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The present study examined the neural and behavioral correlates of selective stopping, a form of inhibition that
has scarcely been investigated. The selectivity of the inhibitory process is needed when individuals have to deal
with an environmentfilledwithmultiple stimuli, some ofwhich require inhibition and some ofwhich donot. The
stimulus-selective stop-signal task has been used to explore this issue assuming that all participants interrupt
their ongoing responses selectively to stop but not to ignore signals. However, recent behavioral evidence sug-
gests that some individuals do not carry out the task as experimenters expect, since they seemed to interrupt
their response non-selectively to both signals. In the present study, we detected and controlled the cognitive
strategy adopted by participants (n = 57) when they performed a stimulus-selective stop-signal task before
comparing brain activation between conditions. In order to determine both the onset and the end of the response
cancellation process underlying each strategy and to fully take advantage of the precise temporal resolution of
event-related potentials,weused amass univariate approach. Source localization techniqueswere also employed
to estimate the neural underpinnings of the effects observed at the scalp level. Our results from scalp and source
level analysis support the behavioral-based strategy classification. Specific effects were observed depending on
the strategy adopted by participants. Thus, when contrasting successful stop versus ignore conditions, increased
activation was only evident for subjects who were classified as using a strategy whereby the response interrup-
tion process was selective to stop trials. This increased activity was observed during the P3 time window in sev-
eral left-lateralized brain regions, including middle and inferior frontal gyri, as well as parietal and insular
cortices. By contrast, in those participants who used a strategy characterized by stopping non-selectively, no ac-
tivation differences between successful stop and ignore conditionswere observed at the estimated time atwhich
response interruption process occurs. Overall, results from the current study highlight the importance of control-
ling for the different strategies adopted by participants to perform selective stopping tasks before analyzing brain
activation patterns.

© 2016 Elsevier Inc. All rights reserved.
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Introduction

Response inhibition, defined as the ability to suppress unwanted
thoughts and actions, plays a fundamental role acting as a basement
for more complex cognitive capabilities (Verbruggen and Logan,
2008). Moreover, it allows people to flexibly adapt their behavior de-
pending on current goals. The importance of this fundamental ability
emerges clearly when considering its impairment in several neurologi-
cal diseases and psychiatric disorders, such as Huntington's disease
(Beste et al., 2008), obsessive-compulsive disorder (Bannon et al.,
, Universidad Complutense de

(A.J. Sánchez-Carmona),
2002), attention-deficit/hyperactivity disorder (López-Martín et al.,
2015) or substance abuse (Fillmore and Rush, 2002;Monterosso, 2005).

In order to investigate response inhibition, several experimental
tasks have been designed. In particular, the so called go-no go and
stop signal paradigms have widely been used to characterize the pro-
cesses involved in response inhibition (Bari and Robbins, 2013;
Chambers et al., 2009;Huster et al., 2013). In these tasks, a response ten-
dency is first induced to participants (go condition), which has to be
suddenly interrupted (no-go/stop condition). As a consequence the
targeted response inhibition process is triggered. However, these two
tasks differ in the specific nature of inhibition: the go/no-go task de-
mands to withhold a prepotent but not yet initiated response, whereas
the stop-signal task requires cancelling an already initiated response.
Specifically, in the stop-signal task participants are usually asked to
make button press responses to go stimuli and to interrupt their
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responses whenever a stop-signal is presented shortly after them. The
main parameter of this task is the so called stop signal delay (SSD),
which indexes the lag between the go stimulus and the stop-signal.
Crucially, the probability of committing an inhibition error can be ma-
nipulated by modifying the duration of this delay, which allows for
the calculation of the stop signal reaction time (SSRT). This has been con-
sidered to be a precise measure of the time that takes to inhibit a re-
sponse. It is important to note that SSRT is an index of the several
processes involved in the successful interruption of a motor response,
which at least include the encoding of the stopping stimulus and the
subsequent interruption of the ongoing response (Boucher et al.,
2007). This estimation relies on the assumptions made by the horse-
racemodel proposed by Logan and Cowan (1984) that describes the rel-
ative finishing time of the go (go RT) and stop (stop-respond RT) pro-
cesses. Specifically, the go RT reflects the finishing time of the go
process, whereas the stop-respond RT represents go RT on those trials
with stop signals in which individuals fail to inhibit the response. In
order to simplify the formal model of the estimation of SSRT, it is as-
sumed that going and stopping processes (which are both active in
stop trials) are independent (Logan and Cowan, 1984; Verbruggen
and Logan, 2008; see also the interactive model proposed by Boucher
et al., 2007). This means that the go RT distribution does not change
once go responses have been initiated in stop signal trials. Importantly,
this proposal assumes that a commission errorwill bemadewhen going
process finishes the race before stopping process. Thus, the horse-race
model predicts that mean RTs on failed stop trials should be faster
than mean RTs on go trials (Logan and Cowan, 1984; Verbruggen and
Logan, 2009b). Finally, themodel posits that the latencyof the inhibition
process can be measured based on the signal-response distribution by
estimating the RT that represents the 50% likelihood of emitting a re-
sponse andmaking a subsequent subtraction of the SSD from that value.

Several fMRI studies have tried to identify the neural basis of re-
sponse inhibition. The results of these studies suggest that medial fron-
tal regions (primarily, the pre-supplementary motor area; pre-SMA),
the ventrolateral prefrontal cortex (inferior frontal gyrus) and the
basal ganglia are particularly involved in inhibitory control (Chikazoe,
2010; Horn et al., 2003; Li et al., 2006; Li et al., 2008; Liddle et al.,
2001). Of note, the chain of processes involved in the successful inhibi-
tion of a dominant response tendency is considered to last just a few
hundred milliseconds (Huster et al., 2013). Therefore, the use of tech-
niques with a high temporal resolution -such as event-related poten-
tials or ERPs- may be suitable to complement fMRI data by providing
insights on the temporal course of the processes associated with re-
sponse inhibition. In this sense, prior ERPs studies with go/no-go and
stop-signal tasks have already shown that two frontocentral compo-
nents -the N2 (200–400ms) and the P3 (300–600ms)- are of particular
interest when investigating response inhibition (Albert et al., 2013;
Huster et al., 2013; Ramautar et al., 2004). Although the precise func-
tional meaning of these components is still debatable, recent evidence
suggests that the onset of the P3 may be a reliable index of response
cancellation processes (Dimoska et al., 2006; Kok et al., 2004; Wessel
and Aron, 2015). Moreover, P3 onset latency (defined as the temporal
point at which differences between stop and go trials reached signifi-
cance) has been found to match the time of the end of the stop process
(as measured by the end of the SSRT) in the stop-signal paradigm
(Wessel and Aron, 2015). In contrast, P3 peak latency is thought to re-
flect evaluative and reinforcement processes, which occur once the re-
sponse has been successfully interrupted (Huster et al., 2013). With
respect to theN2, it is however unclearwhether this component reflects
response interruption or other processing stages prior to response can-
cellation, such as perceptual mismatch, novelty processing or conflict
detection (Folstein and Van Petten, 2008).

An important theoretical question concerns the processes underly-
ing the experimental conditions typically used in studies with stop sig-
nal tasks. Notably, conclusions on the neural basis of stopping have been
mainly drawn by comparing brain activity associated with successful
stop trials and successful go trials, under the assumption that these con-
ditions essentially differ in the activation of brain networks underlying
response interruption. However, several studies have criticized this con-
trast for not being specific enough (Albert et al., 2013; Boehler et al.,
2010; Dimoska et al., 2006; Etchell et al., 2012; Li et al., 2006; Sharp
et al., 2010). In this sense, it should be noted that stop and go conditions
not only differ in the involvement of response cancellationmechanisms
per se but also in other processes (e.g., perceptual and cognitive). To try
to solve this problem, in some studies successful stop trials were com-
pared to unsuccessful stop trials. However, this solution has shown to
be too restricted, since response interruption is involved to some extent
in both conditions (Boehler et al., 2010). Moreover, comparedwith suc-
cessful stopping, inhibition failures are associated with emotional pro-
cesses (e.g., frustration) and error monitoring (Li et al., 2006). Finally,
according to the assumptions made by the horse-race model, failed
stop trialswould result froma delay in the initiation of the stoppingpro-
cess compared to successful stop trials. This would make successful and
failed stop trials difficult to compare.

