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The past decade has seen a surge of  interest in selective stopping. Researchers studying selective stopping 
have relied on the independent race model of  simple stopping. Further- more, they have investigated selective 
stopping with a heterogeneous set of  tasks, including action-selective and stimulus-selective stop tasks. 

selective stopping and whether selective stopping is a homogeneous or heterogeneous construct. Here, we 
addressed these important gaps. We tested whether selective stopping performance is in agreement with 
predictions of  the independent race model, using a Bayesian hypothesis testing approach based on the Bayes 
factor. We performed these tests at the group- and individual-level. We then compared action- and stimulus-
selective stopping in terms of  performance and brain activation, using functional magnetic resonance 
imaging.

We found violations of  the predictions of  the independent race model in 91% of  the individuals in action-
selective stopping and 74% of  the individuals in stimulus-selective stop- ping. These individual violations 
were almost completely masked by the group performance. Furthermore, performance did not differ between 
the two selective stopping types and there appeared to be no differences in inhibition-related brain activity.

that action-selective and stimulus-selective stopping form a homogeneous construct.
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The ability to inhibit intended actions in response 
to environmental changes is an essential act of  
control in daily life and central to adaptive human 
behaviour. A drastic form of  cognitive control is 
complete inhibition.

For decades, this has been studied with the 
simple stop-signal paradigm (Verbruggen & Logan, 

quick responses to go-stimuli but try to cancel the 
response when an infrequent stop-signal occurs after 
a variable delay (stop-signal delay; t

d

which such a stop-signal occurs can be divided based 

the probability of  responding (P
r 

increases with t
d

RT increases with t
d
 .

The independent race model provides a 

This model explains stopping performance as the 
outcome of  a race between a GO process that 
executes the response and a STOP process that 

STOP process, the response is executed; if  the 

the response is canceled. Under these assumptions 

observed in the standard stop-signal task. Besides 
a theory of  simple stopping, the independent race 
model provides methods to estimate the latency of  
the covert STOP process, known as the stop-signal 

from the proportion of  stop-respond trials and the 
distribution of  no-signal RTs.

The independent race model has stimulated 
extensive use of  the stop-signal task in various 

our understanding of, for example, the lifespan 
development of  control (Coxon, Impe, Wenderoth, 

Neuroscience studies have demonstrated that 
simple stopping manifests in the motor system 
and also involves areas in the frontal lobe and 
basal ganglia. Neurophysiology studies in animals 
have shown that eye movement-related activity of  

neurons in the dorsal premotor cortex (Mirabella, 

decays in response to the stop-signal within the time 
required to cancel the movement (Schall & Boucher, 

humans have shown similar dynamics for primary 
motor cortex excitability (Coxon, Stinear, & Byblow, 

imaging, stimulation, and lesion studies suggest that 
simple stopping relies on the inferior frontal cortex 
(Aron, Fletcher, Bullmore, Sahakian, & Robbins, 

pre-supplementary motor area (Chen, Muggleton, 

the striatum (Zandbelt, Bloemendaal, Hoogendam, 

Notwithstanding the deep insights this research 
has yielded, simple stopping is limited as a model 
of  cognitive control in daily life and psychiatric 
disorders. Simple stopping evokes control that is 

to stop all their planned actions. In reality, most 

form of  control. It comprises control that is targeted 

and has been studied with selective stopping tasks. 
Selective stopping research has been suggested to 
not only have greater ecological validity, but also 

main factors currently complicate the interpretation 
of  data from selective stopping research.

Firstly, although selective stopping research has 
relied on the independent race model, it is uncertain 
whether the model extends from simple stopping 
to selective stopping. One reason is that studies to 
date have reported tests of  the predictions of  the 
independent race model incompletely or not at all. 
Another reason is that the available data on tests 
of  the predictions provide mixed evidence. For 
example, although at least one selective stopping 
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study showed that all three predictions of  the race 
model held (Smittenaar, Guitart-Masip, Lutti, & 

the race model’s predictions are often performed for 
the group as a whole rather than for each individual 
separately, which may mask violations occurring in 
a subset of  individuals. To illustrate, one selective 
stopping study reported that one of  the predictions 
(stop-respond RT should be shorter than no-signal 

Together, this state of  affairs is unsatisfactory, 
because if  it turns out that the independent race 
model does not extend generally from simple 
stopping to selective stopping, then SSRT estimates 
reported by previous selective stopping studies may 
be invalid and conclusions derived from them may 

investigation of  predictions of  the independent race 
model across different forms of  selective stopping 
and performed at the individual level is necessary. 
This will help clarify how often violations of  
predictions of  the independent race model occur.

Secondly, it is unclear whether selective stopping 
is a homogeneous or a heterogeneous construct. As 

stopping research has used a heterogeneous set of  
tasks, yet all of  them are called selective stopping, as 
if  selective stopping is a homogeneous construct. In 

instructed to stop to certain signals, while ignoring 

It remains unclear whether AS and SS stopping tap 
into the same form of  control, as these tasks have 
never been compared directly.

that they do involve the same form of  control, 
including SSRTs that are in the same range, response 
strategies that show striking resemblances (Bissett & 

and activation in seemingly similar brain regions, 
such as ventrolateral frontal cortex, dorsal frontal 

the other hand, violations of  the independent race 
model have mainly been reported for SS stopping 

at least two cognitive steps before the inhibition 
of  a response is initiated (discriminating the signal 

stopping may involve only one (discriminating 

more heavily on motor-related brain regions, such 

To address this problem, a direct comparison of  AS 
and SS stopping tasks in terms of  behavioural and 
neural measures of  stopping is necessary.

