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Abstract

The ability to inhibit action tendencies is vital for adaptive human behaviour. Various paradigms are supposed to assess action
inhibition and are often used interchangeably. However, these paradigms are based on different conceptualizations (action
restraint vs. action cancellation) and the question arises as to what extent different conceptualizations of inhibitory processing are
mirrored in a distinct neural activation pattern. We used functional magnetic resonance imaging to investigate the neural corre-
lates of action restraint vs. action cancellation. Analyses of local activity changes as well as network connectivity measures
revealed a strong overlap of activation within a common action inhibition network including inferior frontal, pre-supplementary
motor and thalamic brain areas as well as the anterior cingulate cortex. Furthermore, our findings pointed to additional neural net-
works that are distinct for action restraint (i.e. right superior frontal gyrus, left middle frontal gyrus, and bilateral anterior cingulate
cortex) and action cancellation (i.e. right middle frontal gyrus, posterior cingulate cortex, and parietal regions). Our connectivity
analyses showed that different inhibitory modalities largely relied on a task-independent global inhibition network within the brain.
Furthermore, they suggested that the conceptually distinct inhibitory aspects of action restraint vs. action cancellation also acti-
vated additional specific brain regions in a task-dependent manner. This has implications for the choice of tasks in an empirical
setting, but is also relevant for various clinical contexts in which inhibition deficits are considered a diagnostic feature.

Introduction

Social interaction relies heavily on an actor’s capacity to modify
reactions and to inhibit pre-planned or automatic responses. There-
fore, response (or action) inhibition, defined as the cognitive ability
to withhold such reactions (Logan et al., 1997), is considered to be
one of the key concepts in understanding the flexible and adaptive
nature of human behaviour.
Various paradigms have been developed to assess response inhibi-

tion (W€ostmann et al., 2012), of which the go/no-go task (GNGT)
and the stop-signal task (SST) are the most prominent. Both para-
digms share the task instruction to not respond to a certain configu-
ration of stimuli and might, thus, revert to similar cognitive
resources (Schachar et al., 2007). However, both paradigms are
understood to employ different aspects of inhibitory processing (Ru-
bia et al., 2001; Aron et al., 2004; McNab et al., 2008; Zheng
et al., 2008; Swick et al., 2011). Eagle et al. (2008) stated that, in a

GNGT, a not-yet-initiated action has to be restrained. In contrast, in
an SST, already initiated responses have to be cancelled. Therefore,
it is of interest to what extent such conceptual differences are mir-
rored by differences in task-related neural activity.
Brain imaging studies have consistently reported inhibition-related

activity within mostly right-lateralized (Aron et al., 2004) ventral
and inferior prefrontal cortex, pre-supplementary motor areas, and
sub-cortical circuitries (Chambers et al., 2009). Only a few studies
have directly compared neural activation in go/no-go and stop-signal
paradigms, focusing mainly on overlapping activation and identify-
ing bihemispheric inferior, right middle frontal, and left anterior
insula regions (McNab et al., 2008; Zheng et al., 2008) as the com-
mon locus of inhibitory processing. Rubia et al. (2001) reported
left-lateralized prefrontal and parietal activation for action restraint
and more right hemispheric activation during action cancellation.
Sebastian et al. (2013) disentangled common and specific neural
sub-processes of different inhibitory aspects. They found empirical
evidence for a common inhibition network including the inferior
frontal cortex, pre-supplementary motor area, and parietal regions,
but still emphasized that different aspects of action inhibition, i.e.
interference inhibition and action cancellation, are discriminable at

Correspondence: Franziska Dambacher, 1Department of Cognitive Neuroscience,
as above.
E-mail: franziska.dambacher@maastrichtuniversity.nl

Received 29 July 2013, accepted 17 October 2013

© 2013 Federation of European Neuroscience Societies and John Wiley & Sons Ltd

European Journal of Neuroscience, Vol. 39, pp. 821–831, 2014 doi:10.1111/ejn.12425

European Journal of Neuroscience



the neural level. In addition, Swick et al. (2011) proposed, in their
comprehensive meta-analysis, that both tasks share a fundamental
core network involving bilateral inferior frontal and pre-supplemen-
tary motor regions. Furthermore, they assumed an additional fronto-
parietal network to be involved in action restraint and a cingulo-
opercular network in action cancellation.
However, the identification of common and distinct inhibitory

neural networks and their respective brain connectivity measures
were not directly addressed in any of the above-mentioned studies.
A connectivity approach is indispensable in order to enable the mere
description of co-activation of brain regions to move towards an
understanding of their actual interaction. Therefore, we designed a
functional imaging study in order to look at connectivity as well as
local activity changes during response inhibition. Action restraint
was expected to activate a fronto-parietal network, whereas action
cancellation was thought to activate a cingulo-opercular network. In
addition to these task-dependent neural network patterns, we further-
more also expected to find a common right-lateralized inhibition net-
work including inferior frontal and pre-supplementary motor areas.

