT in the foreknowledge com-
pared to no foreknowledge conditions and second, the response
times for the two hands in the foreknowledge condition were highly
coupled. Instead, we suspect that the difference in stopping speed
could be explained by differences in the putative fronto-basal-
ganglia circuits used to stop with and without foreknowledge.
Several lines of evidence suggest that stopping without foreknowl-
edge engages a non-selective (i.e. global) mechanism (Badry et al.,
2009; Coxon et al., 2006, 2007; Leocani et al., 2000; Sohn et al.,
2002). This is consistent with a putative role for the STN in stopping
(Aron & Poldrack, 2006; Eagle et al., 2007; Kuhn et al., 2004; Li, Yan,
Sinha, & Lee, 2008; Ray et al.,2009; van den Wildenberget al., 2006),
as it is positioned to broadly block thalamocortical output (Gillies
& Willshaw, 1998). By contrast, we speculate that mechanistically
selective stopping is implemented via the so-called ‘indirect path-
way’ of the basal ganglia, i.e. frontal-striatal-pallidal connections
(rather than fronto-subthalamic). This greater number of synaptic
connections could slow down the stopping speed, and we observed
such slowing here and previously (Aron & Verbruggen, 2008).

As we noted previously (Aron & Verbruggen, 2008), our identifi-
cation of a selective stopping mechanism should be contrasted with
selective stopping at the behavioral level. Previous studies using
“selective” versions of the stop-signal paradigm showed that stop-
ping latency is typically longer for such versions compared to the
standard one (Bedard et al., 2002, 2003; Coxon et al., 2007; De Jong,
Coles, & Logan, 1995; van den Wildenberg & van der Molen, 2004).
However, longer stopping latencies could be attributed to several
factors and these studies cannot apparently distinguish between a
truly selective mechanism and a global stopping mechanism. For
example, the study by Coxon et al. (2007) clearly shows that sub-
jects can stop one response (behaviorally) and continue executing
another. However, the execution of the alternative response was
substantially delayed, and this probably reflects use of a global sup-
pression mechanism followed by re-initiation of the response in a
second step. Thus, prior experiments that purported to measure
selective stopping may only have done so at the behavioral level
and not at the mechanistic level. By contrast, the present study
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clearly demonstrates that selective stopping in the foreknowledge
condition reduced the stopping interference effect, showing that
the stopping process can be mechanistically more selective.

In relation to these prior studies of behaviorally selective stop-
ping it is also important to note that SSRT was longer in such
conditions than standard signal paradigms. This likely reflects the
additional choice element that is needed to stop one response
and not another (van de Laar et al.,, in press). This predicts that
foreknowledge should remove the choice element and make SSRT
quicker. We suspect that such a reduction in the choice element
does indeed occur, but that the benefits to SSRT are negated by
the additional time added to stop selectively, using a fronto-basal-
ganglia pathway with more synapses. Future research is clearly
need to validate this model of different basal ganglia pathways for
global compared to selective stopping.

Experiment 1 also incorporated a novel design feature that
allowed us to test the hypothesis that foreknowledge enables the
use of a more selective stopping mechanism precisely because the
participant uses the stopping goal (foreknowledge) to prepare to
stop a specific response tendency. This predicts that participants
with higher levels of foreknowledge, which is to say better mem-
ory for the foreknowledge cue, will be able to stop more selectively
when they are required to. Consistent with this prediction there
was a highly significant relationship between foreknowledge recall
and the selectivity of stopping. This provides further support for our
model of mechanistically selective stopping—according to which
a key requirement is that the participant has advance access to
a goal about which response to stop. It also helps to make an
important link between the encoding and/or retrieval of stopping
goals and the engagement of subsequent inhibitory control itself
(Verbruggen, Schneider, & Logan, 2008).

Experiment 2 tested the idea that foreknowledge “sets up” a
control set whereby control is applied onto the response represen-
tation that may need to be stopped. This predicts that the motor
representation of the response that might need to be stopped in
the future is affected by foreknowledge even before the response
is initiated. To examine this we used TMS to probe corticomotor
excitability for the right index finger muscle during the foreknowl-
edge period. Consistent with the prediction, we found that MEPs
for the right index finger were significantly smaller during the fore-
knowledge period for Maybe Stop Right than Maybe Stop Left. We
also observed that MEPs were significantly smaller for Maybe Stop
Right than Maybe Stop XXX. There are at least two possible explana-
tions for the reduction of corticomotor excitability for the hand that
might have to stop in the foreknowledge period: reduced motor
facilitation and proactive inhibitory control.