In the present functional magnetic resonance 

and SS stopping intermixed, allowing us to compare 
these forms of  selective control both behaviourally 
and neurobiologically. We tackle the problems 
described above by addressing two research 
questions:

1. Does the independent race model extend to 
selective stopping?

2. Is selective stopping a homogeneous or 
heterogeneous construct?

If  the independent race model does not extend 

stopping performance would violate any of  the 
three qualitative predictions of  the race model. 
Alternatively, if  the independent race model does 

that stopping performance is in line with all three of  
the model’s qualitative predictions.

If  selective stopping is a homogeneous 
construct, then we would expect that AS and SS 
stopping would not differ in terms of  stopping 
performance and brain activation measures of  
selective stopping. Alternatively, if  selective stopping 
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is a heterogeneous construct, then we would expect 
that AS and SS stopping would differ in terms of  
stopping performance and brain activation measures 
of  selective stopping.

 
Methods

Pre-registration

In the pre-registration, all the methods, procedures, 

described in detail. Additional, not pre-registered, 

and are indicated as such in the text below. The 
document is available on request and it will be made 
publicly accessible upon publication of  this research. 
At the time of  pre-registration, four datasets had 
already been collected, but not analysed. 

There were four deviations from the pre-

used a Bayesian repeated-measures ANOVA instead 
of  Bayesian logistic regression in the analysis of  the 
effect of  t

d
  on P

r
 (see ‘Tests of  independent race 

of  the effect of  t
d
 on stop-respond RT we added 

a restriction to the Bayesian repeated-measures 
ANOVA model that was not in the pre-registration 
(see ‘Tests of  independent race model predictions’ 

motion regressors were used instead of  the pre-
registered twenty-four see ‘Functional MRI analyses’ 

Participants

for this study. One participant was excluded after 

bringing the number of  participants to twenty-four 

participants had normal or corrected to normal 
vision and did report no history of  neurological 
or psychiatric illness or claustrophobia. Written 
informed consent was obtained from all participants. 
The study procedures were in accordance with the 
Declaration of  Helsinki and have been approved 
by the local Institutional Review Board (Committee 

Task

stimuli were presented in the centre of  the screen 

each trial it was chosen from a set of  two. The 
secondary stimulus was a playing card suit symbol 

was chosen from a set of  four: an orange diamond, 
a cyan heart, a yellow spade, or a purple club.

Each trial started with the presentation of  the 

was immediately followed by the primary go 

regardless of  response time. Following go stimulus 

blank screen was shown.
The primary task was to respond to the identity 

of  the Hiragana character. Both characters required 
a bimanual response. This kept the primary task the 
same throughout the experiment in order to keep 
AS and SS stop trials as similar as possible. One 
character was mapped onto the two upper keys of  a 
response pad; the other character was mapped onto 
the two lower keys. The character-to-key mapping 
was counterbalanced across participants. Participants 
pressed the two upper keys with their left and right 

to respond as accurate, fast, and simultaneously as 
possible.

to the go-stimulus was required. There were two 
versions of  the task, counterbalancing the stimulus-
to-signal mapping across participants. One stimulus 

their left-hand response, but not their right-hand 
response. A second stimulus acted as the stop-right 

participants to stop their right-hand response, but 
not their left-hand response. A third stimulus acted 



Nijmegen CNS | VOL 12 | ISSUE 2 5

NEURAL MECHANISMS OF SELECTIVE STOPPING

left- and right-hand response. The fourth stimulus 

had to be continued as planned. The primary and 
secondary stimulus were separated by a stimulus 
onset asynchrony (i.e., the stop-signal delay, t

d 

t
d
 , each occurring with equal probability: 

values were based on pilot data.
 

Procedure

Practice session. The experiment began 
with both written and verbal instructions. Next, 
the task was practiced in three stages. In stage 1, 

trials to acquaint them with the go task. In stage 
2, participants performed one AS stopping block 

to acquaint them with both the AS and SS stop task, 
while maintaining go task performance. The blocks 

blocks was counterbalanced across participants. In 

in which AS and SS stop trials were intermixed, to 
acquaint them with the task as it would be performed 
in the scanner. After each practice block participants 
were provided with feedback on their performance. 
The practice block had to be repeated if  one of  the 
criteria listed in Table 1 was not met. Each block 

the experiment was terminated and the participant 
was excluded. One participant was excluded for this 
reason. Upon successful completion of  the practice 
session, the fMRI session was scheduled for another 
day.

Functional MRI session. Participants 

being scanned with fMRI, using an event-related 

one of  the performance criteria listed in Table 1 was 

Fig. 1.
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would be excluded. One participant was excluded 
for this reason.