Materials and methods

Participants and procedure

Nineteen healthy Dutch males volunteered for this study. One partic-
ipant was excluded from further analysis because of technical prob-
lems during functional magnetic resonance imaging (fMRI) data
acquisition and one participant did not complete the experiment.
Therefore, the data of 17 participants (mean age 28.4 years, SD
9.9 years) were included in the data analysis. All participants gave
their written informed consent for participation and were paid for
taking part. The study was approved by the Ethical Commission of
the Faculty of Psychology and Neuroscience at Maastricht Univer-
sity and conformed to the Code of Ethics of the World Medical
Association (Declaration of Helsinki).
Participants had to complete two response inhibition tasks during

the fMRI scan. Both task designs were as similar as possible in
order to enable a valid comparison of their specific distinct inhibi-
tory mechanisms. Furthermore, feasibility and comfortable task exe-
cution inside the fMRI scanner were considered to enable
participants to perform with full concentration.
In order to elicit action restraint, a simple go/no-go motor

response task was used (Fig. 1A). Participants were instructed to
respond as fast and accurately as possible to a go stimulus via but-
ton press, whereas they should not respond to a rare no-go stimulus.
Go as well as no-go stimuli were presented for 200 ms followed by
a fixation cross for a randomized interval of 1300, 2800, or
4300 ms.
In order to elicit action cancellation, a modified version of the

SST (Logan et al., 1997) was used (Fig. 1B). Participants were
instructed to respond as fast and accurately as possible to a go stim-
ulus via button press, whereas they should not respond to this same
stimulus in the rare cases when it was followed by a visual stop sig-
nal. In the go trials, the go stimulus was presented for 200 ms fol-
lowed by a fixation cross for a randomized interval of 1300, 2800,
or 4300 ms. In the stop trials, the go stimulus was presented for
200 ms followed by a stimulus fixed-onset asynchrony of 250 ms, a
visual stop signal presented for 300 ms and subsequently a fixation
cross for a randomized interval of 950, 2450, or 3950 ms. The fixed
stop-signal delay was chosen to ensure optimal comparability
between both paradigms and to keep the difficulty of the task at a
level at which enough inhibition trials could be completed success-

fully. It has to be emphasized that this task design did not allow the
calculation of stop-signal reaction times within the framework of the
independent race model (Verbruggen & Logan, 2009).
No-go/stop events occurred in 25% of the 160 pseudo-randomized

trials. The letters C and M were used as stimuli. The assignment of
a letter to the go and no-go/stop condition was randomized between
participants. After every 16 trials there was a short resting period of
19 500 ms integrated into the task, when only a fixation cross was
shown. Stimuli and fixation crosses were presented in white (RGB
255/255/255; Arial 24 point) on a grey background (RGB 125/125/
125). Participants had to perform two consecutive runs of 160 trials
for each task in randomized order, giving a total of 320 trials (80
no-go/stop trials) per task and a scanning time of about 1.5 h
(approximately 10 min for each experimental run, plus acquisition
of anatomical data, plus preparation). The task order was counterbal-
anced. After being instructed and before entering the fMRI scanner,
all participants had completed a training version of each task
(including 64 trials per task). Stimuli were presented using Presenta-
tion software (Neurobehavioural Systems, Inc., Albany, CA, USA).

Technical details and functional magnetic resonance imaging
acquisition

Stimulus material was displayed on a frosted screen, positioned at
the rear of the scanner bore, using an LCD projector (PLC-XT11-
16; Sanyo North American Corporation, San Diego, CA, USA).
Responses were collected by employing a standard magnetic reso-
nance-compatible button box (LUMItouch keypads, Photon Control,
Burnaby, BC, Canada).
Using a 3 T Allegra magnetic resonance Scanner (Siemens),

structural (high-resolution T1-weighted MPRAGE; isotropic voxel
resolution 1 9 1 9 1 mm³; 192 sagittal slices) and functional (gra-
dient-echo-sequence; repetition time, 1500 ms; echo time, 28 ms;
field of view, 224 mm; flip angle, 71°; matrix, 64 9 64; slice thick-
ness, 3.5 mm; distance factor, 10%; 458 volumes per run) whole-
brain images were acquired. A total of 27 oblique transverse slices
of 3.5 9 3.5 9 3.5 mm voxels tilted 30° relative to the anterior
commissure–posterior commissure plane were obtained in order to
avoid signal dropout in frontal areas (Deichmann et al., 2003).

A

B

Fig. 1. (A) GNGT. Go trials shown in green, no-go/stop trials shown in
red. (B) SST. Go trials shown in green, no-go/stop trials shown in red. In
this example, C corresponds to the go stimulus in both tasks, while M corre-
sponds to the no-go stimulus in the GNGT and the stop signal in the SST.
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Functional magnetic resonance imaging analysis

Data analyses were performed using Brain Voyager QX 2.8 (Brain
Innovation BV, Maastricht, Netherlands). The first five volumes of
each functional run were discarded to allow for equilibrium effects.
Pre-processing included three-dimensional motion correction (as
implemented in Brain Voyager QX with trilinear/sinc interpolation
and intrasession alignment to the first functional volume recorded
after the individual anatomical scan), cubic spline slice scan time
correction, and the application of a temporal high-pass filter [general
linear model (GLM) with Fourier basis set of three cycles sine/
cosine per run including linear trend removal]. Images were co-reg-
istered to the individual anatomical scans and normalized to Talai-
rach stereotaxic space (Talairach & Tournoux, 1988). Volume time
courses were spatially smoothed using a 6 mm full-width half-maxi-
mum Gaussian kernel.
In order to establish the activation patterns of the GNGT and SST

as well as their dissociative brain activity, event-related random-
effects group analyses were performed. A GLM was defined in order
to analyse specific task-related activation patterns for no-go trials in
the GNGT and specific activation patterns for stop trials in the SST.
The GLM included four predictors (successful go and successful no-
go trials in the GNGT, and successful go and successful stop trials in
the SST). Furthermore, commission errors on go trials (misses) and
on no-go and stop trials (false alarms) were modeled in order to
account for error variance. For each trial, blood oxygenation level-
dependent responses during a time window of 1500 ms (one com-
plete trial excluding the jitter) were modeled. Motion parameters
were included as confound predictors in the regression analysis and
the single regressors in the resulting matrix were tested in order to
avoid multicollinearity. Statistical maps were created using a thresh-
old of P < 0.01 corrected for multiple comparisons by means of
cluster threshold level estimation analysis of 1000 Monte Carlo simu-
lation iterations (Forman et al., 1995), resulting in a cluster threshold
of 28 voxels. A conjunction analysis for successful no-go and stop
trials (no-go ^ stop) was conducted to statistically evaluate the over-
lap (and only the overlap) of voxels significantly activated during
both tasks and therefore involved in both tasks. Furthermore, a direct
contrast analysis (stop > no-go) was performed to directly compare
the two tasks and to examine the dissociative brain activity patterns
between the no-go trials in the GNGT and the stop trials in the SST.

