
NeuroImage 64 (2013) 601–615

Contents lists available at SciVerse ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r .com/ locate /yn img
Disentangling common and specific neural subprocesses of response inhibition

A. Sebastian a,b,h,⁎, M.F. Pohl a,b, S. Klöppel a,b, B. Feige a,b, T. Lange b,e, C. Stahl f, A. Voss g, K.C. Klauer d,
K. Lieb h, O. Tüscher a,b,c,h

a Albert-Ludwigs-University Freiburg, Department of Psychiatry and Psychotherapy, Germany
b Albert-Ludwigs-University Freiburg, Division Freiburg Brain Imaging, Germany
c Albert-Ludwigs-University Freiburg, Department of Neurology, Germany
d Albert-Ludwigs-University Freiburg, Department of Psychology, Germany
e Albert-Ludwigs-University Freiburg, Department of Radiology, Germany
f University of Cologne, Department of Psychology, Germany
g Ruprecht-Karls-University Heidelberg, Department of Psychology, Germany
h Johannes-Gutenberg-University Mainz, Department of Psychiatry and Psychotherapy, Germany
⁎ Corresponding author at: Johannes-Gutenberg-Un
Psychiatry and Psychotherapy, Untere Zahlbacher Str. 8, 55
6131 17 6690.

E-mail addresses: alexandra.sebastian@uniklinik-fre
alexandra.sebastian@unimedizin-mainz.de (A. Sebastian

1053-8119/$ – see front matter © 2012 Elsevier Inc. All
http://dx.doi.org/10.1016/j.neuroimage.2012.09.020
a b s t r a c t
a r t i c l e i n f o
Article history:
Accepted 4 September 2012
Available online 14 September 2012

Keywords:
Impulse control
Simon task
Go/no-go task
Stop-signal task
Inferior frontal gyrus
Pre-supplementary motor area
Response inhibition is disturbed in several disorders sharing impulse control deficits as a core symptom.
Since response inhibition is a cognitively and neurally multifaceted function which has been shown to rely
on differing neural subprocesses and neurotransmitter systems, further differentiation to define neurophys-
iological endophenotypes is essential. Response inhibition may involve at least three separable cognitive sub-
components, i.e. interference inhibition, action withholding, and action cancelation. Here, we introduce a novel
paradigm – the Hybrid Response Inhibition task – to disentangle interference inhibition, action withholding and
action cancelation and their neural subprocesses within one task setting during functional magnetic resonance
imaging (fMRI). To validate the novel task, results were compared to a battery of separate, standard response in-
hibition tasks independently capturing these subcomponents and subprocesses. Across all subcomponents, mu-
tual activation was present in the right inferior frontal cortex (rIFC), pre-supplementary motor area (pre-SMA)
and parietal regions. Interference inhibition revealed stronger activation in pre-motor and parietal regions. Ac-
tion cancelation resulted in stronger activation in fronto-striatal regions. Our results show that all subcompo-
nents share a common neural network and thus all constitute different subprocesses of response inhibition.
Subprocesses, however, differ to the degree of regional involvement: interference inhibition relies more
pronouncedly on a fronto-parietal–pre-motor network suggesting its close relation to response selection
processes. Action cancelation, in turn, is more strongly associated with the fronto-striatal pathway implicating
it as a late subcomponent of response inhibition. The new paradigm reliably captures three putatively subse-
quent subprocesses of response inhibition andmight be a promising tool to differentially assess disturbed neural
networks in disorders showing impulse control deficits.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Response inhibition is the ability to suppress inadequate but inadver-
tently activated, prepotent or ongoing response tendencies (Barkley,
1997; Miyake et al., 2000; Nigg, 2000). In terms of reactive control, re-
sponse inhibition addresses inhibition in response to external stimuli
(for a review see Aron, 2011). Such inhibitory control is ubiquitous in
our daily routines like stopping at a traffic light turning red despite
being in a hurry. Therefore, it is fundamental to individual and social
functioning (Evenden, 1999).
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Recently, the need to precisely specify different components and un-
derlying neural substrates of impulse control specifically response inhi-
bition has been increasingly demanded (Aron, 2011; Dalley et al.,
2011; Eagle et al., 2008; Nee et al., 2007; Schachar et al., 2007; Swick et
al., 2011). Even if different tasks that tap into subprocesses of response
inhibition may share common features, inhibition might be required at
different time points in the programming and generation of the response
output and rely on different neural substrates (Dalley et al., 2011; Nee et
al., 2007; Schachar et al., 2007; Swick et al., 2011). At the same time, ap-
parently closely related response inhibition tasks, e.g. Go/no-go- and the
Stop-signal tasks, were shown to be modulated by different transmitter
systems (Eagle et al. 2008) and, thereby, neurocognitively dissociable.
A more precise delineation of common and specific neural subprocesses
of response inhibition and related paradigms to capture such subpro-
cesses thus is inevitable to provide a coherent framework to possibly
identify disease-related endophenotypes.
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A variety of paradigms have been employed to study response inhibi-
tion such as Stop-signal-, Go/no-go-, Continuous Performance-, Simon-,
Antisaccade-, or Flanker-tasks, all requiring inhibitory control over
prepotent response tendencies (Aron, 2011; Nee et al., 2007). Using
functional magnetic resonance imaging (fMRI) during such tasks,
several neural key regions associated with inhibitory processes have
been revealed, especially the right inferior frontal cortex (rIFC), pre-
supplementary motor area (pre-SMA), basal ganglia and subthalamic
nucleus (STN) (e.g. Aron, 2011; Boehler et al., 2010; Chikazoe, 2010;
Jahfari et al., 2011; Levy and Wagner, 2011; Swick et al., 2011).