The trials were presented in a pre-determined 
pseudo-random sequence. In order to determine 

pseudo-random trial sequences and selected the two 

factor, as determined with MATLAB-software for 
optimisation of  fMRI designs (Wager & Nichols, 

Data acquisition

Task performance data. The experiment 

viewed through a mirror mounted on the head coil. 
Responses were collected using two MR-compatible 
response pads (Current Designs, Inc; Philadelphia, 

Neuroimaging data. The experiment was 

MRI scanner (Siemens Medical Systems, Erlangen, 

acquired in 2 runs, using a whole-brain T2*-weighted 
gradient echo multi-echo echo planar imaging 

were discarded to allow T1 saturation to reach 

were acquired during resting-state, with the same 
pulse sequence, for determining optimal weighting 
of  echo times for each voxel. Between the two task 
runs, a whole-brain structural image was acquired 

weighted magnetisation prepared, rapid-acquisition 
gradient echo sequence (192 sagittal slices; repetition 

Data analysis

Bayesian hypothesis testing. Behavioural 
data were analysed with a Bayesian hypothesis 
testing approach, based on the Bayes factor (Kass 

the support that the data provide for one hypothesis 
(e.g., the null hypothesis, H

0

the alternative hypothesis, H
1

several advantages over classical hypothesis testing 
based on the p-value. Most importantly, it allows 
for obtaining evidence both in favor and against 
H

0 
, rather than against H

0
 only. This is particularly 

relevant in this study, because we investigate 
whether the independent race model does (H

1

or does not (H
0

Outcome measure Performance criteria

P respond SLsignal

< P respond SRsignal < 

< P respond SBsignal < 

P respond I Gsignal >

Table 1. 
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whether AS and SS stopping is (H
0

H
1

a homogeneous construct. In addition, the support 
for one hypothesis over another is provided as a 

forced, all-or-none, decision.
The Bayes factor describes the relative 

probability of  the data under competing hypotheses. 
In Bayesian hypothesis testing, the relative odds of  
the hypotheses themselves are evaluated:

 Here, the prior and posterior odds describe 
the beliefs about the hypotheses before and after 
observing the data, respectively. The primary 
measure of  interest, however, is the Bayes factor that 

In other words, the Bayes factor describes how the 
evidence from the data should change our beliefs. 
The Bayes factor prefers the hypothesis under which 
the observed data are most likely. To illustrate, if   
B

01

occurred under H
0
 than under H

1 
; if  B

01
 = 1, the 

data provide equal support for H
0
 and H

1
. While the 

Bayes factor is easy to understand, it can be useful 
to summarise its value in words. For this purpose, 
we used a set of  labels listed in Table 2, proposed by 

Table 2.

B

B01 Interpretation

H

H

H

H

H

H

H

H

H

H

of  priors, which describe the distribu- tion of  effect 

the null hypothesis and the alternative hypothesis. 
Here, we attempted to specify prior distributions that 
convey little information while maintaining desirable 
properties by placing priors on standardised effect 
sizes ( H

0
 and H

1 
, as well as on the variance 

( 2; Rouder, Speckman, Sun, Morey, & Iverson, 

H
0
 and distributed according to a Cauchy 

distribution with scale parameter H
1
. 

The prior for 2 is less important, because it is the 
same for both hypotheses and cancels out in the 
Bayes factor. Following Rouder, Morey, Speckman, 

2 follows an 
inverse chi-square distribution with one degree of  
freedom.

In this study, we used Bayesian t-tests (Rouder et 

separate test models, one including the independent 
variable as a factor and one null model in which the 

comparison determines which model is the most 
likely, given the data. This determines whether or 
not the independent variable has an effect on the 
dependent variable.

For the Bayesian analyses, we used the Bayes 

Behavioural analyses. The primary outcome 
measures in the behavioural analyses were P

r 
, no-

signal RT and stop- respond RT for the different 
stop-signals. Only stop-respond trials with a bimanual 
response were included, because stop-respond 
trials with a unimanual response do not necessarily 

participants successfully stop both prepared 
responses, but then erroneously discriminate the 

execute the wrong response. In addition, trials with 

and were excluded from the analyses.

Tests of independent race model 
predictions. To test whether the independent 
race model extends to selective stopping, we tested 
whether AS and SS stopping performance was in line 
with the three predictions of  the model. We tested 
these predictions for AS and SS stopping separately, 
both at the individual level and group level. 
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P
r
 increases with t

d

the individual level, we plotted the inhibition functions 
P

r 

with a Bayesian repeated-measures ANOVA, with t
d 

as a factor. For the second prediction (stop-respond 

at the individual level with Bayesian independent 
t-tests, with trial outcome (no-signal or stop-respond 

RTs with two Bayesian paired t-tests, one for AS and 
one for SS stopping. We tested the third prediction 
(stop-respond RT increases with t

d 

stop-respond RT with a Bayesian repeated-measures 
ANOVA, with t

d
 as a factor. For this analysis (both at 

t
d 

three delays was necessary, because of  the uneven 
distribution of  stop-respond trials; there are more 
stop-respond trials at longer t

d.
.

There were two deviations from the pre-
registration in these analyses. Firstly, we did not 
use Bayesian logistic regression for the analyses 
of  the effect of  t

d
 on P

r 
, because Bayesian logistic 

regression had not yet been implemented in the 
Bayes factor package for R. Secondly, we added a 
restriction to the models in the Bayesian repeated-
measures ANOVAs. We described in the pre-
registration that the data support an effect of  the 
independent variable (t

d
 here; selective stopping type 

model contains the independent variable as a factor. 
However, this model only supports a main effect, 
not necessarily in the right direction. In order to 

P
r
 or 

stop-respond RT with increasing td, we created an 
order-restricted model. The order-restricted model 

and computed the frequency of  the correct ordering 
(higher P

r
 and longer RTs at longer t

d 

report the results of  the full model.