In an attempt to isolate the brain activity specifically associatedwith
the cancellation of an already initiated response, a new condition called
ignore (or continue) has recently been introduced in the stop-signal par-
adigm. Although this new control condition still differs from the stop
condition in decision-making processes (the ignore condition could be
less relevant to the current task program than the stop one) and
learning-related processes (the ignore condition leads to fewer errors
than the stop one), it minimizes the aforementioned limitations by con-
trolling both the novelty effect and sensory properties (Albert et al.,
2013; Sharp et al., 2010, Etchell et al., 2012). Specifically, the sequence
of events in the ignore condition resembles that of the stop condition
since both trials start with a go stimulus which is followed by a signal
stimulus after a delay. However, as opposed to the stop condition, par-
ticipants in the ignore condition should continue responding after the
signal stimulus as if it was a go trial. Moreover, the probabilities of oc-
currence of ignore and stop trials are kept equal, ruling out the possibil-
ity that activation differences between these two conditions reflect
novelty/oddball processing. To date, only few fMRI (Boehler et al.,
2010; Sharp et al., 2010), and ERP (Etchell et al., 2012) studies have
followed this new approach.

In the behavioral domain, the results of studies that included ignore
trials have led to the definition of the concept of selective inhibition
(Bissett and Logan, 2014). It refers to the implementation of an inhibi-
tion that occurs only under specific circumstances related to certain
stimulus features or to the response demanded by task instructions.
Specifically, the inclusion of ignore trials in the so-called stimulus-
selective stopping task would trigger slightly different processes
(e.g., perceptual discrimination between stop and ignore signal) than
those involved in the simple stop signal paradigm. Remarkably, it is as-
sumed that in the stimulus-selective stopping paradigm participants se-
lectively interrupt their responses to stop but not to ignore signals once
the signal has been discriminated. However, as we will discuss later, re-
cent evidence suggests that some participants perform the stimulus-
selective stopping task by inhibiting selectively whereas others do not
(because they stop their response whenever a signal occurs -ignore or
stop-, and then restart the cancelled response if the signal presented
was an ignore one Bissett and Logan, 2014). Interestingly, it is possible
to identify the strategy adopted by each participant to perform a
stimulus-selective stopping task (whether subjects inhibit selectively
or not) by comparing RTs during no signal (go), ignore and stop trials
(see decision matrix in Bissett & Logan, 2014, p. 457). Moreover, the in-
dependence between going and stopping assumed by the horse-race
model can be tested separately for each strategy, which provides impor-
tant information to establish the validity of the SSRT calculation.

Specifically, there is evidence of three distinct strategies that can be
used to accomplish a stimulus-selective stop task (Bissett and Logan,
2014): Stop then Discriminate (StD), independent Discriminate then Stop
(iDtS) and dependent Discriminate then Stop (dDtS). In the StD strategy,
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subjects inhibit an already initiated response whenever a signal occurs
(either stop or ignore), and subsequently discriminate the signal
(restarting the cancelled go response if the signal is an ignore). The
use of this strategy is typically reflected in shorter RTs for stop compared
to no-signal trials (the context independence assumption between
going and stopping is therefore kept), as well as in longer RTs for ignore
compare to no-signal trials (because subjects stop non-selectively to
both stop- and ignore-signals, and then they have to restart the re-
sponse on ignore-signal trials). Thus, participants who used the StD
strategy might not be doing what would be expected (inhibit their re-
sponses selectively). Given that discrimination of the signal occurs
after the interruption of the ongoing response, SSRTs computed for sub-
jects who use this strategy are thought to be similar to those reported in
simple stop-signal tasks. Thus, in the StD strategy, SSRTs can be calculat-
ed using no-signal RT distributions, as in classic stop signal tasks.

By contrast, in the iDtS and dDtS strategies, subjects discriminate the
signal first (either ignore or stop) and, subsequently, they cancel the al-
ready initiated go response if the signal was a stop. By adopting these
strategies, participants would be thus performing the task as expected,
since they stop their responses selectively. However, while signal dis-
crimination does not interfere with going process in the iDtS strategy,
it does so in the dDtS strategy. For this reason, the context independence
assumption of the horse-race model is preserved in the former but not
in the latter strategy. Thus, the iDtS strategy is associated with shorter
RTs for stop than for no-signal and with similar RTs for ignore than for
no-signal. This pattern of results suggest that go processing is not affect-
ed by the requirement to discriminate the signal, which may be attrib-
uted to the fact that stop and ignore signals are easy to discriminate.
Therefore, SSRTs can be calculated using no-signal RT distributions in
this strategy. The dDtS yields similar or even larger RT for stop compared
to no-signal RT, and larger RTs for ignore compared to no-signal RT.
These results suggest that discriminating between stop and ignore sig-
nals slows the going processwhenever a signal occurs (either stop or ig-
nore). Therefore, a certain degree of interaction is assumed in the dDtS
strategy, possibly because stop and ignore signals are difficult to dis-
criminate. As a consequence, the assumption of the independent race
model (Logan and Cowan, 1984) would be violated, which invalidates
the commonly used method for estimating SSRTs using no-signal RT
distributions.

Interestingly, Bissett and Logan (2014) showed that it is possible to
induce participants to adopt any of the three strategies by modifying
the relative probabilities of stop and ignore trials. Thus, the same indi-
vidual could use several strategies depending on the context of the
task. However, when the stop and the ignore trials are presented equal-
ly often to participants (as in previous neuroimaging studies aiming to
disentangle novelty from inhibition processes), there is not a priori as-
sumption about which of the three strategies will be adopted. Thus,
brain activity found in prior fMRI and ERP studies with selective stop-
ping tasks reflected the performance of participants that may have
been adopting different strategies to complete the task. It seems there-
fore crucial to detect and categorize the strategy used by each subject
before analyzing their brain activity. Otherwise, “some subjects may
not be doing what researchers think they are doing” (i.e., inhibit selec-
tively: Bissett & Logan, 2014, p. 457).

The main aim of this study was to examine the neural correlates of
response interruption for the different strategies that participants
used to accomplish a stimulus-selective stop-signal task. To fully take
advantage of the precise temporal resolution of the EEG, we conducted
mass univariate analyses on ERP data (Groppe et al., 2011). This ap-
proach allowed us to precisely determine both the onset and the end
of the processes related to response cancellation for each strategy.
Source localization techniqueswere also employed to estimate the neu-
ral underpinnings of the effects observed at the scalp level. Importantly,
an appropriate estimation of SSRTs was computed based on integration
method, taking into account the strategy adopted and its consequences
for horse-racemodel assumptions. First, we identified and classified the
strategy used by each participant following the criteria proposed by
Bissett and Logan (2014).We then examined the functional comparison
that better isolated the brain activity specifically associated with re-
sponse interruption in each strategy (successful stop vs. go, successful
stop vs. failed stop, or successful stop vs. ignore). Finally, we also consid-
ered whether or not the behavioral estimation of the precise timing of
response interruption process (i.e., SSRT) matches the time course of
the electrophysiological differences for each of these contrasts within
each strategy.

We hypothesized that the successful stop versus ignore comparison
would provide the best functional contrast to isolate activation related
to response interruption. However, drawing upon recent behavioral
data suggesting strategic heterogeneity in selective stopping, we also
predicted that such differences would emerge in DtS strategies (since
subjects who used the DtS strategies, inhibit their responses selectively
to stop but not to ignore signals) but not in the StD strategy (since
subjects who used this strategy inhibit nonselectively to both stop and
ignore signal). Electrophysiological differences observed in the success-
ful stop versus ignore contrast inDtS strategieswould have to temporal-
ly coincide with the end of the SSRT. Finally, we hypothesized that the
onset of the P3, as well as the medial and ventrolateral frontal regions
locations, would be the neural correlates involved in the cancellation
of an ongoing response.