Connectivity analysis, choice and definition of seed regions

In order to dissociate the overlapping and differential neural net-
works involved in both tasks, functional connectivity analyses were
performed using instantaneous correlation mapping (Goebel et al.,
2003; Roebroeck et al., 2005). We intended to investigate whether
regions activated during action restraint and cancellation (in the
GLM analyses) did indeed form a task-related functional network of
orchestrated activity across distributed regions. This type of analysis
requires the definition of seed regions. The task-related linear pair-
wise correlations were computed during the no-go and stop condi-
tion for each voxel between the average time course of the voxels
in the seed region and the voxel time course.
The choice of seed regions was based on previous literature

(Swick et al., 2011) and the concrete results of our GLM analysis.
We focused on three potential networks: a supposedly common inhi-
bition network, a specific inhibition network for action restraint, and
a specific inhibition network for action cancellation. Therefore, con-
nectivity analyses were based on three different seed regions (one
for each network). In order to fulfill the criteria to be selected as

seed regions, the regions had to be located within the hypothetical
networks involved in action restraint and cancellation as suggested
by Swick et al. (2011), and, furthermore, display significant neural
activation in our GLM analysis. We chose the following seed
regions:

� a common seed region in the right anterior insula (as the crucial
node in a global inhibition network);
� an action restraint-specific seed region in the right frontal cortex
(as the crucial node in an action restraint fronto-parietal network);
and
� an action cancellation-specific seed region in the posterior cingu-
late cortex (PCC) (as the crucial node in an action cancellation cing-
ulo-opercular network).

The regions of interest (ROIs) within these seed regions were
defined depending on the specific group random-effects GLM acti-
vation, focusing on the 250–300 most significantly activated voxels
in the three regions. The ROI on which the connectivity analysis
regarding a potential common inhibition system was based was
defined on the GLM map of the conjunction between successful
action restraint and action cancellation (no-go ^ stop). The ROI on
which the connectivity analysis regarding a potential action
restraint-specific inhibition system was based was defined on the
GLM map of successful action restraint vs. successful action cancel-
lation (no-go > stop). The ROI on which the connectivity analysis
regarding a potential action cancellation-specific inhibition system
was based was defined on the GLM map of successful action can-
cellation vs. successful action restraint (stop > no-go).
Group-level instantaneous correlation maps were computed by

averaging all single-subject maps and testing the average T > 0.
Cluster threshold level estimation analysis was performed with
P < 0.0001 and 1000 Monte Carlo simulation iterations in order to
correct for multiple comparisons (Forman et al., 1995), resulting in
a cluster threshold of five voxels.

Results

Behavioural data

Participants reacted significantly faster in the successful go trials for
the GNGT compared with the SST (GNGT: mean 412.5 ms, SD
46.9 ms; SST: mean 505.6 ms, SD 65.1 ms; t = 9.240, P < 0.001).
False alarms (commission errors for inhibition trials) were more fre-
quent in stop trials than in no-go trials (GNGT: mean 2.9 (3.6% of
all no-go trials), SD 2.7; SST: mean 8.5 (10.6% of all stop trials),
SD 7.3; t = 3.394, P < 0.05). This probably reflected a higher cog-
nitive load due to more complex instructions in the SST. In both
tasks, relatively few misses (commission errors on go trials)
occurred (GNGT: mean 1.4 (0.6% of all go trials), SD, 2.2; SST:
mean 1.1 (0.5% of all go trials), SD 2.5; t = �0.206, P > 0.05). As
predicted by the independent race model (Verbruggen & Logan,
2009), in the SST, participants reacted significantly faster on false
alarm trials than on successful go trials (false alarm trials: mean
412.5 ms, SD 46.9 ms; successful go trials: mean 505.6 ms, SD
65.1 ms; t = 6.042, P = 0.000).

General linear model analyses

The GLM analysis of fMRI blood oxygenation level-dependent
responses during no-go and stop trials in which inhibition was suc-
cessful compared with baseline (baseline = fixation; action restraint
shown in red, action cancellation shown in blue), their conjunction
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(shown in green), and their direct contrast (shown in purple) are
shown in Fig. 2 (for Talairach co-ordinates of reported regions see
Table 1).
An increase of neural activity during both action restraint and

action cancellation (no-go ^ stop / conjunction) occurred most
prominently in the right anterior insula extending into the right infe-
rior frontal gyrus (IFG). In addition, pronounced changes of neural
activation in the pre-supplementary and supplementary motor area
[(pre-)SMA] were observed. Activation in the left primary motor
cortex increased during both no-go and stop trials, mirroring the
strong urge to initiate a motor response with the right index finger
that was, however, ultimately not completed. Furthermore, activation
in parietal and inferior occipital regions increased significantly dur-
ing both no-go and stop trials.
In addition, during successful action restraint in the GNGT (no-go

vs. baseline), the increase of activation in the right superior frontal
gyrus was shown to be marginally significant (random-effects analy-
sis, N = 17, cluster threshold of seven voxels; however, this cluster
did not survive the cluster threshold level correction). Furthermore,
superior temporal activation increased significantly.