Behavioural tests of differences between 
selective stopping types. There were three 

selective stopping is a behaviourally homogeneous 
or heterogeneous construct. Firstly, we analysed 
the P

r
 with a Bayesian repeated-measures ANOVA, 

Secondly, we analysed the stop-respond RT with a 
Bayesian repeated-measures ANOVA, with selective 
stopping type as a factor. Thirdly, we analysed the 

two SSRTs using a Bayesian paired t-test, with 
selective stopping type as a factor. For the third 

line with all the predictions of  the independent race 
model for both AS and SS stopping were excluded.

Functional MRI analyses

Image data were preprocessed using Statistical 

in MATLAB (Mathworks Inc., Natick, MA, 

skull-stripped using the FSL Brain Extraction 

combined with the PAID method (Poser, Versluis, 

MATLAB software. The anatomical images were 
co-registered to the mean functional images using 
the normalised mutual information criteria method 

and functional images were then normalised to the 

half-maximum Gaussian kernel.
First-level statistical analysis involved a mass-

univariate approach based on general lin- ear models 

were modeled with a general linear model, including 

different trial types, all subdivided in three ways based 
on the trial outcome. NS and IG trials were divided 
into ‘fast’, ‘slow’ and ‘other’ response trials, wherein 
the ‘other’ category contained all the incorrect 
responses. SL, SR and SB trials were subdivided into 
‘stop-respond-bimanual’, ‘stop-inhibit’ and ‘stop-
respond-other’ response trials. For all regressors, 
except the three NS regressors, we included a 
demeaned parametric modulator coding for stimulus 
onset asynchrony be- tween the go-stimulus and the 
signal (i.e., t

d 

head motion effects, we included the six motion 
parameters from the realignment procedure in the 
statistical model. Note that we did not include the 

the pre-registration. Taken together, we included a 

The regressors were created by convolving 
the delta functions coding for go-stimulus onset 
with a canonical hemodynamic response function. 
Time series statistical analysis was performed using 
restricted maximum likelihood. Low frequency 
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drifts were controlled using a discrete cosine  

correlations in the fMRI signal were estimated using 
restricted maximum likelihood estimates of  variance 

The resulting non-sphericity was used to form 
maximum- likelihood estimates of  the activations. 
Time series statistical analyses were performed using 
restricted maximum likelihood.

activation associated with AS stopping, SS stopping 
and the difference between them. The contrasts and 

control for the attentional capture of  the stop-
signal by subtracting activity on ignore trials from 
activity on stop trials. A salient signal also occurred 
on ignore trials, but no inhibition was required, so 
only attention-related but not inhibition- related 
activation is subtracted. For this subtraction, we used 
only ignore trials on which a fast response was made, 
because on slow ignore trials a STOP process may 
have been activated temporarily (Bissett & Logan, 

in speed of  the GO process between signal and 

no-signal trials from both stop- and ignore-related 
activity. To control for activation associated with 
the execution of  a unimanual response on AS stop 

level statistics to test for activations occurring in 
both the S

AS,left 
and S

AS,right
 contrasts and in both the 

S
AS,left 

S
SS

 and S
AS,right

 S
SS

 contrasts.
Second-level statistical analyses consisted of  two 

ROIs using a Bayesian hypothesis testing approach 
based on the Bayes factor. This allowed us to 
compare activation in the same way as we compared 

of  inhibitory control reported by previous fMRI 

of  the x-coordinate. From these ROIs we extracted 

activation associated with AS stopping (B
01

 < 1 in 
both the S

AS,left
 and S

AS,right

differences in activation in the ROIs between AS 
and SS stopping (B

01
 < 1 in the S

AS,left
S

SS
 and S

AS,right 

S
SS

 
Second, we performed another ROI analysis, 

now using a classical hypothesis testing approach and 

anatomical atlases. The classical hypothesis testing 
approach allowed us to analyse the fMRI data in a 

ROIs enabled us to assess activation within key areas 
of  inhibitory control that fell outside the spheres the 

Contrast Purpose

Table 3. 



Nijmegen CNS | VOL 12 | ISSUE 210

Ruben van den Bosch

and the resulting maps were combined into one 
binary mask. This mask was used for small-volume  
correction for multiple comparisons.

Within these broad anatomical ROIs we used a 
one-sample t-test in SPM12 on the SSS contrast for 

activation associated with AS stopping (S
AS,left 

AS,right
 

activation in the ROIs between AS and SS stopping 
(S

AS,left SS AS,right SS
 

p
multiple comparisons and that survived small-
volume correction at p

Third, to explore activation associated with AS 
and SS stopping outside key areas of  inhibitory 
control, we performed whole-brain voxel-
wise random effects analyses. Again, we used a 

activation (S
AS,left AS,right

 
S

SS
 contrast for SS stopping-related activation and a 

SS stopping related activation (S
AS,left SS AS,right

 

Table 5.

ROI Subregions included Reference

Table 4.

ROI
MNI [x,y,z] 
coordinates

Reference Contrast in reference
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SS
 

p 
that survived cluster-level correction at p
wise error-corrected for multiple comparisons.

 Results

Behaviour

We tested the three predictions of  the 
independent race model at the group level and 
at the individual level, separately for AS and SS 
stopping. Subsequently, we tested to what extent 
stopping performance differed between AS and SS 
stopping. One participant failed to meet all pre-set 

the behavioural analyses.