Method

Participants

Fifty seven right-handed undergraduate university students, with an
age range of 18–39 (mean = 21.9; SD = 3), took part in this experi-
ment. The study was approved by the local ethics committee and
informed consent was obtained from each subject prior to the experi-
ment. All participants reported normal or corrected-to-normal visual
acuity and had no history of neurological or psychiatric disorders.
Eight subjects were excluded from the final analysis, two due to low
overall task accuracy (b2.5 SDs below the group mean), two due to un-
usual slow go RTs (N2.5 SDs above the group mean), and four due to
non-linear adjustment of their inhibition functions (i.e., the relationship
between the probability to respondduring stop trials and SSDs; see Sup-
plementaryMaterial 1). The probability to respond given the stop signal
(i.e., make a commission error) should incrementmonotonically from 0
to 1 as SSD values increases (Verbruggen and Logan, 2009): stopping
the ongoing response is easier if the stop signal is presented far in ad-
vance of the completion of the go response, and more difficult if the
stop signal is presented closer to the completion of the go response.
Therefore, non-linear adjustment of a subject's inhibition function indi-
cates that the participant did not perform the task following task in-
structions (i.e., responding as soon as possible when the go stimulus
was presented). The final sample thus consisted of 49 participants. All
of these subjects met the binomial stop-signal distribution criterion,
reporting a 0.5 probability of stopping the ongoing response. As de-
scribed in detail later, participants were divided according to the cogni-
tive strategy used to perform the experimental task. The results of these
analyses indicated that 30 subjects employed the StD strategy, whereas
19 subjects used the dDtS strategy. The two groups were matched for
age (t(47) = −0.066, p N 0.05) and gender (χ2 = 0.138, p N 0.05).

Behavioral task

Participants performed a stimulus-selective stop signal task with
three different stimuli: go, stop and ignore (Fig. 1). These stimuli
consisted in three geometrical shapes colored in white against a black
background (an arrow, a square and a diamond). Subjects were
instructed to press either the left key arrow or the right key arrow in a
keyboard with their respective index finger whenever an arrow
pointing to any of these two orientations was presented (go trial). In



Fig. 1. Schematic representation of the stimulus-selective stop signal task.
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addition, they were informed that in some trials they had to stop their
response when seeing a square surrounding the arrow (stop trial), but
to continue responding if a diamond was presented around the arrow
(ignore trial). Critically,we insisted them to respond as fast and accurate
as possible on go and ignore trials, and as accurate as possible on stop
trials, trying to interrupt their ongoing responses. Subjects were
instructed not towait for the square or diamond to appear, since this be-
havior would compromise the assumptions inwhich task parameter es-
timationswere based (Verbruggen et al., 2013). These instructionswere
presented to the participants on the computermonitor at the beginning
of the experiment. Also, task instructions were verbally reminded to
participants between blocks.

The whole task consisted of 1000 trials grouped into four blocks,
each containing 250 trials (150 go, 50 stop and 50 ignore). This number
of trials was determined based on a priori power analysis (see Supple-
mentary Material 2 for further details). Each trial began with a black
screen. The duration of this black screen varied randomly between
500 and 1000 ms. Thereafter, a go stimulus was presented. Arrows ran-
domly pointed to the left or to the right in a half of the trials. In 20% of
the trials (50 trials per block), the stop signal was presented after a var-
iable delay (SSD). This delaywas initially set at 200ms, andwas dynam-
ically adjusted from stop trial to stop trial according to the individual
performance of each participant. After a successful inhibition, the SSD
was increased (+50ms), which gave some advantage to the go process
and reduced the probability of a successful inhibition in the next stop
trial. If a response was emitted in the last stop trial, the SSD decreased
(−50 ms), so stop process started earlier and the probability of a re-
sponse interruption in the next stop trial increased. This staircase algo-
rithm was applied to achieve 0.5 probability of responding to a stop
signal (Levitt, 1971). In another 20% of the trials (50 trials per block),
the ignore stimulus was presented after the go stimulus. The delay
was also initially fixed to 200 ms, but importantly, the ignore signal
delay (ISD) was equated to the most recent SSD. Thus, the adaptive ad-
justment of SSDwas never applied after an ignore trial. In the remaining
trials (60%), only go stimuli were presented (150 trials per block).

Participants carried out the experimental task seated comfortably in
a darkened and sound attenuated chamber. Task stimuliwere presented
on a computer monitor that was positioned at eye level about 65 cm in
front of the participant. The stimuli were displayed on a 19-in. LCD-LED
Samsung 943 N color monitor with a 75-Hz refresh rate, a 5:4 aspect
ratio, and a resolution of 1024 × 768. Before the beginning of the exper-
imental blocks, subjects completed a practice block of 100 trials to en-
sure that they understood task instructions (60 go, 20 stop and 20
ignore trials; initial SSD = 200 ms). The task was designed and imple-
mented in MATLAB, using Psychtoolbox (www.psychtoolbox.org). The
Matlab script of stop-it (Verbruggen et al., 2008) served as starting
point for programming our stimulus-selective stop-signal task.

EEG recording

Electroencephalogram (EEG) activity was recorded from 62
electrode locations mounted in an electrode cap (Quick-Cap,
Neuroscan, Inc., USA), arranged according to the International 10–10
system. All electrodeswere referenced to the average ofmastoids. Bipo-
lar horizontal and vertical electrooculograms (EOGs) were also record-
ed to monitor eye movements and blinks. Electrode impedances were
kept below 10 kΩ. Recordings were amplified using Neuroscan
SynAmps amplifiers, continuously digitized at a sample rate of
1000Hz, and filtered onlinewith a frequency band-pass of 0.01–100Hz.

Data analysis

Behavioral analysis
Each subject's strategy was determined by comparing their mean

no-signal (go) RT, stop-respond RT (incorrectly executed responses on
stop-signal trials) and ignore RT (correctly executed response on
ignore-signal trials), following the procedure described by Bissett and
Logan (2014). Participants were classified as using the iDtS strategy
(stop-respond RT b no-signal RT ≮ ignore RT), StD strategy (stop-
respond RT b no-signal RT b ignore RT) or dDtS strategy (stop-respond
RT ≮ no-signal RT b ignore RT). Bayes Factor was used to compare the
evidence for and against the null hypotheses without bias (Rouder
et al., 2009). The Bayes factor is a ratio that contrasts the likelihood of
the data fitting under the null hypothesis with the likelihood of fitting
under the alternative hypothesis. A Bayes factor of 1 means that the
odds in favor of the null hypothesis are no better than the odds against
it. Bayes factor was computed by calculating themean and standard de-
viations of no-signal, stop-respond, and ignore RTs separately for each
subject. Subsequently, we calculated two independent samples t tests
comparing stop-respond RT with no-signal RT and ignore RT with no-
signal RT, respectively. Rouder's Bayes factor calculator on the Percep-
tion and Cognition Lab website (http://pcl.missouri.edu/bf-two-
sample) was used to convert t tests and sample sizes to Bayes factors.
The recommended Jeffrey-Zellner-Slow Prior with the default value of
1 was used, which is appropriate if there are no strong prior assump-
tions (Rouder et al., 2009).

SSRTs were computed via the integration method since it has
been shown to be less biased than the traditional mean method
when the normality criterion in the go RT distribution is violated
(Verbruggen et al., 2013). We computed SSRTs over both go and
ignore RT distributions, as recommended by Bissett and Logan
(2014) when dealing with these strategies. Notably, the indepen-
dence assumption made by the horse-race model is violated in the
dDtS strategy, so calculating SSRT using the go RT distribution as
the underlying go distribution on stop trials is an invalid method.
As Bissett and Logan (2014) have suggested, a possible solution to
this problem is to use the ignore RT distribution to calculate SSRT
in this strategy. However, it is worth mentioning that that this
procedure might be valid only under some assumptions that have
not been yet tested. Therefore, SSRTs computed using the ignore RT
distribution for the subjects who adopted the dDtS strategy should
be interpreted with caution until being validated.