No significant superior frontal activation was found for action
cancellation in the SST (stop vs. baseline). During stop trials, activa-
tion in the anterior insula (extending into the IFG) bilaterally showed
a significant increase, whereby activation was more pronounced in
the right inferior frontal regions. Furthermore, activation in the fusi-
form gyrus increased significantly in successful inhibition trials dur-
ing SST execution. No such activation was found for the GNGT.
For trials in which inhibition was successful, the direct statistical

contrast between both aspects of action inhibition (stop > no-go / direct
contrast) revealed no significant increase of the blood oxygenation
level-dependent signal in specific brain areas for action restraint
(GNGT). For action cancellation (SST), the analysis of the direct con-
trast revealed SST-specific activation in the right middle frontal gyrus
(rMFG), bilateral PCC, and right-lateralized thalamus. Furthermore,
activation in bilateral parietal and temporal areas as well as the inferior
occipital gyrus was more pronounced for action cancellation.
Based on the described analyses and the hypothetical network

suggested by Swick et al. (2011), three ROIs were defined as
seed regions for functional connectivity analyses (see section on
Connectivity analysis, choice and definition of seed regions above):

A

B

Fig. 2. GLM maps. (A) Increased cortical activation associated with successful inhibition during no-go trials vs. baseline (shown in red, cluster threshold) and
stop trials vs. baseline (shown in blue). (B) Conjunction analysis (no-go ^ stop) (shown in green) and contrast analysis (stop trials > no-go trials) (shown in
purple). Statistical maps, P ≤ 0.01 cluster level threshold corrected (cluster threshold of 28 voxels) random-effects group analysis (n = 17). PrG, precentral
gyrus; MFG, middle frontal gyrus; AI, anterior insula; TAL, thalamus. Neural activation overlaid over a single representative subject’s brain.
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Table 1. Talairach co-ordinates for regions activated in different analyses

Region

Talairach co-ordinates

Region

Talairach co-ordinates

x y z x y z

No-go ^ stop / conjunction Common inhibition network GNGT
Frontal cortex Frontal cortex
Anterior insula I R 32 24 10 Anterior insula R 33 23 8
Anterior insula II R 40 12 8 Anterior insula L �36 18 4
SMA/pre-SMA R 6 4 52 SMA/pre-SMA R 3 �8 51
SMA/pre-SMA L �6 �5 52 SMA/pre-SMA L �4 �7 50
Precentral gyrus L �46 �7 44 Cingulate cortex

Parietal cortex Anterior cingulate cortex L �4 10 36
Angular gyrus R 33 �58 34 Occipital cortex
Precuneus R 32 �68 38 Lingual gyrus R 9 �70 0
Angular gyrus L �31 �62 33 Lingual gyrus L �6 �74 �4
Precuneus L �31 �68 38 Sub-cortical regions

Occipital cortex Thalamus R 8 �17 4
Inferior occipital gyrus R 30 �87 �11 Common inhibition network SST
Inferior occipital gyrus L �33 �87 �11 Frontal cortex

No-go vs. baseline Anterior insula R 33 23 8
Frontal cortex Anterior insula L �37 20 1
Superior frontal gyrus R 25 49 29 SMA/pre-SMA R 2 2 49
Anterior insula I R 32 24 10 SMA/pre-SMA L �4 �2 49
Anterior insula II R 40 12 8 Cingulate cortex
SMA/pre-SMA R 6 3 45 Anterior cingulate cortex L �1 16 36
SMA/pre-SMA L �7 �7 54 Occipital cortex
Precentral gyrus L �46 �7 44 Lingual gyrus R 6 �68 4

Temporal cortex Lingual gyrus L �9 �78 4
Superior temporal gyrus R 49 �26 �5 Sub-cortical regions

Parietal cortex Caudate L �6 5 7
Angular gyrus R 33 �55 32 Putamen/globus pallidus R 28 �7 7
Precuneus R 34 �66 42 Thalamus L �8 �17 7
Angular gyrus L �29 �56 36 Common inhibition network GNGT and SST
Precuneus L �29 �66 36 Frontal cortex

Occipital cortex Anterior insula R 33 23 8
Inferior occipital gyrus R 29 �90 �9 Anterior insula L �38 20 1
Inferior occipital gyrus L �30 �88 �11 SMA/pre-SMA R 4 2 46

Stop vs. baseline SMA/pre-SMA L �6 �2 46
Frontal cortex Precentral gyrus R 36 �11 57
Middle frontal gyrus R 37 32 33 Cingulate cortex
Anterior insula R 37 19 6 Anterior cingulate cortex R 6 13 34
Anterior insula L �35 22 5 Anterior cingulate cortex L �6 13 37
SMA/pre-SMA R 6 8 51 Temporal cortex
SMA/pre-SMA L �5 �1 50 Superior temporal gyrus L �56 �27 12
Precentral gyrus R 37 �1 52 Occipital cortex
Precentral gyrus L �42 �7 37 Lingual gyrus R 8 �68 5

Cingulate cortex Lingual gyrus L �8 �80 5
PCC R 4 �26 26 Sub-cortical regions
PCC L �4 �26 28 Caudate L �13 �2 13