Figure 2 summarises response times and response 
probabilities for the main trial types.

Pr increased with td .
individual and group mean inhibition functions (P

r 

t
d

P
r 
 increased with t

d
 in all individuals. Indeed, the 

AS and SS stopping, the data were much more likely 
under a model including t

d
 than a null model that did 

not include t
d
 as a factor (AS stopping, B

01
 = 9.12e 

B
01

e
also more likely under an order-restricted model, in 
which P

r 
increases with td, than the null model (AS 

stopping, B
01

e B
01

 = 1.19e 

Fig. 2.

td
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Difference between stop-respond RT 
and no-signal RT. 
relationship between mean stop-respond RT versus 

boxplots of  inividual RTs for these trials. At the 
group level, the stop-respond RT was faster than 
no-signal RT (M  
(M B

01 
M

ms, B
01

e 
was more than anecdotal evidence (B

01

stop-respond RT was faster than no-signal RT for 

in SS stopping.
 
Stop-respond RT did not increase with td. 

three t
d

At the group level, the data were much more 
likely under the full model, which included t

d
 as 

a factor, than the null model that did not include 
t
d
 , in AS stopping (B

01

stopping were only slightly more likely under the 
full model than under the null model (B

01

However, the order-restricted model showed that 
stop-respond RT did not increase with increasing td, 
neither in AS stopping (B

01
 = Inf , meaning that none 

stopping (B
01

At the individual level, there was more than 
anecdotal evidence for the full model being more 
likely (B

01

model of  increasing stop-respond RT with increasing 
t
d 
was supported with more than anecdotal evidence 

B
01

order-restricted model are shown for in AS and SS 

Race model predictions taken together. In 

predictions of  the independent race model in AS 

three predictions in SS stopping (B
01

 < 1; negative 
B

01

the predictions of  the independent race model was 

predictions in both AS and SS stopping.

Little difference in behaviour between 
selective stopping types. 
clear visual comparison of  the inhibition functions 
and stop-respond RTs of  AS and SS stopping.

The two selective stopping types only differed in 
the P

r 
. Both a full model and an order- restricted 

model that included selective stopping type as a 
factor were more likely than a null model without 
it as a factor. The effect was only small, however. 
Model comparison showed that the models including 

more likely.
There was no effect of  selective stopping type 

on the stop-respond RT. The full model without 
including selective stopping type as a factor was 

order-restricted models with and without selective 

factors, because there was no ordered effect of  t
d 
on 

stop-respond RT at the group level.
Lastly, we intended to analyse the effect of  

selective stopping type on the SSRT. However, 

predictions of  the independent race model in both 

Fig. 3.
A

stopping (B

mean.
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Fig. 4. A C
B D show 

B D B01). Values bigger 
H0 H1 

Fig. 5. A C
B D
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AS and SS stopping. Thus, we could not estimate 
SSRT reliably, hence we could not analyse the effect 
of  selective stopping type on the SSRT.

Functional Magnetic Resonance 
Imaging

We excluded two additional datasets from the 
fMRI analyses because of  excessive head movement 

participants.
To identify brain activations related to stopping 

in simple stop-signal tasks, previous studies typically 

whole-brain activation maps of  the contrasts 
SB

inhibit slow 
, SL

inhibit slow
 , SR

inhibit slow
 and  

IGf
ast fast

 .
These contrasts are comparable with the simple 

stop > go contrast, with the exception that they 
also control for the speed of  the GO process. We 
found that AS and SS stopping, like simple stopping, 
activate a network of  regions in the frontal and 
parietal lobe as well as the basal ganglia, suggesting 
that the task manipulation worked.

For the analyses below, we used contrasts that 
control for both the attentional capture of  the salient 

We applied these contrasts to isolate AS and SS 

ROIs, broader anatomical ROIs and at the whole-
brain level.

Functional ROI analyses. First, we tested 

association with selective stopping, using Bayesian 

contrast estimates in the ROIs, colour-coded for 
the evidence the data provide for the null versus the 
alternative hypothesis.

AS stop trials were associated with deactivation 
of  the contra-lateral M1 (i.e. stop-right trials 

showed activation associated with AS stopping: left 
PMd and left SMA. For these ROIs the Bayes factor 
supported activation (B

01

contrasts. There was evidence for absence of  AS 
stopping-related activation (B

01

striatum. The other ROIs were activated in one 
of  the AS stopping contrasts but not the other, 
providing mixed evidence.

SS stop trials were associated with deactivation 
of  both motor cortices. Four other ROIs showed 

right PMd, left and right striatum. In the other 
ROIs there was evidence for no SS stopping-related 
activation.

There was a difference between activations 
associated with AS stopping and SS stopping in the 

and left and right striatum. For these ROIs there was 
evidence for a difference (B

01

subtracting SS stopping-related activations from AS  
stopping-related activations. There was evidence for 
no effect of  selective stopping type in the right IFG 
and the right pre-SMA. The other three ROIs were 
activated in one of  the contrasts but not the other, 
providing mixed evidence for an effect of  selective 
stopping type.

The contrast estimates in the left PMd and left 
SMA were positive in the contrasts subtracting SS 
stopping-related activations from AS stopping-
related activations and they were activated in both 
AS stopping contrasts. Thus, the left PMd and left 
SMA were activated during AS stopping and their 
activation was greater in AS stopping than in SS 
stopping.