Although inhibition in the above mentioned tasks is associated with
largely overlapping activation patterns, recent research suggests that
these patterns are not identical. A recent meta-analysis by Swick et al.
(2011) revealed common activation in Go/no-go- and Stop-signal tasks
mainly in the right anterior insula and the pre-supplemental motor
area (pre-SMA). Inhibition in Stop-signal tasks was, however, more
strongly associatedwith activation in the left anterior insula and the thal-
amus, while inhibition in Go/no-go tasks reliedmore on activation in the
rightmiddle frontal gyrus (MFG) andparietal regions. Studies employing
separate Go/no-go- and Stop-signal tasks in the same subjects revealed
common activation in bilateral IFC (McNab et al., 2008; Rubia et al.,
2001), right MFG (McNab et al., 2008; Rubia et al., 2001; Zheng et al.,
2008), pre-SMA and inferior parietal lobe (Rubia et al., 2001). Activation
in the Go/no-go task compared to the Stop-signal task was more pro-
nounced in the left MFG, pre-SMA, and inferior parietal regions while
no increased activation was present during Stop-signal tasks (Rubia et
al., 2001). Thus, findings regarding common and distinct neural corre-
lates during Go/no-go- and Stop-signal tasks remain divergent.

Behavioral and imaging evidence suggests that inhibition during
Simon- and Stop-signal tasks relies on similar mechanisms with com-
mon neural correlates (Nee et al., 2007; Verbruggen et al., 2005). Com-
paring inhibition in the Simon task, which involves a stimulus–
response conflict, to tasks involving a stimulus–stimulus conflict
(e.g. Stroop task) revealed increased activation mainly in pre-motor,
thus more response related regions (Egner et al., 2007; Liu et al.,
2004;Wendelken et al., 2009). Other studies have linked parietal acti-
vation to both, stimulus–response conflict (Frühholz et al., 2011;
Wendelken et al., 2009) and to stimulus–stimulus conflict (Egner et
al., 2007; Liu et al., 2004).