Temporal cortex Putamen/globus pallidus R 29 �7 5
Superior temporal gyrus R 61 �38 21 Thalamus R 5 �18 6
Superior temporal gyrus L �50 �43 21 Thalamus L �8 �18 6
Fusiform gyrus R 45 �61 �8 Specific inhibition network GNGT
Fusiform gyrus L �41 �65 �8 Frontal cortex
Middle temporal gyrus R 51 �26 �5 Superior frontal gyrus R 24 49 30

Parietal cortex Middle frontal gyrus L �26 37 36
Precuneus R 33 �68 35 Cingulate cortex
Precuneus L �32 �66 39 Anterior cingulate cortex R 4 23 33
Inferior parietal lobe R 34 �53 36 Anterior cingulate cortex L �5 25 33
Inferior parietal lobe L �33 �54 39 Specific inhibition network SST

Occipital cortex Frontal cortex
Inferior occipital gyrus R 33 �84 �10 Middle frontal gyrus R 40 44 20
Inferior occipital gyrus L �37 �84 �10 Cingulate cortex

Stop > no-go / direct contrast PCC R 5 �26 27
Frontal cortex PCC L �6 �26 27
Middle frontal gyrus R 37 32 33 Parietal cortex
Precentral gyrus R 44 �2 45 Inferior parietal lobule R 39 �56 42

Cingulate cortex Precuneus R 10 �51 46
PCC R 4 �26 26 Precuneus L �5 �50 46
PCC L �4 �26 28 Occipital cortex

(continued)
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a common ROI in the right anterior insula (Talairach co-ordinates:
x33, y23, z8) in order to find evidence for a common inhibition net-
work; an action restraint-specific ROI in the right superior frontal
gyrus (Talairach co-ordinates: x24, y49, z30) in order to find evi-
dence for an action restraint-specific fronto-parietal network; and an
action cancellation-specific ROI in the PCC (Talairach co-ordinates:
x0, y�26, z26) in order to find evidence for an action cancellation-
specific cingulo-opercular network.

Functional connectivity analyses

In addition to the standard GLM fMRI analysis, we conducted func-
tional connectivity analyses in order to enable the specification of
overlapping and differential functional networks activated by differ-
ent aspects of action inhibition (Table 1, Fig. 3). Instantaneous cor-
relation analyses showed that, for both aspects of inhibitory
processing, a network including bilateral inferior frontal regions, the
(pre-)SMA, anterior cingulate cortex, thalamus, and occipital areas
was activated. This common inhibition network was found for the
aggregated data of successful no-go and stop trials (Fig. 3, shown in
green) and also independently for both paradigms (Fig. 3, action
restraint shown in red, action cancellation shown in blue). Although
visual inspection of the instantaneous correlation maps suggested
that sub-cortical areas might be more strongly involved in the com-
mon inhibition network for action cancellation, the direct contrast of
the found network for action restraint and action cancellation (con-
nectivity within the common network during stop trials > connectiv-
ity within the common network during no-go trials) did not reveal
any statistically significant differences in neural activation.
In addition to the common inhibition network, functional connec-

tivity measures showed that, during action restraint, a network includ-
ing right superior frontal regions, left middle frontal regions, and the
anterior cingulate cortex was activated (Fig. 3, shown in red). No
such functional network was found during action cancellation. In con-
trast, for action cancellation, the PCC, rMFG, parietal and occipital
regions were found to be functionally related (Fig. 3, shown in blue).
No such network was found to be activated during action restraint.

Discussion

Employing a within-subject within-session event-related fMRI
design, analysing functional network connectivity as well as local

activity changes, we investigated to what extent the neural correlates
of two different aspects of response inhibition, action restraint and
action cancellation, rely on a common and/or task-dependent net-
work. We expected to find a common inhibition system within the
brain as well as different activation patterns and neural networks
involved in action restraint and action cancellation. Specifically, we
expected action restraint to activate a task-specific fronto-parietal
network and action cancellation to activate a task-specific cingulo-
opercular network.

A common inhibition network and its lateralization

A common inhibition network

In accordance with our hypotheses, we found right and left anterior
insula regions, which extend into the IFG, and (pre-)SMA to be
activated during successful inhibition in both action restraint
(assessed by the GNGT) and action cancellation (assessed by the
SST). Our connectivity analyses, moreover, showed task-related
functional connectivity between bilateral inferior frontal regions,
(pre-)SMA, and thalamic regions. Therefore, our data support the
notion that both paradigms share a common pattern of neural activa-
tion. We interpret these findings as direct evidence for a common,
or core task set, inhibition network across different modalities of
response inhibition, as suggested previously (Swick et al., 2011).
These brain regions have previously been investigated and associ-
ated with inhibitory processing in neuroimaging studies (reviewed in
Chambers et al., 2009 and Swick et al., 2011), as well as human
lesion (Aron et al., 2003), electroencephalography (Enriquez-Gep-
pert et al., 2010), and brain stimulation (Chambers et al., 2006,
2007; Majid et al., 2012) research.
During successful inhibition, we find an interaction between infe-

rior frontal regions, the (pre-)SMA, and thalamus. This connects to
work by Aron (2011) who presented a hypothetical network account
suggesting that such an IFG–SMA–thalamus network is involved in
global reactive stopping. For the SST, Duann et al. (2009) investi-
gated directed connectivity by means of Granger causality mapping.
They found reciprocal connectivity between the inferior frontal cor-
tex and (pre-)SMA. Furthermore, they showed that the (pre-)SMA
mediates response inhibition through its connectivity with the pri-
mary motor cortex via the basal ganglia circuitry, whereas the infe-
rior frontal cortex interconnects to this system indirectly through its

Table 1 (continued)