 

Fig. 6. A td categories (B) for 
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Broad anatomical ROI analyses. Next, 
we investigated selective stopping-related brain 

classical hypothesis testing. Local maxima of  

contrasts and the contrasts subtracting SS stopping-
related activations from AS stopping-related 

shows the masked and small-volume corrected 
activation maps.

activation associated with AS stopping (p < 
p

in AS stopping than in SS stopping in the left 
and right PMd, the left PMv, and the left SMA  
(S

AS,left
 

SS AS,right SS 

the anatomical ROIs.

Whole-brain analyses. We also applied the 

level to identify activations associated with selective 
stopping outside the key inhibitory control areas.

Besides the earlier reported activations in the left 
and right PMd, the whole-brain analysis revealed 
that AS stopping was associated with activations in 

AS stopping were greater than SS stopping-related 
activations in superior prefrontal areas, including the 
left and right PMd, the left precentral gyrus, superior 
and inferior parietal areas and the left thalamus and 

the whole-brain level.

Exploratory analyses

We performed two exploratory analyses. First, we 
compared the observed stop-respond RTs with the 

Fig. 7 SBinhibit slow  
SLinhibit slow SRinhibit slow  IGf ast fast

p < p <
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Fig. 8.
SAS,left SAS,right

SAS,left SS SAS,right SS. The 

values as in Figure 4.
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Fig. 9. SAS,left
SAS,right SAS,left SS AS,right SS p
p

Table 6.

p

Region Hemisphere x y z Voxel Z 
value

pZ

Table 7. 

p

Region Hemi-
sphere

x y z Voxel Z 
value

pZ



Nijmegen CNS | VOL 12 | ISSUE 218

Ruben van den Bosch

stop-respond RTs that the independent race model 

performance was in line with the second prediction 
of  the independent race model at the group level, 
yet more than half  of  the individuals violated it. The 
model predicts that the mean stop-respond RT of  
an individual corresponds to that individual’s mean 
of  the fast bin of  no-signal RTs. In our study, the 

slightly faster than their overall mean no-signal RT 

Second, we investigated why the SS stopping 

by examining the two contrasts from which 
S

SS
 is built up: (SB  

(IG

for activations associated with the attentional capture 
of  the salient stop-signal. However, examination of  
the two contrasts revealed that both activated the 

for the main S
SS 

contrast completely canceled out the 
activations.

 
Discussion

The past decade has seen a surge of  interest in 
selective stopping. Researchers studying se- lective 
stopping have relied on the independent race model 
of  simple stopping for estimation of  the primary 
outcome measure of  stopping, the stop-signal 

investigated selective stopping with a heterogeneous 

set of  tasks, including action-selective stop tasks 

selective stop tasks examining control triggered 

whether the independent race model extends to 
selective stopping and whether selective stopping is a 
homogeneous or heterogeneous construct. Here, we 
addressed these important gaps by testing whether 
selective stopping performance is in agreement with 
predictions of  the independent race model, and by 
comparing action- and stimulus-selective stopping in 
terms of  performance and brain activation.

We found violations of  the predictions of  the 

AS and SS stopping, suggesting that the model does 
not apply to selective stopping. Our behavioural and 
neuroimaging results further suggest that AS and SS 
stopping were not different in terms of  stopping.

Selective stopping involves a race, but 
not an independent race

We found striking differences between the 
results of  the tests of  the independent race model’s 
predictions at the group level and at the individual 
level. For the group as a whole, selective stopping 
performance was in agreement with two predictions 
of  the independent race model: the probability of  
responding increased with stop-signal delay and 
response times were on average faster on stop-

line with previous selective stopping studies that 
tested predictions of  the independence race model 

that a third prediction of  the model was violated: 

Table 8.

p
p

Region Hemisphere x y z Voxel Z 
value

pZ Cluster 
size (k)

pk
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Table 9.

p <
p <

Region Hemi-
spher

x y z Voxel Z 
value

pZ Cluster 
size (k)

pk

Fig. 10. SAS,left  AS,right 
SAS,left SS AS,right SS

p < p <
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Fig. 11.

Fig 12. SSS subcontrasts SB  IG

stop-respond RT did not increase with stop-
signal delay. Although one study reported selective 
stopping performance in line with this prediction 

this assumption.
Violations were more dramatic at the individual 

level. Although, the prediction that the probability of  
responding increases with stop-signal delay held for 

support previous work suggesting that stopping is 
indeed a race between a GO and a STOP process 

but that the assumption of  independence between 
the two processes is violated in selective stopping 
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Our results show that violations of  the assumptions 
of  the independent race model in individuals can 
be completely masked by the performance of  the 
group as a whole. To illustrate, Figure 11 shows that 
even though the observed mean stop-respond RTs 
were much slower than the independent race model 
predicts, they were generally still faster than the 
mean no-signal RTs. Given the data of  the group as a 
whole, the prediction that stop- respond RT is faster 
than no-signal RT was a thousand times more likely 
to be true than not in AS stopping, and even more 
in SS stopping. Nonetheless, testing this prediction 
for each individual unveiled that it was violated in 

be invalid, because the SSRT cannot be reliably 
estimated if  this prediction is violated (Logan et al., 

Taken together, the results demonstrate that 
the independent race model’s assumptions of  
independence often do not hold. The impact of  
these violations should not be underestimated, 
because nearly all studies of  response inhibition rely 
on the independent race model, as they use SSRT as 
an outcome measure. Yet, only few studies report 
tests of  the model’s predictions and those that do 
report tests have performed them at the group level 

We urge users of  stop tasks in general and selective 
stop tasks in particular to assess and report tests 
of  the independent race model at the individual 
level and calculate estimates of  SSRT if  and only 
if  individual datasets meet all qualitative predictions.