According to the reduced motor facilitation account, when the
cue is Maybe Stop Right the participant can be certain that if a
stop signal occurs it will be for the right hand (requiring stopping
of either the index or little finger movement) and this results in
less facilitation of the representation of the right hand. By contrast,
when the cue is Maybe Stop Left, the participant can be certain that
ifa stop signal occurs it will not require the right hand to be stopped,
and this may encourage the participant to facilitate the right hand
response more. This predicts a reduction of MEP for Maybe Stop
Right compared to Maybe Stop Left, as we observed. This account
also predicts that for the Maybe Stop XXX cue, the MEP will be
intermediate, as we found here for the comparison of Maybe Stop
XXX and Maybe Stop Right at least (the comparison of Maybe Stop
XXX and Maybe Stop Left was not significantly different). When the
cue is Maybe Stop XXX, the probability that a right hand response
will need to be stopped, if any stop signal occurs, is 50%, which
is more than when the cue is Maybe Stop Left (0%) and less than
when it is Maybe Stop Right (100%). This account of reduced facili-
tation for a hand that might need to be stopped fits with the extant
TMS literature on motor preparation. In particular, Bestmann et al.

(2008) showed that corticomotor excitability, assessed using the
MEP measure as we do here, varied according to the amount of
information conveyed by sensory cues guiding action. Other TMS
studies have shown similar effects in a motor preparation period
(Mars, Bestmann, Rothwell, & Haggard, 2007; van Elswijk, Kleine,
Overeem, & Stegeman, 2007). Yet the reduced motor facilitation
account of our findings is challenged by the fact that reaction times
were highly coupled for left and right hands together on go trials, so
that when the cue was Maybe Stop Right, the right hand response
did not lag the left response; and when the cue was Maybe Stop Left,
the left hand response did not lag the right hand response (over-
all mean cued hand RT: 547 ms; mean non-cued hand RT: 546 ms).
Moreover, in the foreknowledge condition the percentage of Go
trials with uncoupled responses (i.e. delay between two responses
>70 ms) was only 3.5%. It is difficult to reconcile this observation of
highly coupled responses with the theory that a reduction in motor
facilitation explains the smaller MEPs for Maybe Stop Right com-
pared to Maybe Stop Left. An additional observation that speaks
against the reduced motor facilitation account is the comparison of
Maybe Stop Left and Maybe Stop XXX. The reduced motor facilita-
tion account predicts that RT should be faster for the Maybe Stop
Left compared to Maybe Stop XXX condition because the MEP is
greater (at trend level significance). Yet this is not the case, RT is sig-
nificantly slower for the Maybe Stop Left condition than Maybe Stop
XXX. This speaks against the reduced motor facilitation account.

An alternative account for why MEPs were smaller for Maybe
Stop Right than Maybe Stop Left (and for Maybe Stop XXX than
Maybe Stop Left) is in terms of proactive inhibitory control. On this
account, the participant anticipates that the right hand may need to
be stopped, and uses a proactive inhibitory control mechanism to
target the right index and little finger representations either at the
level of the motor cortex, or perhaps upstream of this in the basal
ganglia (e.g. striatum). Proactive inhibitory control that is selec-
tive to a particular response tendency may be implemented via
input from the prefrontal cortex to the ‘indirect pathway’ of the
basal ganglia. Consistent with this many studies have argued for
the involvement of frontostriatal pathways in inhibitory control
as assessed with Go/No-Go and related paradigms (e.g. Casey et
al,, 1997; Kelly, Hester, Murphy, Javitt, & Foxe, 2004; Pollux, 2004;
Robbins & Rogers, 2000) and at least three studies have implicated
prefrontal and/or striatal regions in putative forms of inhibitory
control that are proactive, i.e. operating before the response is initi-
ated (Hester et al., 2004; Jaffard et al., 2008; Jahfari, Stinear, Claffey,
Verbruggen, & Aron, 2009). Some recent TMS studies have also
argued for inhibitory control in a foreperiod before responses are
initiated (e.g. Davranche et al., 2007; Duque & Ivry, 2009), although
this is more in the context of preventing impulsive responding (i.e.
responding too quickly) rather than preparing to stop a particu-
lar response tendency. This proactive inhibitory control account is
also compatible with our finding that participants executed the go
response with the two hands in a highly coupled fashion. This could
be the case if it is assumed that proactive inhibitory control can be
applied via a separate neural mechanism than that which facili-
tates the motor response itself (Davranche et al., 2007; Duque &
Ivry, 2009; Reynolds & Ashby, 1999).

Although the distinction between these two accounts of reduced
motor facilitation and proactive inhibitory control is a substantive
one in terms of neural mechanism, we acknowledge the current
data cannot distinguish very clearly between these. Future research
using functional imaging and paired pulse TMS may be able to elu-
cidate the underlying mechanistic basis of the advance control we
observe here. However, regardless of the question of neural mech-
anism, the current results clearly demonstrate that foreknowledge
is important for selective stopping. They also show that how well
people monitor their stopping goals is a critical factor in how tar-
geted their subsequent stopping can be. And the TMS findings show
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that having a stopping goal in this paradigm appears to be asso-
ciated with advance effects on particular motor representations.
Thus, the control goal is ‘embodied’ insofar as it is manifest in the
motor system and not purely cognitive. This ability to ‘observe’ the
control goal within the motor system even before action ensues
highlights the power of the TMS technique. It motivates the cur-
rent behavioral and TMS paradigm as a useful model to address a
range of questions related to how we are able to keep inappropriate
or unwanted response tendencies at bay.
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