Region

Talairach co-ordinates

Region

Talairach co-ordinates

x y z x y z

Temporal cortex Middle occipital gyrus R 29 �79 21
Superior temporal gyrus I R 61 �38 21
Superior temporal gyrus II R 53 �40 13
Superior temporal gyrus L �50 �43 21
Middle temporal gyrus R 42 �56 �2

Parietal cortex
Precuneus R 27 �72 29
Superior parietal lobe L �35 �63 44
Inferior parietal lobe R 34 �49 41
Inferior parietal lobe L �33 �54 39

Occipital cortex
Inferior occipital gyrus R 45 �75 0
Inferior occipital gyrus L �37 �84 �10

Sub-cortical regions
Thalamus R 5 �19 4

R, right; L, left; SMA, supplementary motor area.
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connectivity with the (pre-)SMA. Recently, Zandbelt et al. (2013)
revealed interactions between the inferior frontal cortex, pre-supple-
mentary motor area, striatum and motor cortex using an approach
combining repetitive transcranial magnetic brain stimulation and
fMRI.
During successful inhibition, inferior frontal regions seem to inter-

act not only with the (pre-)SMA but also with the thalamus. Previ-
ous literature also emphasized thalamic involvement in an inhibition
network with respect to the anatomical setup of connecting fibre
tracts (Aron et al., 2007). Such involvement was mainly shown to
work via suppression mechanisms, i.e. thalamic activation should be
released during the execution of motor action, whereas it should be
suppressed during its inhibition (Aron et al., 2011; Duann et al.,
2009). The current findings emphasize that thalamic regions play a
crucial role in the processing of motor responses and their inhibi-
tion. However, it has to be considered that mere functional connec-
tivity measures cannot enable any interpretation regarding the
directivity of such an involvement. More elaborate studies employ-
ing directed connectivity measures are needed to clarify the precise

interplay of involved regions within a global inhibition network
across different inhibitory modalities.
It is of note that the described common inhibition network seems

to be crucial not only for the SST but for both tasks independently
and also for their conjunction. Future research may therefore need
to consider that different response inhibition paradigms show signifi-
cant overlap in their neural networks. Furthermore, it would be of
interest to investigate how action restraint and cancellation are con-
ceptually equivalent to reactive inhibition or also incorporate addi-
tionally proactive components (Zandbelt & Vink, 2010; Zandbelt
et al., 2011, 2013a, 2013b) and whether the global inhibition net-
work that we find transfers to these other conceptualizations of
action inhibition.
The current study found pronounced activation of inferior frontal

regions during successful inhibition for both action restraint and
action cancellation. However, although this activation extends into
the IFG, our findings indicate that the statistical ‘hotspot’ for suc-
cessful inhibition clearly lies in the anterior insula rather than the
IFG. This finding implies that the IFG and anterior insula may form

A

B

Fig. 3. Functional connectivity within inhibitory networks activated during successful inhibition. (A) Common inhibition network for conjunction of no-go and
stop trials shown in green, common network for GNGT shown in red [seed region right anterior insula (AI)]; common network for SST shown in blue (seed
region right AI). (B) Specific network for GNGT shown in red [seed region right superior frontal gyrus (SFG)]; specific network for SST shown in blue (seed
region PCC). Statistical maps, P ≤ 0.0001 cluster level threshold corrected (cluster threshold of five voxels) random-effects group analysis (n = 17). PrG, pre-
central gyrus; ACC, anterior cingulate cortex; TAL, thalamus; MFG, middle frontal gyrus; PCC, posterior cingulate gyrus. Neural activation overlaid over a sin-
gle representative subject’s brain.
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a functional entity during inhibitory processing, and that the anterior
insula may be the most crucial brain region for different forms of
response inhibition. This is in contrast to the consistent emphasis on
the role of the right IFG in the response inhibition literature
(reviewed in Aron et al., 2004), which has been described as being
a core region for response inhibition that is involved across different
response modalities (Chikazoe et al., 2007). However, in line with
the current findings, Swick et al. (2011) found the most prominent
overlap of inferior frontal activation to be located in the anterior
insula in their meta-analysis of 42 studies of GNGT and SST. They
suggest two possible reasons for the disagreement over the IFG or
anterior insula as the focus of activation during response inhibition.
First, the close proximity of the IFG and anterior insula to each
other could result in mislabelling of fMRI activation in either the
IFG or anterior insula. Second, extensive spatial smoothing of func-
tional imaging data could blur distinct regions in such a way that
activation in the IFG would be smoothed into the anterior insula
and vice versa. Swick et al. (2011) suggest that it is especially
likely that activation foci in group level statistical maps would
appear in the anterior insula. However, despite the strength of this
argument, in our data we see the strongest activation focus for both
tasks in the anterior insula, even for single subject and unsmoothed
group data. This emphasis on the role of the anterior insula along-
side IFG activation in response inhibition research follows the
example of Sharp et al. (2010), who labeled their focus of activa-
tion as the ‘IFG/insula’, and acknowledges the importance of the
anterior insula in inhibition processing and its relation to the IFG. It
would be of interest to examine whether these two regions could be
functionally discriminated in the context of inhibition research.