Action-selective and stimulus-selective 
stopping: more similar than different

nearly identical for the two selective stopping types. 
Our results suggest that AS and SS stopping form 
a homogeneous construct, and neither involve 
selective stopping.

The evidence is two-fold. First, there was 
distinct response slowing on both AS and SS signal 
trials. The continued response on AS stop trials 
and the continued responses on ignore trials were 

response slowing has been reported before in both 

responses, the continued and ignore RTs should not 

differ from no-signal RTs.
Second, there was no difference between brain 

activation on stop-both trials and ignore trials. An 
exploratory analysis into the SS stopping contrast 
revealed that stop-both and ignore trials activated the 

That implies that there was inhibition-related activity 

Taken together, these results suggest that, instead 

responses when a signal occurred, and subsequently 
selectively re-initiated, or released inhibition of, the 

There was a difference between AS and SS 
stopping, however, in the comparison of  their 
associated brain activations. The functional and 
anatomical ROI analyses showed that the left and 
right PMd, the left PMv and the left SMA were 
activated in AS stopping and more so than in SS 

stopping seemed to rely more on brain regions 
associated with motor planning than SS stopping. 

reprogramming on AS stop trials, rather than a 
difference in response inhibition.

inhibition in both AS and SS stopping, then AS and 
SS stop trials did not differ in terms of  stopping. 
The difference that then remains lies in the re-
initiation or continuation of  the correct response. In 
SS stopping, on ignore trials, that correct response is 
the same as the initial response to the go-stimulus, 
but on AS stop trials action reprogramming is 
required: instead of  a bimanual response, now only 
a left-hand or only a right-hand response must be 
made. In the fMRI contrasts that we used, the activity 
on ignore trials was subtracted from the activity on 
stop trials. Since, there appeared to be inhibition-
related activity on ignore trials, this activity was 
subtracted from the inhibition- related activity on 
the stop trials. Thus, the AS stopping activations 

reprogramming that is required on AS stop trials 
but not on SS stop trials, rather than a difference 

associated with action reprogramming are in line 
with the current observations of  the PMd, PMv and 
SMA in the ROI analyses (Buch, Mars, Boorman, & 

and superior and inferior parietal areas in the whole-
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Conclusion

Nearly all selective stopping research has relied 
on the independent race model of  simple stopping. 
In addition, selective stopping has been investigated 
with a heterogeneous set of  tasks, including action-
selective and stimulus-selective stopping paradigms, 
implicitly assuming that selective stopping is a 
homogeneous construct. However, it has been 
unclear whether the independent race model extends 
to selective stopping and whether selective stopping 
is a homogeneous or heterogeneous construct.

be modeled as a race, but not as an independent 
race. We found violations of  the independent race 

both action- and stimulus-selective stopping. These 
individual violations were almost completely masked 
by the performance at the group level. We therefore 
urge users of  stop tasks in general and selective 
stop tasks in particular to assess and report tests of  
the independent race model at the individual level. 
The results further suggest that action-selective and 
stimulus-selective stopping form a homogeneous 

selectively rather than selectively on both trial types.
 

References

Aron, A. R., Fletcher, P. C., Bullmore, E. T., Sahakian, 

disrupted by damage to right inferior frontal gyrus in 
humans. Nature Neuroscience, 6

subcortical contributions to stop signal response 
inhibition: Role of  the subthalamic nucleus. The 
Journal of  Neuroscience, 26

dissociating a selective from a global mechanism for 
stopping. Psychological Science, 19

selective control: Developing a richer model for 
stopping inappropriate responses. Biological Psychiatry, 
69

Maybe not. Journal of  Experimental Psychology: General, 
143

interactive race model of  countermanding saccades. 
Psychological Review, 114

Buch, E. R., Mars, R. B., Boorman, E. D., & Rushworth, 

premotor cortex exerts both facilitatory and inhibitory 
control over primary motor cortex during action 

reprogramming. The Journal of  Neuroscience, 30

presupplementary motor area in stopping action: 
Two studies with event-related transcranial magnetic 
stimulation. Journal of  Neurophysiology, 108

Chambers, C. D., Bellgrove, M. A., Stokes, M. G., 
Henderson, T. R., Garavan, H., Robertson, I. H., 

following deactivation of  human frontal lobe. Journal 
of  Cognitive Neuroscience, 18

Chambers, C. D., Bellgrove, M. A., Gould, I. C., English, 

control in prefrontal and premotor cortex. Journal of  
Neurophysiology, 98

by the superior medial frontal cortex. NeuroImage, 
44

brain activation associated with inhibitory control 
Cerebral Cortex, 26

Cortico-subthalamic connection strength predicts 
stopping performance. The Journal of  Neuroscience, 
32

Intracortical inhibition during volitional inhibition 
of  prepared action. Journal of  Neurophysiology, 95