ERP analysis
EEG data were processed offline using EEGLAB v.12.01 toolbox

(Delorme and Makeig, 2004) implemented in MATLAB (Mathworks,

http://www.psychtoolbox.org
http://pcl.missouri.edu/bf-two-sample
http://pcl.missouri.edu/bf-two-sample
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Inc.). Recordings were down-sampled to 500 Hz and filtered between
0.3 and 30Hzusing a basic FIRfilter (12 dB/oct. roll-off). The continuous
EEGwas divided in 1400ms epochs from 500ms before to 900ms after
the presentation of the stimuli (go, stop or ignore). Baseline correction
wasmade using the 500-ms period prior to the onset of stimulus. Failed
go and failed ignore epochs were discarded from further analysis (go
and ignore trials in which subjects did not press any key or pressed a
wrong key of the keyboard). Thus, the following epochs were selected
for analyses: successful go (go trials in which participants pressed the
key corresponding to the arrow presented in the screen), successful ig-
nore (ignore trials in which participants pressed the key corresponding
to the arrow presented in the screen), successful stop (stop trials in
which subjects did not press any key) and failed stop (stop trials in
which subjects pressed a key). Stop and ignore epochswhere a response
was emitted before signal presentation were discarded. Independent
component analysis (ICA)was then used to remove ocular and other ar-
tifacts from individual EEG data sets (Jung et al., 2000). Artifact-related
independent components were carefully visually inspected. After the
ICA-based removing process, visual inspection of individual EEG epochs
was also conducted. If any artifact was still present, the corresponding
trial was discarded too.

According to the assumptions made by the horse-race model, suc-
cessful stop and failed stop conditionswould not be directly comparable
because of differences in the timing of the process initiation, given that
failed stop RTs correspond to those stop trials in which the go process
was faster than the stop process. Similarly, a response is successfully
interrupted in successful stop trials because the go process is slower
than the stop process, so the direct comparison between successful
stop and go conditions (using all go trials) could also differ because of
initiation timing differences between these two conditions. In order to
reduce such processing speed differences, we selected for each subject
those failed stop trials with longer RTs than his/her mean stop RT
(thus establishing the slow failed stop condition) and those successful
go trials with longer RTs than his/her mean stop RT (forming the slow
go condition). These new two conditions were compared with the suc-
cessful stop condition in each strategy.

The artifact rejection, exclusion of incorrect or miss trials, and selec-
tion of temporally matched go and stop failed trials led to the average
admission of 245.7 (SD= 24.97) successful go trials, 176.2 (18.30) suc-
cessful ignore trials, 94.4 (13.97) successful stop trials, and 38.9 (7.16)
slow failed stop trials. Average ERPs were then computed for each
subject (n = 49) in the four experimental conditions: successful stop,
ignore, slow failed stop and slow go. Finally, ERPs were grand-
averaged for these conditions for each group, depending on the strategy
followed by participants (30 subjects used the StD strategy, whereas 19
employed the dDtS strategy).

Scalp-level analysis.One of themain advantages of the ERPs technique is
its utility to identify the precise moment in which different neural re-
sponses to a given stimulus emerge. Mass univariate analysis (Groppe
et al., 2011) arises as one of the most accurate analysis when specifying
the onset and offset of significant effects whenever they occur, thereby
capitalizing the high temporal resolution of ERPs. This exhaustiveness
let the method to operate without any ad hoc assumption, being
completely blinded to experimenter expectations. Specifically, mass
univariate analysis reports the differences between ERPs associated
to each experimental condition in every single electrode and temporal
point as a t-score. Each t-score represents the result of performing a t-
test in each time point and electrode. The greater t score, the more
accurate the difference between conditions is. In order to detect ERP dif-
ferences between conditions, electrophysiological activity was submit-
ted to a within-subject permutation test based in tmax statistic (Blair
and Karniski, 1993, p b 0.05 bilaterally corrected for multiple compari-
sons). Based on previous ERPs evidence using the stop-signal task
(Etchell et al., 2012; Kok et al., 2004), a 301 points windowwas selected
between 100 and 700ms after stimulus presentation. Notably, themain
ERP responses associatedwith go, ignore and stop stimuli have been ob-
served in this time interval (Etchell et al., 2012). Thus, all temporal
points comprised between 100 and 700 ms in all 62 electrodes
(62 × 301 points= 18.662 comparisons)were included in the analyses.
These point-by-point and scalp-wide analyseswere performed compar-
ing successful inhibition with the other conditions (i.e., slow go, ignore
and slow failed stop) in each strategy.

Source-level analysis. To three-dimensionally locate the cortical regions
underlying the experimental effects observed at the scalp level, exact
low-resolution brain electromagnetic tomography (eLORETA: http://
www.uzh.ch/keyinst/loreta.htm) was used. eLORETA is a 3D, discrete
linear solution for the EEG inverse problem (i.e., computing 3D, func-
tional images of electric neural activity from the scalp EEG data:
Pascual-Marqui, 2007; Pascual-Marqui et al., 2011). Solutions provided
by EEG-based source-location algorithms should be interpreted with
caution due to their potential error margins. However, it should be
noted that LORETA solutions have shown good correspondence with
those provided by hemodynamic techniques, such as fMRI, in the
same tasks (Dierks et al., 2000; Mulert et al., 2004; Pascual-Marqui,
2002; Pizzagalli et al., 2003). In its current version, eLORETA can com-
pute the current density for each subject and condition at each of the
6239 voxels (voxel size: 5 × 5 × 5 mm) localized in the cortical grey
matter of the digitized Montreal Neurological Institute (MNI) standard
brain. Within each strategy, the voxel-based whole-cortex eLORETA-
images were compared between successful inhibition and each of the
other conditions (slow go, ignore and slow failed stop) for the time
points where mass univariate analysis showed significant differences
on each comparison. These voxel-based within-group analyses
were performed using the non-parametric mapping (SnPM) tool, as
implemented eLORETA. As explained by Nichols and Holmes (2002),
the nonparametric methodology inherently avoids problems derived
from multiple comparison and does not require any assumption of
Gaussianity. Voxels that showed significant differences between condi-
tions (one-tailed p b 0.05) were located in anatomical regions and
Brodmann areas (BAs).

Results

Behavioral results

As explained before, the strategy followed by each participant was
estimated by comparing their mean no-signal (go) RT, stop-respond
RT and ignore RT. The result of these analyses indicated that none of
the subjects adopted an iDtS strategy to perform the task. Evidence for
the use of the StD strategywas found in 30 out of the 49 subjects. There-
fore, the remaining 19 subjects used a dDtS strategy. Repeatedmeasures
t-tests performed at group level corroborated this individual distinction.
In the StD group, mean stop-respond RT were faster than mean no-
signal RT (t(29)= 7.785, p b 0.05, Cohen's d=1.843), andmean ignore
RT were slower than mean no-signal RT (t(29) = −13.729, p b 0.05,
Cohen's d = 2.79). The group that adopted a dDtS strategy showed
mean stop-respond RT that were no significantly slower than mean
no-signal RT (t(18) = −1.805, p N 0.05), and mean ignore RTs that
were slower than mean no-signal RTs (t(18) = −20.09, p b 0.05,
Cohen's d = 4.723). Their cumulative distributions are represented in
Fig. 2. It should be noted that, our analyses revealed that three subjects
used an iDtS strategy, but all of them were discarded by the aforemen-
tioned behavioral exclusion criteria, which suggested an inadequate ful-
fillment of task instructions. Means and standard deviations RTs across
strategies are shown in Table 1.

SSRTs over both go and ignore distributionswere computed for each
strategy using the integration method (means and SD are shown in
Table 1), knowing that this computation was only strictly valid for the
StD strategy (Bissett and Logan, 2014). As expected, SSRTs computed
using go RTs and ignore RTs in the StD group were faster than

http://www.uzh.ch/keyinst/loreta.htm
http://www.uzh.ch/keyinst/loreta.htm


Fig. 2. Cumulative distribution functions of RT for signal-respond trials, no-signal trials,
and ignore trials for all subjects (a), subjects who adopted the Stop then Discriminate
strategy (b), and subjects who adopted the dependent Discriminate then Stop strategy (c).

Table 1
Sample characteristics and task performance of study participants (means and standard
deviations).