Lateralization of the common inhibition network

We find stronger right hemispheric activation in the bilateral areas
of interest and also a greater number of right hemisphere unilateral
regions of activation for both tasks. Therefore, our findings suggest
that the brain regions involved in response inhibition tasks are
asymmetrically distributed towards the right hemisphere. This is in
line with most response inhibition literature, independent of the par-
adigm used (Aron et al., 2004; Chambers et al., 2009; Swick et al.,
2011). The evidence presented here is in contrast to the notion of
Rubia et al. (2001) that a GNGT would show greater involvement
of the left hemisphere, whereas an SST would involve more right
hemispheric regions.
Despite the clear right lateralization of activation, our findings

also show that brain activation is not exclusively located in the right
hemisphere, indicating a role for the left hemisphere in inhibitory
processing. Several other studies have shown explicit involvement
of the left IFG/left anterior insula in inhibition tasks (Swick et al.,
2008; Boehler et al., 2010), suggesting that left hemispheric regions
play a role in response inhibition, although to a lesser extent. There-
fore, future investigations are needed to clarify the specific division
of labour between the two hemispheres for action inhibition.

Distinct neural networks underlying action restraint and action
cancellation

Neural correlates of action restraint

Contrary to our prediction, the direct contrast between stop trials in
the SST and no-go trials in the GNGT does not show any signifi-
cant differential activation for action restraint (as assessed by the
GNGT). We do not find specific GNGT-related increases of neural

activation in the rMFG and right inferior parietal lobule/precuneus,
as would be expected based on the meta-analysis by Swick et al.
(2011). The lack of specific neural activation related to action
restraint compared with action cancellation in our data is in line
with the findings of Sebastian et al. (2013). They attribute this zero
finding to the fact that they presented action restraint trials inter-
leaved with inference-inhibition and action cancellation trials. How-
ever, we find the same results using two entirely unrelated (time-
wise) tasks. Therefore, the question arises whether or not action
restraint or withholding might be a sub-form of action cancellation
activating no or very few specific neuronal components additional to
a global inhibition system.
On a more descriptive level, we find a prefrontal cluster of activa-

tion slightly superior to the rMFG around Brodmann area 10 in the
GLM analysis of successful no-go trials vs. baseline that we do not
find for action cancellation. The functional connectivity that we find
between right superior frontal regions, left middle frontal regions,
and the anterior cingulate cortex emphasizes the role of these frontal
regions for cognitive processing during action restraint. However,
we fail to find convincing empirical evidence in favour of a GNGT-
specific fronto-parietal network as suggested by Swick et al. (2011).
We find some frontal areas as being marginally important for GNGT
execution, but no indication of their task-specific connectivity to
parietal regions.
In our data, only superior frontal activation was specifically mar-

ginally significant for action restraint. However, in the response inhi-
bition literature there is still no consensus on which specific middle
and/or superior frontal cortical structures are crucial for inhibitory
processing. Simmonds et al. (2008) reported a superior frontal
region (Brodmann area 10) similar to the one that we find together
with Brodmann area 9 in their activation likelihood estimation over
11 studies investigating the GNGT. Swick et al. (2011) reported, as
a result of their activation likelihood estimation over 21 studies
investing the GNGT, a middle frontal area (Brodmann area 9)
exclusively as the most crucial specific prefrontal area activated dur-
ing the GNGT. The role of middle and superior frontal areas for
inhibition is still not clearly defined and this might motivate a closer
look into the precise distribution of specific neural activity in pre-
frontal areas especially during action restraint.

Neural correlates of action cancellation

For action cancellation (as assessed by the SST), we find a well-pro-
nounced task-specific neural activation pattern. Hence, in addition to
the common network of inhibition described above, action cancella-
tion specifically activates the PCC and thalamic regions in the direct
contrast analysis between SST and GNGT. These regions have been
associated with functions such as task set control, salience monitor-
ing, and performance monitoring (reviewed in Swick et al., 2011).
Furthermore, our data show increased activity in right middle frontal
and bilateral parietal areas specifically for action cancellation. This
activation pattern could suggest the involvement of a right-lateral-
ized fronto-parietal neural component similar to the dorsal atten-
tional system (Corbetta & Shulman, 2002) or the executive control
system (Seeley et al., 2007), both of which include top-down adap-
tive cognitive control as one of their central functions. Higher false
alarm rates and longer reaction times measured during the SST com-
pared with the GNGT (see behavioural results) suggest that the SST
might call for a significantly higher cognitive load or might simply
be more difficult. This interpretation could also account for the lar-
ger and more pronounced task-related neural activation that we find
for the SST compared with the GNGT.
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In our study, a specific task design was employed to optimally
compare the two paradigms. To do so, a fixed stop-signal delay was
used in the SST. This resulted in significantly longer reaction times
in SST compared with GNGT performance and one could assume
that participants just waited for the stop signal and thereby trans-
formed the SST simply into a slower GNGT. However, the signifi-
cantly higher error rate in the SST as well as the fact that we found
differential neural activity and networks underlying both paradigms
might speak against this interpretation. Nonetheless, it would be of
value to develop similar designs for GNGT and SST that still allow
for an implementation of variable stop-signal delays in order to gain
an even more defined assessment of the underlying differential
mechanisms.
Our functional connectivity analysis reveals that, during success-

ful inhibition of stop trials, activity in the PCC is not correlated with
activity in thalamic regions as predicted, but rather with the rMFG,
parietal, and occipital regions. Instead of being task-specific for
action cancellation, our data thus suggest that thalamic regions are
an integral component of a common inhibition network relevant dur-
ing both action cancellation and action restraint. Therefore, the
notion of a cingulo-opercular network activated in the stop-signal
paradigm is supported by our data on a descriptive level, but not
with respect to functional connectivity.