Stop and go: The neural basis of  selective movement 
prevention. Journal of  Cognitive Neuroscience, 21

and mechanisms in nonselective and selective 
inhibitory motor control. Journal of  Experimental 
Psychology. Human Perception and Performance, 21

potentials in the stop-signal paradigm. Biological 
Psychiatry, 54

error-detection? Brain and Cognition, 62

of  ongoing responses in patients with parkinson’s 
disease. Journal of  Neurology, Neurosurgery, and Psychiatry, 
75

Journal of  



Nijmegen CNS | VOL 12 | ISSUE 2 23

NEURAL MECHANISMS OF SELECTIVE STOPPING

Neurophysiology, 79

Scholte, H. S., Ridderinkhof, K. R., & Forstmann, B. 

ganglia pathways during response inhibi- tion. The 
Journal of  Neuroscience, 31

hyperactivity disorder: A controlled version of  the 
stop-signal task. Psychiatry Research, 233

Journal 
of  the American Statistical Association, 90

Li, C.-s. R., Huang, C., Constable, R. T., & Sinha, R. 

signal task: Neural correlates independent of  signal 
monitoring and post-response processing. The Journal 
of  Neuroscience, 26

inhibit thought and action: A theory of  an act of  
control. Psychological Review, 91

action: A users’ guide to the stop signal paradigm. In 
Inhibitory processes in 

attention, memory, and language
Press.

Logan, G. D., Van Zandt, T., Verbruggen, F., & 

thought and action: General and special theories of  
an act of  control. Psychological Review, 121

Journal of  
Neurophysiology, 108

is implemented via the basal ganglia. Journal of  
Neuroscience, 33

Mallet, N., Schmidt, R., Leventhal, D., Chen, F., Amer, N., 

send a stop signal to striatum. Neuron, 89

reprogramming of  actions. Cerebral Cortex, 17

correlates of  cognitive control of  reaching movements 
in the dorsal premotor cortex of  rhesus monkeys. 
Journal of  Neurophysiology, 106

minimum statistic. NeuroImage, 25

processing: Superior colliculus activity associ- ated with 
countermanded saccades. The Journal of  Neuroscience: 

and artifact reduction with multiecho EPI: Parallel-
acquired inhomogeneity-desensitized fMRI. Magnetic 
Resonance in Medicine, 55

Understanding how the brain changes its mind: 

reveals how saccade plans are changed. The Journal of  
Neuroscience, 32

Psychonomic Bulletin & 
Review, 16

Journal of  Mathematical Psychology, 56

hyporesponsiveness of  the dorsomedial prefrontal 
cortex in problem gamblers and heavy smokers during 
an inhibitory control task. Drug and Alcohol Dependence, 
121

The organization of  dorsal frontal cortex in humans 
and macaques. Journal of  Neuroscience, 33

of  gaze by the frontal lobes. Cognitive, Affective, & 
Behavioral Neuroscience, 7

Schmidt, R., Leventhal, D. K., Mallet, N., Chen, F., & 

between basal ganglia pathways. Nature Neuroscience, 
16

attentional and inhibitory networks of  dorsal and 
ventral areas of  the right inferior frontal cortex: A 

analytic fMRI study. Brain Structure & Function, 221

Distinct frontal systems for response inhibition, 
attentional capture, and error processing. Proceedings of  
the National Academy of  Sciences, 107

extraction. Human Brain Mapping, 17
Smittenaar, P., Guitart-Masip, M., Lutti, A., & Dolan, R. 

frontostriatal loops. Journal of  Neuroscience, 33

alignment. Pattern Recognition, 32

monitoring in a saccadic countermanding task in 
schizophrenia. Biological Psychiatry, 69



Nijmegen CNS | VOL 12 | ISSUE 224

Ruben van den Bosch

Van de Laar, M. C., Van den Wildenberg, W. P. M., Van 

Processing of  global and selective stop signals: 
Application of  donders’ subtraction method to stop-
signal task performance. Experimental Psychology, 57

Van de Laar, M. C., Van den Wildenberg, W. P. M., Van 

Lifespan changes in global and selective stopping and 
Frontiers in Psychology, 2,

Van der Molen, M. W., Bosch, D. A., Speelman, 

the subthalamic region facilitates the selection and 
inhibition of  motor responses in parkinson’s disease. 
Journal of  Cognitive Neuroscience, 18

 Van den Wildenberg, W. P. M., Burle, B., Vidal, F., Van der 
Molen, M. W., Ridderinkhof, K. R., & Hasbroucq, T. 

inhibition in the stop-signal paradigm: A TMS study. 
Journal of  Cognitive Neuroscience, 22

inhibition in the stop-signal paradigm. Trends in 
Cognitive Sciences, 12

capacity sharing when stopping. Cognition, 142,
Verbruggen, F., Aron, A. R., Stevens, M. A., & Chambers, 

attention and action updating in human inferior 
frontal cortex. Proceedings of  the National Academy of  
Sciences of  the United States of  America, 107

experimental design in fMRI: a general framework 
using a genetic algorithm. NeuroImage, 18

bayesian hypothesis test for cor- relations and partial 
correlations. Psychonomic Bulletin & Review, 19

stimulation and functional MRI reveal cortical and 
subcortical interactions during stop-signal response 
inhibition. Journal of  Cognitive Neuroscience, 25

Zandbelt, B. B., Buuren, M. van, Kahn, R. S., & Vink, M. 

is related to corticostriatal dysfunction and poor 
working memory. Biological Psychiatry, 70