Taken together, recent research increasingly suggests that distin-
guishable components of response inhibition exist, whichmay be tapped
by employing different paradigms (Band and van Boxtel, 1999; Dalley et
al., 2011; Eagle et al., 2008; Nee et al., 2007; Schachar et al., 2007; Swick
et al., 2011; Verbruggen and Logan, 2008). However, this has yet not
been shown in direct comparison of three components within one para-
digm. Thus, component-specific neural correlates remain largely unclear.
To address this question and therebymeeting the increasing demand for
a more precise delineation of mutual and specific neural subprocesses of
response inhibition, we introduce a novel task, the Hybrid Response
Inhibition (HRI) task, comprising features of Simon-, Go/no-go- and
Stop-signal tasks. The Simon task is thought to involve a conflict of re-
sponse selection by involuntarily co-activating response tendencies due
to incongruent stimulus dimensions (‘interference inhibition’; Simon
and Berbaum, 1990). The ability to withhold a motor response (‘action
withholding’; cf. Schachar et al., 2007) is usually assessed using a Go/
no-go task in which rare no-go-stimuli instead of frequent go-stimuli
are presented requiring inhibition of a prepotent response tendency. In
a Stop-signal task, in contrast, rare stop-signals occur at some delay
after the go stimuli, thus requiring an inhibition of an already ongoing
motor response (‘action cancelation’; cf. Schachar et al., 2007). By using
identical visual stimulus material across conditions within one task, we
compare conditions designed to distinguish between different subcom-
ponents of response inhibition, enabling us to study functional and spa-
tial segregation and specialization of underlying neural subprocesses of
response inhibition. To assess the validity of the novel task, we addition-
ally assessed interference inhibition, action withholding and action
cancelation in separate, commonly employed versions of the Simon-,
Go/no-go- and Stop-signal tasks in another sample of participants.

We hypothesized that the subcomponents of response inhibition,
i.e. interference inhibition, action withholding and action cancelation
share common neural pathways of response inhibition which should
be observable as mutual activation in the same key regions of the
neural inhibitory network. However, these subcomponents should dif-
fer in the extent to which they recruit individual regions of the neural
inhibitory network. We further hypothesized based on previous find-
ings that interference inhibition is associatedmore stronglywith activa-
tion in pre-motor and parietal regions, action withholding with middle
frontal gyrus and parietal regions, whereas action cancelation relies
more strongly on bilateral prefrontal and striatal activation.

Materials and methods

Participants

Twenty-one healthy subjects were assessed using the novel task
(12 males, mean age=24.24±2.3 years). Twenty-four healthy sub-
jects were assessed using the battery of three separate standard tasks
(9males,mean age=27.42±5.6 years). All subjectswere right handed
as determined by the EdinburghHandedness Inventory (Oldfield, 1971)
and had normal or corrected to normal vision. Subjects had no lifetime
history of axis I or axis II disorders as thoroughly assessed by a trained
psychologist using the Structured Clinical Interview for DSM-IV Axis I
and II disorders (Wittchen et al., 1997). All subjects were screened for
factors contradicting MRI scanning, provided written informed consent
and were compensated for their time. The study was approved by the
Ethics Committee of the University of Freiburg Medical School.

Tasks

Hybrid Response Inhibition Task (HRI)
The HRI task is a newly developed paradigm incorporating the prop-

erties of the Simon-, the Go/no-go-, and the Stop-signal tasks. Using
identical stimulus material we can, thus, capture the subcomponents of
response inhibition interference inhibition, action withholding and ac-
tion cancelation within one paradigm. This allows for a direct contrast
of the subcomponents to test for component specific functional segrega-
tion within the inhibitory network within one task setting.

Subjects performed three runs of the HRI task during the scanning
session (Fig. 1). The task was programmed in Presentation software
(version 13.0, www.neurobs.com). Before the scanning session, all sub-
jects received a brief training session on a laptop computer. Prior to the
beginning of each run, instructions were given orally and subjects were
reminded to respond as quickly and as accurately as possible. Each run
was preceded by a visual presentation of the instruction for 5000 ms
followed by a rest period of 5000 ms during which a fixation cross
was presented in the center of the screen. At the end of each run, a fix-
ation cross was again presented for the same duration. Throughout the
scanning session, subjects were asked to hold a MR compatible re-
sponse button box in each hand and to respond to the stimuli by press-
ing the response button with the left or right index finger.