Limitations

When interpreting our findings, it is important to emphasize that the
question of how to label processes underlying the stopping of cer-
tain actions is not yet resolved. The label ‘inhibition’ may often not
be an adequate description of the function of a brain region found
to be active during response inhibition paradigms.
In the current study, task-related neural activity and functional

connectivity were assessed by looking at activity changes during no-
go and stop events and their contrasts compared with baseline.
Therefore, we cannot interpret our findings as inhibition-specific, but
rather as task-specific. Claims can be made concerning the common
and distinct networks recruited for the two tasks, but specificity to
inhibitory processes cannot be concluded based solely on these
results. It is debatable which contrast to look at for inhibition-spe-
cific activity (Swick et al., 2011) and additional options to the com-
parison against baseline would be to compare successful inhibition
with false alarms or go events. Our design did not provide a suffi-
cient number of false alarm trials to allow such statistical compari-
sons. Directly contrasting no-go and stop events with go events,
however, did not reveal any significant results. This might be due to
power issues. Essentially, we had to focus on the comparison to
baseline, which has to be seen as a rather sub-optimal choice of
contrasts in response inhibition research (Swick et al., 2011). Our
hypotheses focused on a task comparison and, thus, on differential
task-related activity during inhibitory processing rather than the iso-
lation of one specific form of inhibition. Furthermore, the type of
connectivity analysis employed investigates neural activity during a
certain time window rather than in contrast to other time courses.
Therefore, the choice to base our analyses on the comparison against
baseline is justified. However, it has to be emphasized that the acti-
vation found might not be specific to action restraint or action can-
cellation, but could reflect other processes (e.g. response
preparation). Further investigations have to clarify how far the
results bear up to a more specific choice of contrasts.
Furthermore, there are several considerations to take into account

when thinking about assigning certain functions to the involved
regions. Although (pre-)SMA and thalamic regions seem to be

specifically involved in the mechanisms underlying the withdrawal
of motor action (reviewed in Swick et al., 2011), the exact role of
inferior frontal brain structures is not clear. Variations in the task
design of go/no-go and stop-signal paradigms as well as the addition
of control trials that can tap into processes such as action selection
or the choice of alternative action plans may be specifically capable
of shedding light on this important question. For example, Verbrug-
gen et al. (2010) showed that the disruption of neural tissue in the
ventral right IFG by theta-burst transcranial magnetic brain stimula-
tion did affect both stop-signal trials in which subjects had to with-
hold their response and dual-signal trials in which subjects had to
execute an additional response. This finding suggests that, when the
cognitive system finds itself confronted with alternative competing
plans, inferior frontal regions might serve as a higher-order control
of updating and selecting the respective action plans, rather than
specifically underlying their simple inhibition. Schall & Godlove
(2012) point out that, when taking into account studies not focusing
on inhibition only but also other cognitive processes, the function of
the inferior frontal cortex might rather be labeled as attention cap-
ture modulating with stimulus unexpectedness. These described
functions of inferior frontal activity are similar to those discussed
with regard to the anterior insula. Although classically understood
as a tool of interoceptive awareness (Craig, 2009), anterior insula
functions include the selection of appropriate responses, cognitive
control, maintenance of task set, and focal attention (Menon & Ud-
din, 2010; Nelson et al., 2010). Other authors have emphasized the
role of right inferior frontal regions in attentional capture (Sharp
et al., 2010) and attentional control (Hampshire et al., 2010). All of
these aspects are crucial for successful inhibitory processing of any
kind.
Due to this evidence, we cannot conclusively label the function

of the brain regions that we find to be associated with action
restraint and action cancellation as ‘inhibition’. This is partly also to
be attributed to the limitations of using fMRI as a rather coarse
method to study brain activation related to inhibition. Ultimately,
the spatial resolution of imaging methods has to be combined with a
more precise approach time-wise. For instance, in the context of
SST research, Schall & Godlove (2012) emphasized the importance
of looking at the modulation of activity in certain brain regions with
respect to time components inherent to the task (e.g. stop-signal
reaction time in the SST). Further research is needed to clarify the
detailed allocation of tasks between involved brain structures in
inhibitory processing. However, activation in inferior frontal brain
areas, in particular, is certainly an integral component of every pro-
cess associated with inhibition. Therefore, this activation seems to
be fundamental to response inhibition.

Conclusion and implications

On a behavioural level, action restraint and action cancellation share
the task instruction not to respond to a certain configuration of stim-
uli. Our findings show that they rely on a common network of neu-
ral activation including bilateral inferior frontal regions, the (pre-)
SMA, and thalamic regions. However, our findings also point to
additional neural components that are distinct to action restraint (i.e.
the right superior frontal gyrus and anterior cingulate cortex) or
action cancellation (i.e. the rMFG and PCC). We therefore conclude
that response inhibition-related neural activity across different inhibi-
tory aspects does refer to a common inhibition system within the
brain, but is in part also task dependent.
It might be that the strict dichotomous view of action restraint vs.

action cancellation as two independent dimensions of action inhibi-
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tion needs revision. Instead of being conceptualized dichotomously,
the two concepts might rather combine independent inhibitory pro-
cessing with a fundamental shared cognitive inhibition system. Our
findings of common, as well as specific, inhibitory neural compo-
nents would support such a claim.
The findings of the present study suggest that the decision to use

specific inhibition tasks in future neuroscientific research should be
based on theoretical considerations that take into account the con-
ceptual as well as the neural aspects of the hypotheses to be investi-
gated. Furthermore, it is clear that, in clinical settings, the choice to
include response inhibition paradigms as elements in diagnostic bat-
teries should be made carefully. Therefore, with respect to the diag-
nostics of specific clinical disorders, it should be carefully reviewed
which of the distinct inhibition aspects are relevant. In this way,
research like this can contribute to disorder-specific (or even crite-
ria-specific) tailored assessment and (perhaps in the very far future)
alteration or treatment.
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