N dDtS strategy StD strategy

19 (13 females) 30 (22 females)

Age (years) 22.1 (2.33) 22.17 (3.59)
No-signal (go) RT (ms) 462.25 (29.96) 538.91 (50.79)
Signal (stop) RT (ms) 471.35(23.27) 481.93 (22.68)
Ignore RT (ms) 581.98(36.06) 613.13 (37.17)
SSRTgo (ms) 299.79 (60.37) 268.91 (46.35)
SSRTignore (ms) 394.22 (54.24) 348.28 (52.27)
Mean SSD (ms) 166.11 (31.22) 306.35 (77.52)

Abbreviations: dDtS, dependent Discriminate then Stop strategy; StD, Stop then Discrim-
inate strategy; RT, reaction times; SSRT, stop signal reaction times; SSRTgo, SSRT comput-
edon thegodistribution using the integrationmethod; SSRTignore, SSRT computed on the
ignore distribution using the integration method. Mean SSD, mean stop signal delay.
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corresponding SSRTs in the dDtS group (t(47) = −2.019, p b 0.05,
Cohen's d = 0.57, and t(47) = −2.955, p b 0.05, Cohen's d = −0.86,
respectively).

ERP results

StD strategy

Successful stop vs. slow go. Fig. 3a shows the electrodes and the temporal
points where significant differences were observed in the ERPs activity
elicited by successful stop and successful go conditions. A critical t
score of ±3.914 via a permutation test procedure that guarantees a 5%
chance of making one or more false discoveries was derived in the
entire set of 18,662 t tests. Thus, any temporal point in each of the
electrode locations showing values higher than this critical t score was
considered significant. The mass univariate analysis reported greater
amplitudes for the successful stop condition compared to the slow go
condition in all scalp electrodes between 208 and 584 ms. This time
window roughly corresponds to the timing of the P3 component
found in other studies (Albert et al., 2013; Huster et al., 2013;
Ramautar et al., 2004). More precisely, differences started at frontal
electrodes around 208 ms. They early expanded to central regions and
thereafter to posterior electrodes, eventually spreading through all
scalp locations around 300ms. Fig. 3b shows a representative electrode
in which differences between stop and slow go conditions are clearly
noticeable.

Source localization analysis showed greater activation in the suc-
cessful stop condition compared to the go condition in a large number
of brain regions, including parietal, frontal, anterior cingulate, insula
and temporal areas (BAs 2, 13, 4, 32, 40, 8, 6, 24, 9, 46, 7 and 42) (log-
F ratio = 1.883, p b 0.05; 121 significant voxels). These effects were ob-
served in the time window (208–584 ms) where statistical differences
were found at the scalp level as a result of the mass univariate analysis.

Successful stop vs. slow failed stop. Fig. 4a shows the electrodes, aswell as
the temporal points where significant differences were observed in the
pattern of ERPs activity elicited by successful stop and slow failed stop
trials. The results of themass univariate analysis showed enhanced am-
plitudes for the successful stop compared to the slow failed stop condi-
tion between 192 and 252 ms (critical t score = ±4.221), which
roughly corresponds to the beginning of the P3 component. Concretely,
differences started at fronto-central around 192 ms. Significant
differences vanished slightly before the P3 component peaked. Fig. 4b
displays a representative electrode in which differences between suc-
cessful stop and failed stop conditions are evident.

Source localization analysis failed to reveal significant differences
between these conditions (log-F ratio = 1.129, p N 0.05) in the time
window in which effects were observed at the scalp level (i.e., 192–
252 ms).

Successful stop vs. ignore. Fig. 5a shows the electrodes and the temporal
points where significant differences were observed between ERPs
associated with the successful stop and ignore conditions. The mass
univariate analysis reported greater amplitudes for the successful
stop compared to the ignore condition, particularly in central and
posterior scalp electrodes between 330 and 496 ms (critical t
score = ±4.1622). These differences were observed just after the
peak of the P3 component. In particular, differences started at parieto-
occipital electrodes around 330ms, reaching themost significant values
around 380 ms when all electrodes (with the exception of the most
frontal ones) reported t scores greater than the critical t score. Fig. 5b



Fig. 3. Results of the mass univariate analysis. The diagram shows significant scalp ERP differences between successful stop and slow go conditions in the Stop then Discriminate (StD)
strategy according to a tmax permutation test. Red and blue boxes indicate electrodes/time points in which the electrophysiological activity for the successful stop condition was
greater or smaller than for the go condition, respectively. Grey boxes indicate electrodes/time points in which no significant differences between conditions were found. b) Grand ERP
averages at Cz electrode where differences between conditions are clearly visible. Black color bar reflects the temporal points that showed significant differences according to mass
univariate analysis. c) Source localization analysis showing increased activation during successful stop relative to go condition. Color bar represent voxels t values (log-F ratio = 1.88,
p b 0.05).
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shows a representative electrode inwhichdifferences between stop and
ignore condition are clearly visible.

Source localization analyses revealed greater activation in the suc-
cessful stop compared to the ignore condition (Fig. 5c). This activation
was restricted to posterior brain areas, including occipital and posterior
parietal cortices (log-F ratio=1.157, p b 0.05; 107 significant voxels, lo-
cated in BAs 18, 17, 31, 19, 39, 40). These differences were observed in
the time window (330–496 ms ms) where statistical differences were
found at the scalp level.

dDtS strategy

Successful stop vs. slow go. Fig. 6a shows electrodes and temporal points
where significant differences were observed between the electrophysi-
ological activity elicited by the successful stop and the go conditions.
The ERPmass univariate analysis revealed larger P3 amplitudes for suc-
cessful stop compared to go trials between 382 and 582 ms (critical t
score:±4.4608) in almost all electrodes. Specifically, differences started
at central electrodes and subsequently spread to thewhole scalp. Fig. 6b
shows a representative electrode inwhichdifferences between stop and
go condition are clearly noticeable.

As illustrated in Fig. 6c, source localization analyses showed greater
activation in the successful stop compared to the go condition (log-F
ratio = 2.089, p b 0.05; 504 significant voxels). This activation was ob-
served in parietal and frontal areas (BAs 5, 7, 1, 2, 40, 3, 31, 4 and 6).
These differences were observed in the same time window (382–
582 ms) where statistical differences were found at the scalp level.

Successful stop vs. slow failed stop. Fig. 7a shows the electrodes and
temporal points where significant differences were observed be-
tween ERPs associated with the successful stop and the failed stop
conditions. As can be observed, the results of the mass univariate
analysis showed enhanced P3 amplitudes for the successful stop
compared to the failed stop condition between 342 and 390ms (critical
t score = ±4.7594).These temporal points were first localized in
centro-parietal scalp electrodes at approximately 342ms after stimulus
presentation. Fig. 7b displays a representative electrode in which
differences between successful stop and failed stop conditions are
evident.

Source localization analysis failed to reveal significant differences
between these conditions (log-F ratio = 2.270, p N 0.05) in the
time window in which effects were observed at the scalp level
(342–390 ms).

Successful stop vs. ignore. Fig. 8a shows electrodes and temporal points
where significant differences were observed between the ERPs pattern



Fig. 4. a) Results of themass univariate analysis. The diagram shows significant scalp ERP differences between successful stop and slow failed stop conditions in the Stop then Discriminate
(StD) strategy according to a tmax permutation test. Red and blue boxes indicate electrodes/time points in which the electrophysiological activity for the successful stop condition was
greater or smaller than for the failed stop condition, respectively. Grey boxes indicate electrodes/time points in which no significant differences between conditions were found.
b) Grand ERP averages at F3 electrode where differences between conditions are clearly visible. Black color bar reflects the temporal points that showed significant differences
according to mass univariate analysis.
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elicited by successful stop and ignore trials. The results of themass uni-
variate analysis reported enhanced amplitudes for successful stop com-
pared to successful ignore trials between 416 and 484 ms (critical t
score = ±4.9311). The onset of statistical differences between these
two conditions was observed prior to the peak of P3. These differences
vanished at its peak. Specifically, differences were more evident in pari-
etal (PO3, PO4, PO6) and frontal electrodes (FPZ, FP1, FC3, FC5). Fig. 8b
displays a representative electrode in which differences between the
stop and the go condition are clearly visible.