The task consisted of four conditions: a congruent go condition
(62.5%), an incongruent go condition (12.5%), a no-go condition (12.5%)
and a stop condition (12.5%). Subjects were asked to fixate a white
cross at all times, whichwas presented in the center of the screen against
a black background. Each trial started with a white ellipse encircling the
cross. After 500 ms, a white arrow appeared within the ellipse either on
the right or left side of the fixation cross for 1000 ms or until a button
presswas performed. Subjectswere instructed to respond corresponding
to the pointing direction of the arrows (left index finger button press for
an arrow pointing to the left and a right index finger button press for an
arrow pointing to the right) and to attempt to withhold the reaction in

http://www.neurobs.com


Fig. 1. Schematic representation of the subcomponents of response inhibition (A), and associated trial type in the Hybrid Response Inhibition task (B). Subjects were instructed to
press a button corresponding to the pointing direction of an arrow. Go trials consisted of congruent trials; inhibition trials consisted of incongruent trials (interference inhibition),
occurrence of a no-go stimulus (blue ellipse; action withholding), or of a stop-signal (blue ellipse after a varying stop-signal delay (SSD); action cancelation).
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case of the ellipse turning blue. Instructions equally stressed speed and
accuracy of responding.

In the congruent go condition a right pointing arrowwas presented in
the right half of the ellipse, or a left pointing arrowwas presented in the
left half of the ellipse. In the incongruent go condition a right pointing
arrow was presented in the left half of the screen, or a left pointing
arrow was presented in the right half of the screen. In the no-go condi-
tion (which was always a congruent condition) the ellipse changed its
color from white to blue at the onset of the arrow. In the stop condition
(which was also always a congruent condition) the ellipse changed its
color from white to blue after a variable stop-signal delay (SSD) follow-
ing the onset of the arrow. The SSDwas adapted to the participants' per-
formance following a staircase procedure to yield a probability of 50% of
correct inhibitions per run. In the beginning of a run the SSDwas 220 ms.
If the response was not inhibited (commission error) the SSD was de-
creased by 50 ms with a minimum SSD of 20 ms and the blue circle
and the arrow remained on the screen. If a response was inhibited (cor-
rect stop) the SSD was increased by 50 ms and the circle and the arrow
disappeared.

The length of the interstimulus intervalwas jitteredwith ameandu-
ration of 1500 ms and a standard deviation of 372 ms. A run consisted
of 160 trials that were presented in a pseudo-randomized order.

Separate response inhibition tasks
Another sample of participants performed three separate tasks with-

in one scanning session, a Simon-, Go/no-go-, and Stop-signal task, with
each task consisting of two consecutive runs. The order of the tasks was
counterbalanced across subjects. Tasks and experimental procedures
were identical to those described before (Sebastian et al., 2012) and
are briefly explained here and in Fig. 2. These tasks were deliberately
designed to maximize comparability with previous studies (Aron and
Poldrack, 2006; Garavan et al., 1999; Kerns, 2006).

Simon task. A white cross was presented in the center of the screen
against a black background which subjects were asked to fixate at all
times. Either on the left or the right half of the screen, a white arrow
was presented for 1000 ms or until a button press was performed. Sub-
jects were instructed to respond corresponding to the pointing direction
of the arrows. In the congruent condition, a right pointing arrow was
presented in the right half of the screen, or a left pointing arrow was
presented in the left half of the screen. In the incongruent condition, a
right pointing arrow was presented in the left half of the screen, or a
left pointing arrow was presented in the right half of the screen. Stimuli
were presented in randomized order. The length of the interstimulus in-
terval was jittered with a mean duration of 2723 ms and a standard de-
viation of 422 ms. Per run, 100 stimuli were displayed with 50% being
congruent and 50% being incongruent trials.

Go/no-go task. A streamof consonantswaspresented serially in the cen-
ter of the screen. Every stimulus was displayed for 500 ms immediately
followed by a blank screen for 500 ms. Subjects were instructed to
make a right index finger button press for every letter (go stimulus) ex-
cept for the letter “X” (no-go stimulus). For the go stimuli, a letter was
randomly chosen from all consonants of the alphabet except the “X”.
Mean probability for no-go stimuli was 29% and a no-go stimulus was
always followed by a go stimulus. Per run, 300 stimuli were presented.