Fig. 8c illustrates the greater activation found for the successful stop
compared to the ignore condition (log-F ratio=1.140, p b 0.05; 120 sig-
nificant voxels). This activation was primarily located over the middle
frontal gyrus (BAs 46/9/8) and the inferior frontal gyrus (BAs 45/44).
Apart from these areas, the insula (BA 13) and superior parietal regions
(BA 7) were also activated in this comparison. These differences were
observed in the time window (416–484 ms) where statistical differ-
ences showed significance at the scalp level.

Relationship between behavioral and electrophysiological results
To provide further support for the interpretation of neural activation

results, we examined whether the estimated latency of the end of the
stop process (i.e., SSRT) matched the timing of the electrophysiological
differences elicited by each functional comparison within in each
strategy. Specifically, we carried out one sample t tests to compare the
estimated SSRTs and the earliest time point at which statistically signif-
icant differences between the successful stop condition and the other
conditions was observed. Importantly, SSRTs computed over go distri-
butions were used for the StD strategy, since independence assumptions
between stop and go process were preserved. Alternatively, SSRTs com-
puted over ignore RT distributions were employed in the dDtS strategy,
since the interaction between the discrimination stage and the go process
produced a dependence effect that violated the assumptions of the inde-
pendent race model, discouraging the use of go RT distributions (Bissett
and Logan, 2014; Logan and Cowan, 1984). In the StD strategy, we
found significant differences between the SSRT (268.91 ± 46.35 ms)
and the time at which electrophysiological differences emerged in the
successful stop versus slow go (208 ms; t(29) = 7.198, p b 0.05, Cohen's
d = 1.31), successful stop versus slow failed stop (192 ms; t(29) =
10.034 p b 0.05, Cohen's d=1.66) and successful stop versus ignore com-
parisons (330 ms; t(29) =−7.219 p b 0.05, Cohen's d= 1.31). By con-
trast, in the dDtS strategy, there were no significant differences when
comparing the SSRT (394.22± 54.24ms)with the time atwhich electro-
physiological differences emerged in the successful stop versus slow go
(382 ms; t (18) =0.982, p N 0.05) and successful stop versus ignore con-
trasts (416 ms, t(18) = −0.1750, p N 0.05). However, significant differ-
ences were observed in this strategy between the point at which



Fig. 5. a) Results of the mass univariate analysis. The diagram shows significant scalp ERP differences between successful stop and ignore conditions in the Stop then Discriminate (StD)
strategy according to a tmax permutation test. Red and blue boxes indicate electrodes/time points in which the electrophysiological activity for the successful stop condition was
greater or smaller than for the ignore condition, respectively. Grey boxes indicate electrodes/time points in which no significant differences between conditions were found. b) Grand
ERP averages at POz electrode where differences between conditions are clearly visible. Black color bar reflects the temporal points that showed significant differences according to
mass univariate analysis. c) Source localization analysis showing increased activation during successful stop relative to go condition. Color bar represent voxels t values (log-F ratio =
1.15, p b 0.05).
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successful stop and slow failed stop conditions started to differ and SSRT
(342 ms; t(18) = 4.197, p b 0.01, Cohen's d= 0.96).

Discussion

In the current study we investigated for the first time the neural
basis of selective stopping by categorizing the strategy that participants
adopted to perform the task.We exploited the high temporal resolution
of the ERPs by using an analytical approach that allowed us to accurately
determine the timing (both the onset and the end) of the response in-
terruption processing stage for each strategy and functional compari-
son. Also, by using source localization methods we identified the brain
regions underlying the electrophysiological differences observed at
the scalp level.

With the purpose of isolating the neural correlates of response inhi-
bition, previous brain activation studies identified several limitations of
the classical stop-signal paradigm (Boehler et al., 2010; Dimoska et al.,
2006; Li et al., 2006; Sharp et al., 2010). In order to overcome these con-
straints, the inclusion of an additional control condition (called ignore
or continue) has been recommended (Etchell et al., 2012; Sharp et al.,
2010). The usefulness of the successful stop versus ignore comparison
relies on the theoretical assumption that the immediate initiation of
motor responses is equally triggered by both ignore and go trials.
However, recent empirical evidence has questioned this claim. In this
sense, it has been reported that some subjects prefer to stop their re-
sponse to both stop and ignore signals (StD strategy) instead of stopping
selectively to stop signals (DtS strategies). Although this choice is not di-
rectly evident, it can be estimated by analyzing several behavioral pa-
rameters (Bissett and Logan, 2014).

Identification and classification of the strategy used by participants

We first identified the strategy adopted by each subject to success-
fully perform the stimulus selective task before comparing brain activa-
tion between conditions. For this purpose, we analyzed the RTs
associatedwith no-signal, stop and ignore trials for each subject, follow-
ing the procedure developed by Bissett and Logan (2014). The results of
these analyses showed that 30 out of 49 participants adopted the StD
strategy (61%), with the remaining 19 participants (39%) adopting the
dDtS strategy. This ratio slightly contrasts with that reported by Bissett
and Logan (2014). These authors reviewed eight experiments that
used selective stopping tasks, and found that 30% of 157 participants
chose the StD strategy whereas 59% of them adopted the dDtS strategy.

It might be speculated that the perceptual similarity of signals (stop
and ignore) could bias a specific strategy adoption. Inmost studies using
ignore trials, stop signals could be discriminated on the basis of color



Fig. 6. a) Results of the mass univariate analysis. The diagram shows significant scalp ERP differences between successful stop and slow go conditions in the dependent Discriminate then
Stop (dDtS) strategy according to a tmax permutation test. Red and blue boxes indicate electrodes/time points in which the electrophysiological activity for the successful stop condition
was greater or smaller than for the go condition, respectively. Grey boxes indicate electrodes/time points inwhich no significant differences between conditionswere found. b) Grand ERP
averages at C2 electrode where differences between conditions are clearly visible. Black color bar reflects the temporal points that showed significant differences according to mass
univariate analysis. c) Source localization analysis showing increased activation during successful stop relative to go condition. Color bar represent voxels t values (log-F ratio = 2.09,
p b 0.05).
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properties (usually green and red, respectively; see e.g., Sharp et al.,
2010). Thus, participants may have experienced less difficulty to per-
form judgments that rely on a property which they could easily differ-
entiate. As a consequence most of them would prefer to discriminate
stop and ignore stimuli first and, subsequently, to inhibit or emit their
response in order to efficiently follow task instructions (i.e., they use a
dDtS strategy). By contrast, we attempted here to reduce differences be-
tween stop and ignore stimuli by using perceptually similar geometric
shapes that only differed in its orientation (square and diamond).
Therefore, some of our participants might have adopted a more conser-
vative strategy when dealing with stop and ignore trials since stimuli
signaling stop and ignore responses were difficult to discriminate
(i.e., a StD strategy). Under this circumstance, to stop whenever a new
stimulus occurs at the expense of having to reinitiate responses to ig-
nore trials might be an efficient strategy to achieve task requirements
more accurately.

In line with previous literature (Bissett and Logan, 2014), no evi-
dence of the use of the iDtS strategy was observed, even though this
would be the expected strategy from a theoretical point of view. Of
note, three subjects adopted this strategy. However, they reported
unexpected slow no-signal RTs and no-linearity in their inhibition func-
tions, so their data could not be included in the analyses (see Supple-
mentary Material 1).