Stop-signal task. The Stop-signal task consisted of a go condition and a
stop condition. Each trial started with a white fixation ring which was
presented in the center of the screen. After 500 ms, a white arrow
appeared within the fixation ring. The arrow and the fixation ring
were presented for a maximum of 1000 ms or until a button press
was performed. Subjects were instructed to respond with a button
press corresponding to the pointing direction of the arrows. In the
stop condition, which occurred in 25% of the trials, a stop-signal was
presented after a variable SSD. The stop-signal consisted of a change
in color of the fixation ring fromwhite to blue. Subjects were instructed
to attempt to cancel the reaction in case of a stop-signal. The SSD was
adapted to the participants' performance following a staircase proce-
dure to yield a probability of 50% of correct inhibitions per run. In the
beginning of a run, the SSD was 220 ms. If the response was not
inhibited, the arrow disappeared and the SSD was decreased by 50 ms
in the next stop trial with a minimum SSD of 70 ms. If a response was
inhibited correctly, the blue circle and the arrow remained on the
screen and the SSD was increased by 50 ms in the next stop trial. The
length of the interstimulus interval was jittered with a mean duration
of 1000 ms and a standard deviation of 292 ms. A run consisted of
128 stimuli, which were presented in a pseudo-randomized order.

MRI data acquisition

Images were acquired on a Magnetom Trio 3 T system (Siemens,
Germany), equipped with a 12-channel head coil for signal reception.
Stimuli were projected on a screen at the head end of the scanner
bore and were viewed with the aid of a mirror mounted on the head
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Fig. 2. Schematic display of (A) Simon task, (B) Go/no-go task and (C) Stop-signal task. Subjects were instructed to press a button corresponding to the pointing direction of an
arrow (Simon task and Stop-signal task) or for any letter except the “X” (Go/no-go task). Inhibition trials consisted of incongruent trials in the Simon task, occurrence of a
no-go stimulus in the Go/no-go task or of a stop signal in the Stop-signal task.
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coil. Foam padding was used to limit headmotion within the coil. Func-
tional T2*-weighted echo-planar imaging (EPI) was performed (TR=
2250 ms, TE=30 ms, flip angle=90°, FOV=192 mm, voxel size=
3×3×3 mm3, 36 slices) applying fully automated PACEmotion correc-
tion (Thesen et al., 2000) and distortion correction based on point
spread function mapping (Zaitsev et al., 2004). For the HRI task, 230
whole brain volumeswere acquired per run resulting in a total duration
of 517.5 s. For the Simon task, 153 whole brain volumes were acquired
per run resulting in a total duration of 344.25 s; for the Go/no-go task,
157 whole brain volumes were acquired per run resulting in a total du-
ration of 353.25 s; as the Stop-signal taskwas adaptive to reaction time,
an average of 150whole brain volumeswere acquired per run resulting
in a mean duration of 337.5 s. Following the functional protocol, a high
resolution T1-weighted anatomical data set was obtained using an 3D
magnetization prepared rapid acquisition gradient echo (MPRAGE) se-
quence for registration purposes (TR=2200 ms, TE=4.11 ms, flip
angle=12°, FOV=256 mm, voxel size 1×1×1 mm3).
MRI data analysis

Image preprocessing
SPM 8 (Wellcome Department of Cognitive Neurology) was used to

conduct all image preprocessing and statistical analyses, running with
Matlab 7.9 (The Mathworks Inc., Natick, Massachusetts, USA). Images
were screened for motion artifacts prior to data analysis. No excessive
head motion (>2 mm) was observed in any of the subjects. Next, im-
ageswere reoriented to the T1-template of SPM. The firstfive functional
images of each run were discarded to allow for equilibrium effects.
Then, several preprocessing steps were carried out on the remaining
functional images for each task separately. To spatially correct for resid-
ual inter-scan movement artifacts, images were realigned to the first
image of the first run, using a six degrees-of-freedom rigid body trans-
formation. The realigned functional images were co-registered to the
individual anatomical T1 image. Subsequently, the anatomical image
was spatially normalized (linear and nonlinear transformations) into
the reference system of theMontreal Neurological Institute's (MNI) ref-
erence brain using standard templates and normalization parameters
were applied to all functional images. Finally, the normalized functional
data were smoothed with a three-dimensional isotropic Gaussian
kernel (8 mm full-width at half maximum, FWHM) to enhance signal-
to-noise ratio and to allow for residual differences in functional neuro-
anatomy between subjects.
Single subject analysis
A linear regression model (general linear model, GLM) was fitted to