Since the sequence of trial presentation was randomized for each
subject, it could be possible that go trials always proceeded ignore and
stop trials and some subjects became aware of this (e.g., those who
used the dDtS strategy). Therefore, these participants could have adjust-
ed their RTs by not following any of the aforementioned strategies.
However, this possibility seems unlikely after examining the percentage
of go trials that proceeded ignore and stop trials, which was approxi-
mately 60% for each of the two trials in both strategies (Supplementary
Material 3). Another concern to be discussed is whether identification
and decision processes in go trials (i.e., pressing the left key arrow or
the right key arrow with the corresponding index finger whenever an
arrow pointed to any of these two orientations) could have an effect
on the sequence of processing stages involved in the task and/or the
strategy adopted by participants. Given the lack of previous studies ex-
amining the neural underpinnings associated with each strategy in se-
lective stopping, we used both left and right buttons to avoid any
potential laterality bias. This allowed us to fully explore the neural
basis of selective inhibition. Also, we aimed to keep our design close to
the studies by Bissett and Logan (2014) and Logan and Cowan (1984).
However, it is worth discussingwhether difficulties in the identification
of go trials delayed the initiation of the going processes. If this was the
case, we could not rule out the possibility that stop processes started
the race even before go processes were triggered. Nonetheless, this pos-
sibility seemsunlikely in the current study since choosingbetween right
and left responses is a simple decision that does not take much time
from participants. It will be important for future studies to determine
how the identification of go trials influences the timing of those



Fig. 7. Results of the mass univariate analysis. The diagram shows significant scalp ERP differences between successful stop and slow failed stop conditions in the dependent Discriminate
then Stop (dDtS) strategy according to a tmax permutation test. Red and blue boxes indicate electrodes/time points in which the electrophysiological activity for the successful stop
condition was greater or smaller than for the failed stop condition, respectively. Grey boxes indicate electrodes/time points in which no significant differences between conditions
were found. b) Grand ERP averages at C2 electrode where differences between conditions are clearly visible. Black color bar reflects the temporal points that showed significant
differences according to mass univariate analysis.
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processing stages involved in selective (and also nonselective) stop sig-
nal paradigms.
SSRT for each strategy

Prior research has shown that the latency of the response interrup-
tion process (SSRT) could be correctly estimated only for the StD strate-
gy, since signal discrimination is made once the response has been
interrupted (Bissett and Logan, 2014). Thus, in this strategy, we calcu-
lated the SSRT over the go RT distribution, and fount that it was
268.91 ms. In the dDtS strategy, the violation of the independence as-
sumption between discrimination and go processes did not allow us
to estimate the SSRT based on the go RT distribution on stop trials.
Currently, the best solution to overcome this problem is to use the
ignore RT distribution. However, calculating SSRT with this procedure
relies on some assumptions that have not yet been tested, so it
should be interpreted with caution (Bissett and Logan, 2014). In
our study, the mean SSRT for the dDtS strategy using ignore RTs
was 394.22 ms. Therefore, these results indicate that SSRT was longer
in the dDtS than in the StD strategy, which suggests that response inter-
ruption occurs later in the former than in the latter strategy (because in
the dDtS strategy, signal identification occurs before the ongoing
response is stopped).
Neural correlates of each strategy used to perform the task

EEG/ERP and fMRI studies using stop-signal paradigms have used at
least three functional comparisons to try to isolate the neural activity as-
sociated with response inhibition: successful stop versus go, successful
stop versus failed stop contrasts and the recently used successful stop
versus ignore comparison. We will now discuss the differences in the
neural activation patterns associated with each strategy for each of
these comparisons.
Successful stop vs. slow go comparison
Results from scalp ERP recordings revealed significant differences in

several temporal points and electrodes during the whole P3 temporal
window. As expected, larger amplitudes in the successful stop com-
pared to the slow go condition were observed for both strategies. How-
ever, some differences were also found depending on the strategy
adopted by the participants. In this regard, while differences in the StD
group lasted for 376 ms (starting at 208 ms after signal presentation),
in the dDtS group differences were restricted to a narrower time win-
dow (200ms) and showed a delayed onset (382ms after signal presen-
tation). Source localization analyses revealed a large amount of
significant voxels in the comparison between the successful stop and
the go conditions in both strategies. In the StD strategy, several cortical



Fig. 8. a) Results of themass univariate analysis. The diagram shows significant scalp ERP differences between successful stop and ignore conditions in the dependent Discriminate then Stop
(dDtS) strategy according to a tmax permutation test. Red and blue boxes indicate electrodes/time points in which the electrophysiological activity for the successful stop condition was
greater or smaller than for the ignore condition, respectively. Grey boxes indicate electrodes/time points inwhich no significant differences between conditionswere found. b) Grand ERP
averages at FC3 electrode where differences between conditions are clearly visible. Black color bar reflects the temporal points that showed significant differences according to mass
univariate analysis. c) Source localization analysis showing increased activation during successful stop relative to go condition. Color bar represent voxels t values (log-F ratio = 1.14,
p b 0.05).
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areas including insular, parietal, prefrontal, temporal and cingulate re-
gions showed greater activation for the successful stop than for the go
condition. In the dDts strategy, we found more activation for the suc-
cessful stop than for the go condition, mainly in parietal and frontal re-
gions. Despite the large number of significant voxels reported for this
comparison in both strategies, the number of brain areas showing acti-
vation in the dDtS strategy was more restricted. Nonetheless, the large
number of significant temporal points, electrodes and brain regions
showing significant differences between these two conditions argues
in favor of the lack of specificity proposed for this functional compari-
son. Even though selecting the slowest go trials for each subject reduces
differences in the timing of the response interruption process between
successful stop and go conditions, these conditions still differ in novelty,
sensory properties and in the degree to which they were learnt (unlike
in the go condition, performance in the stop condition cannot be fully
automatized since high accuracy can never be achieved). Thus, activa-
tion differences may reflect additional processes that occur before
and/or after the interruption of the ongoing response.

Successful stop vs. slow failed stop comparison
There were very few temporal points and electrodes showing

significant differences between these two conditions in both the StD
and dDtS strategies. These differences were observed at the onset of
the P3 (192–252 ms and 342–390 ms, respectively) and consisted of
larger amplitudes for successful stop than for slow failed stop trials. Im-
portantly, no activation differences at the voxel level were found be-
tween these conditions, either in the StD or in the dDtS strategy. These
results suggest that this functional contrast is very conservative in de-
tecting brain activity associated with response interruption. Indeed, in
the StD strategy differences between successful stop and slow failed
stop trials could be simply the consequence of differences in the begin-
ning of the response interruption process. Although differences in the
processing speed between these conditions were considerably reduced
by selecting the slowest failed stop trials for each subject, the onset of
ERP responses in failed stop trials is slightly delayed compared to suc-
cessful stop trials. Furthermore, differences donot seem to be associated
with response cancellation but with other processes since the effects at
the scalp level started before the estimated SSRT in both the StD and
dDtS strategies. Thus, such differences could be linked to some of the
processing stages occurring before response interruption, such as re-
sponse selection and/or memory retrieval (Logan et al., 2014).

To summarize, our data suggest that it is difficult to outline firm con-
clusions on the neural correlates of response cancellation based on ei-
ther the comparisons between successful stop vs. slow go trails, and
successful stop vs. slow failed stop trials. On the one hand, the highly
spread activation observed over multiple temporal points and brain



291A.J. Sánchez-Carmona et al. / NeuroImage 139 (2016) 279–293
regions in the successful stop versus slowgo contrast, suggests that such
differences do not only reflect differences in the processing stage asso-
ciated with response interruption. On the other hand, differences in
the successful stop versus slow failed stop contrast seem very limited.
Also their timing is too early to reflect response interruption. Finally,
differences between-conditions in sensorial load, relative probability,
conflict monitoring or response emission are critical factors that could
also account for the observed differences (Boehler et al., 2010; Li et al.,
2006). Thus, a direct comparison with an ignore condition, seems ap-
propriate to control for confounding factors and to better isolate the
neural basis underlying the active cancellation of ongoing responses.

Successful stop vs. ignore comparison
The comparison between successful stop and ignore trials reached

significance in few temporal points, electrodes and voxels, which sug-
gests that ignore trials were a more accurate control condition than go
trials. In this sense, ignore and stop trials had similar novelty and senso-
ry properties, as well as similar latency ERP effects. In particular, we
found greater amplitudes in the P3 time window for successful stop
than for ignore trials in both strategies, although differences emerged
earlier in the StD (330 ms) compared to the dDtS (416 ms) strategy.
However, the onset of the electrophysiological differences between suc-
cessful stop and ignore conditions emerged significantly after themean
SSRT (reliably computed over go RT distribution) in the StD strategy, so
it is unlikely that they reflect the processing stage of response interrup-
tion. By contrast, several processes, including perceptual discrimination
and decision-making, could account for such differences. In fact, partic-
ipants who used the StD strategy would restart their response after it
has been inhibited, although only in the ignore condition. To do
so, they would need to discriminate stop from ignore signals and
then make the decision of whether or not to respond. Although
null findings should be interpreted with care, these findings may
be reflecting that subjects first interrupted their response non-
selectively to both ignore and stop cues and, subsequently, they
restarted go processing if the signal was an ignore. Of note, the ab-
sence of differences in activation between successful stop and ig-
nore conditions at the time by which stopping process finished
(SSRT) was an expected finding for the StD strategy: according to
behavioral evidence, subjects who use this strategy inhibit their re-
sponse whenever a signal (ignore or stop) occurs (Bissett and Logan,
2014; Verbruggen & Logan, 2015).