the fMRI data from all subjects. Significant hemodynamic changes for
each condition were assessed using t-statistics. All events were modeled
as stick functions at stimulus onset and convoluted with a canonical he-
modynamic response function. The model included a high-pass filter
with a cut-off period of 128 s to remove drifts or other low-frequency ar-
tifacts in the time series.

HRI-task. After convolution with a canonical hemodynamic response
function four event types were modeled as regressors of interest: cor-
rect reactions for congruent go, incongruent go, no-go and stop trials.
Additionally, incorrect reactions for each condition and instruction
and fixation cross were modeled as regressors of no interest.

Separate tasks. For the Simon task, four event types were modeled:
correct and incorrect reactions for congruent and incongruent trials,
respectively. The few incongruent trials preceded by an identical con-
dition (e.g. a right pointing arrow was presented on the left side in
two subsequent trials) were modeled separately. These trials were
not included in the second level analysis based on the assumption
that less inhibition will be necessary in subsequent incongruent trials.
For comparison with the other tasks, correct incongruent and correct
congruent trials will later be referred to as Simon successful inhibi-
tion and Simon go trials, respectively.

For the Go/no-go task, correct and incorrect no-go events were
modeled as regressors of interest. Frequent go-stimuli were used as
an active baseline to allow for an inhibition-specific contrast of ‘cor-
rect inhibition minus go’ despite the short inter-stimulus interval.

For the Stop-signal task, five events were modeled: correct and in-
correct reactions as well as omissions in the go condition and correct
and incorrect reactions in the stop condition (successful inhibition
and commission errors, respectively). For each task, instruction and
fixation cross were modeled as regressors of no interest.

Group analysis

Task validation. First, we conducted random effects second level anal-
yses (one-sample t-tests) to identify predictive voxels across subjects
separately for each subcomponent of response inhibition to validate
that the HRI task reliably captures the subcomponents of response in-
hibition and the corresponding neural subprocesses. In the HRI task
as well as in the three separate tasks, the corresponding contrasts of
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Table 1
Behavioral results.

HRI task Simon task Go/no-go task Stop-signal task F (1,43)

RT (go) [ms] 528.08±113.82 479.20±57.47 397.10±60.54*** 490.14±94.29 24.06
No-go/stop commissions [%] 3.17±4.59/

45.79±11.10
n.a. 10.86±7.46*** 47.12±6.55 16.72

Interference effect [ms] 69.14±42.13 58.19±(33.64) n.a. n.a. 0.94
SSRT [ms] 288.49±45.79 n.a. n.a. 259.84±40.50** 12.35

Mean reaction time (RT) of go trials, interference effect and Stop-signal reaction time (SSRT) in milliseconds, mean % of commission errors of no-go/stop trials, and standard deviation
(SD). Percentage error is estimated by dividing the number of incorrect no-go/stop trials by the total number of the trial type. Interference effect is calculated by subtracting the mean
RT of congruent trials from the mean RT of incongruent trials. SSRT is calculated by subtracting the mean stop-signal delay from the median RT (go). **=pb0.01; *** pb0.001; n.a.=
not applicable.
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‘successful inhibition−go’ were calculated. For each HRI component,
independent one-sample t-tests were computed for the following
contrasts: (i) interference inhibition: incongruent go−congruent go;
(ii) action withholding: no-go−congruent go; (iii) action cancelation:
stop−congruent go. For the separate tasks, independent one-sample
t-tests were computed for the corresponding contrasts: (i) Simon
task: incongruent−congruent; (ii) Go/no-go task: no-go−go (active
baseline); (iii) Stop-signal task: stop−go.

To explicitly assess the validity of the novel HRI task relative to the
established single tasks, a sequential masking approachwas used follow-
ing Klöppel et al. (2007). This procedure allows exploring common acti-
vation in different tasks despite differing stimulusmaterial. The statistical
images containing the t-values (t-maps) obtained in a one-sample t-tests
of one of the separate tasks were used to define a region of interest for
the t-map obtained in the corresponding t-test of the HRI task. T-maps
used for mask generation were thresholded at pb0.05 (uncorrected).
For instance, the t-map containing voxels associatedwith successful inhi-
bition in the Stop-signal task (successful stop−go) were used to gener-
ate an inclusive mask for the t‐map showing activity during successful
Fig. 3. Activation maps showing significant activation for the contrast ‘inhibition–go’ for (
Simon-, Go/no-go- and Stop-signal tasks: i) interference inhibition, ii) action withholding,
are reported in MNI-space. The color scale represents t-score. R=right, L=left.
stop−congruent go in theHRI task. Activations of thismasking approach
were regarded as significant if they survived pb .05 for a for a familywise
error (FWE) whole brain correction.

Mutual and distinct neural correlates of response inhibition. Next, the
first level analysis results for participant- and condition-specific ef-
fects of the HRI task were subjected to full factorial random effects
analyses. To identify regions commonly activated during response in-
hibition, we conducted a conjunction analysis (‘conjunction null’;
Friston et al., 2005) of ‘successful inhibition−go’ during interference
inhibition, actionwithholding, and action cancelation in theHRI task. To
assess subcomponent specific neural correlates we directly contrasted
the three conditions within the HRI task. To assess subcomponent spe-
cific activations only within the network of areas demonstrated being
active for a particular sub-component, we inclusively masked the re-
spective contrast by the contrast of the particular subcomponent of in-
terest (pb0.001). This was necessary, since all contrasts use the same
baseline (i.e. congruent go). For instance, when assessing interference
inhibition>action withholding, the contrast was masked by the
A) the Hybrid Response Inhibition (HRI) task and (B) the test battery of the separate
and iii) action cancelation (for display purposes: pb0.001, k=10 voxel). Coordinates
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Table 2
Brain region associated with successful inhibition in the Hybrid Response Inhibition task.

Region MNI-coordinates z-score p k

x y z

Incongruent go>congruent go
Frontal cortex

Inferior frontal gyrus (p. orbitalis) R 48 23 −5 4.36 0.001 140
Inferior frontal gyrus (p. triangularis) R 42 23 7

Middle frontal gyrus R 36 −1 52 5.23 b0.001 1209
Inferior frontal gyrus (p. opercularis) R 48 11 28
Superior frontal gyrus R 24 −1 52
Precentral gyrus R 42 −4 43
SMA/pre-SMA R 12 5 70
SMA L −3 11 49
Middle cingulate cortex R 12 17 34

Middle frontal gyrus L −24 2 55 5.38 b0.001 726
Inferior frontal gyrus (p. triangularis) L −42 26 25
Precentral gyrus (pre-motor cortex) L −27 −1 58

Parietal and occipital cortex
Superior parietal lobule L −24 −61 52 5.99 b0.001 3553
Inferior parietal lobule L −39 −37 43
Precunues R 12 −58 49
Precunues L −12 −64 49
Supramarginal gyrus R 48 −40 31
Superior occipital gyrus L −21 −79 31
Middle occipital gyrus R 36 −76 28

Middle occipital gyrus L −27 −76 25
Subcortical areas

Caudate R 15 −19 19 3.45 0.036* 33
Putamen L −27 −16 10 3.60 0.023* 119
Thalamus L −15 −10 10 4.54 b0.001 395
Thalamus R 15 −16 16

No-go>congruent go
Frontal cortex

Inferior frontal gyrus (p. triangularis) R 48 23 −2 4.41 0.004 136
Middle frontal gyrus R 42 8 37 3.85 0.003 147
Inferior frontal gyrus (p. opercularis) R 39 5 34
Precentral gyrus R 48 8 31