In accordance with the finding of delayed ERP differences between
the stop and the ignored conditions in the dDtS compared to the StD
strategy, we observed slower SSRT in the former strategy. Indeed, the
onset of neural activation differences between successful stop and ig-
nore conditions in the dDtS strategy did not statistically differ from the
SSRT. As we have already mentioned, the SSRT in the dDtS strategy
was computed based on the ignore RT distribution. Since this procedure
has not been validated yet, data should be interpreted with caution.
Nonetheless, the presence of differences between these two conditions
at the time by which stopping process finished (SSRT) provides addi-
tional support for the theoretical description of the dDtS strategy. In
this respect, it seems that participants who adopted this strategy can-
celled their ongoing responses selectively to stop but not to ignore sig-
nals. Interestingly, these differences were limited to frontocentral and
parietal scalp electrodes.

In order to provide additional support to the claim that the stop
versus ignore comparison in the dDtS but not in the StD strategy is par-
ticularly suitable to isolate the neuralmechanisms underlying the inter-
ruption of an ongoing response, we also compared the voxel-based
whole-cortex eLORETA-images that were associated to these conditions
within each strategy. The results of these analyses revealed that the suc-
cessful stop condition involved greater brain activation compared to the
ignore condition in both strategies. In the StD strategy, these differences
(which were observed well after SSRT, as explained) were found in oc-
cipital and posterior parietal/temporal regions. Interestingly, these
areas roughly correspond to V4 and the lateral occipital cortex (LOC),
which are related to object and shape recognition (Haushofer et al.,
2008; Kourtzi and Kanwisher, 2000; Malach et al., 1995; Montoro
et al., 2015; Vinberg and Grill-Spector, 2008). This finding would be in
linewith conclusions derived from scalp ERPs and behavioral data, indi-
cating that including the ignore condition does not suffice to isolate the
processes specifically associated with response interruption.

In the dDtS strategy, more activation in the successful stop compared
to the ignore conditionwas found in several regions, including prefrontal,
parietal and insular areas. Notably, we observed a left- rather than a right-
lateralized activation. Since this is afirst attempt to identify the neural sig-
natures of response interruption for different strategies used to accom-
plish a selective stop-signal task, previous evidence only serves as a
starting point for the interpretation of present results. In this line, al-
though we observed activation in the pars opercularis (BA 44) and the
pars triangularis (BA 45) of the IFC, which is a key region for response in-
hibition (Aron et al., 2014), our results suggest that response interruption
would be supported by a network of several brain areas, including other
frontal regions beyond IFC, aswell as the insular and superior parietal cor-
tices. Prior research has related the activation of the insula to the interrup-
tion of an ongoing response (Swick et al., 2011). Also, there is evidence
suggesting that the insula participates in the detection of behaviorally sa-
lient stimuli (Cai et al., 2014) and in keeping up high levels of task perfor-
mance (Boehler et al., 2010). The superior parietal cortex has been linked
to the activity of the dorsal attentional network, which relates sensory to
motor representations (Corbetta and Shulman, 2002; Petersen & Posner,
2012). Thus, in the dDtS strategy the activation of the insular and the su-
perior parietal cortices indicates that a set of functionally heterogeneous
regions is involved in the interruption of an ongoing response during a
stimulus-selective stop signal task. This result is in line with those pro-
posals that explain response inhibition in terms of the activity of a
domain-general network (e.g. Hampshire, 2015). Moreover, our data
agrees with prior evidence that showed the involvement of bilateral or
left-lateralized cortical network in response interruption (Albert et al.,
2013; Cai and Leung, 2009; Hirose et al., 2012; Leung and Cai, 2007; Li
et al., 2006; Swick et al., 2008; Zhang and Li, 2012). Alternatively, it can
be speculated that adding a new processing stage (signal discrimination)
would induce a more serial form of processing. This serial processing
would require resetting operations in working memory that recruits
brain structures in the left instead of the right frontal cortices.

There is evidence indicating that learning effectsmodulate the activ-
ity of several brain regions during response inhibition tasks, as well as
during other cognitive paradigms (Cole et al., 2010, 2013;
Erika-Florence et al., 2014; Hampshire & Sharp, 2015). In selective
stop-signal tasks, the stop condition leads to more errors than the ig-
nore condition (this also happens with the go condition in traditional
stop-signal tasks). As a consequence, the stop and ignore conditions
would differ in their degree of learning. In this sense, in contrast to the
ignore condition, the stop condition could not be fully automatized
because the tracking algorithm ensures that participants fail to inhibit
their response on 50% of these type of trials. Thus, even though
differences in sensory, novelty and speed processing were carefully
controlled for these two conditions, they likely differed in decision-
making/learning processes. The next question that arises is whether
the learning effects could explain the activation pattern differences
between strategies. An explanation of current findings in terms of
learning processes would assume that participants who used the dDtS
strategy compared to those who used the StD strategy experienced
more difficulties in learning how to deal with stop trials in comparison
to ignore trials. As a consequence, greater activation for stop than ignore
trials in the dDtS but not in the StD strategy was found. However, our
results showed that differences were also evident in the StD strategy.
Thus, an explanation of our data in terms of learning processes would
also assume that learning effects modulated task performance in both
strategies at a different timing. Further research is needed to understand
the contribution of the learning effects on brain activity elicited during
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stimulus-selective stop signal tasks, as well as their influence in the
strategy adopted by participants.

Conclusions

In sum, the present results provide evidence for the neural correlates
underlying behavioral strategy adoption in selective stopping tasks
(Bissett and Logan, 2014). Behavioral results suggest that, even though
the same task instructions were given to participants and stop and ig-
nore trials were presented equally often, they could perform the task
in at least two different ways: by inhibiting selectively to stop but not
to ignore signals (dDtS strategy) or by inhibiting non-selectively to
both signals (StD strategy). Remarkably, the neural effects both at
scalp and source localization levels agree with those observed at a be-
havioral level and, importantly, with the hypotheses based on theoreti-
cal assumptions. In this sense, the neural mechanisms underlying the
interruption of an ongoing response seem to be active whenever a sig-
nal (ignore or stop) appears in the StD strategy, given that no activation
differences between successful stop and ignore trials were observed
around the end of the time stopping process (SSRT reliably computed
using go RT distribution). By contrast, the neural correlates of response
interruption seem to be selectively involved in the dDtS strategy be-
cause significant activation differences were observed during successful
stop and ignore trials in scalp electrodes and cortical regions which has
been previously related to this process. Moreover, the onset of such dif-
ferences coincides with the time at which stopping process finished in
this strategy (SSRT calculated over ignore RT distribution). Further re-
search is needed to examine the internally-driven motives that encour-
age participants to adopt one or another strategy. In this sense, it would
also be very interesting to find a reliable procedure to determine if sub-
jects change their strategy on a trial-by-trial basis.

The present findings also shed some light on the pursued goal of iso-
lating the neural basis of response interruption (the final brief interac-
tive stage of SSRT: Boucher et al., 2007). The strategy divergence
observed in the current study implies that extracting conclusions from
brain activation in a whole sample without further disentangling how
each subject performed the selective stop-signal task would provide
only a general panoramic view in which several patterns of brain activ-
ity may be operating together. Current results suggest that the best ap-
proach to isolate the neural correlates of response interruption is to
compare the successful stop and ignore conditions, but importantly,
only in the dDtS strategy. This functional comparison in this strategy re-
vealed enhanced electrophysiological activity for successful stop com-
pared to ignore trials that emerged before the P3 peaked. This activity
was generated in the middle and inferior frontal gyri, as well as in the
insula and superior parietal cortices (primarily, in the left hemisphere).
The presents study highlights the importance of detecting and control-
ling the strategy used by participants to perform selective stopping par-
adigms before comparing their brain activation patterns.
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