Parietal, temporal and occipital cortex
Superior occipital gyrus R 27 −94 16 5.11 b0.001 1985
Middle occipital gyrus R 36 −85 19
Superior parietal lobe R 27 −67 49
Superior temporal gyrus R 63 −34 7

Middle occipital gyrus L −45 −76 4 5.70 b0.001 1104
Superior occipital gyrus L −15 −97 16
Cuneus L −12 −88 37
Fusiform gyrus L −39 −58 −11
Superior parietal lobe L −27 −61 46
Superior temporal gyrus L −57 −49 19

Lingual gyrus L −6 −70 1 4.57 0.001 178
Calcarine gyrus L −21 −70 13
Calcarine gyrus R 24 −67 10

Stop>congruent go
Frontal cortex

Inferior frontal gyrus (pars opercularis) R 42 8 34 5.81 b0.001 3958
Insula R 36 20 1
Middle temporal gyrus R 54 −61 7
Inferior parietal lobe R 39 −49 49
Supramarginal gyrus R 48 −40 34

Inferior frontal gyrus (p. triangularis) L −45 20 1 4.95 b0.001 373
Inferior frontal gyrus (p. orbitalis) L −33 32 −5
Insula L −33 17 −2

Middle frontal gyrus L −27 44 19 4.19 0.038 76
Inferior frontal gyrus L −39 26 25

SMA/pre-SMA R 9 14 64 5.09 b0.001 538
Superior frontal gyrus R 21 8 67
Superior medial gyrus L 0 29 49
Anterior cingulate gyrus R 6 35 22
Anterior cingulate gyrus L −9 35 22
Middle cingulate gyrus R 9 29 31

Parietal, temporal and occipital cortex
Inferior parietal lobule L −54 −46 43 5.33 b0.001 1049
Supramarginal gyrus L −57 −46 34
Middle occipital gyrus L −45 −79 4
Middle temporal gyrus L −42 −58 10

Subcortical areas
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Table 2 (continued)

Region MNI-coordinates z-score p k

x y z

Putamen R 30 14 7 4.38 0.001* 268
Putamen L −27 14 4 4.05 0.005* 148
Caudate R 9 5 10 4.22 0.002* 153
Caudate L −12 8 10 3.43 0.032* 129

Local maxima of brain activations during successful inhibition−go in the HRI task in Montreal Neurological Institute (MNI) coordinates with associated z-score (pFWEb .05, cluster
level corrected; * small volume corrected, pFWEb .05) and cluster extent in number of voxel (k). Pre-SMA=pre-supplemental motor area. Coordinates of local sub-peaks within a
cluster are shown indented; R=right; L=left.
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interference inhibition contrast (i.e. incongruent go>congruent go).
Since the mask controls for the act of motor responding and, thus, iso-
lates the interference inhibition network itself, regions within the
mask showing activity during interference inhibition>actionwithhold-
ing can be concluded as thosemore strongly involved in interference in-
hibition. The same logic was applied to the assessment of the other
subcomponents. If not stated differently, group results were corrected
for multiple comparisons at the cluster level using a height threshold of
pb .05 FWE correction with an extent threshold of ten contiguous voxels
(except for the masking approach, see above). In addition, small volume
corrections (SVC) were performed in predefined regions of interest
(ROI) following Aron and Poldrack (2006) which were all taken from
the automated anatomical labeling atlas (AAL; Tzourio-Mazoyer et al.,
2002): right IFC, derived from combination of pars opercularis and pars
triangularis, pre-SMA, derived from the SMA region with y>0 as well
as caudate, putamen and pallidum. Additionally, the right middle frontal
gyrus was included as a ROI, as the inferior frontal junction is another
central region of the neural inhibitory network (e.g. Chikazoe et al.,
2009). Small volume corrected activations were regarded as significant
if they survived pb .05 for a FWE correction.
Behavioral data analyses. Behavioral data (reaction time (RT) and ac-
curacy) were collected by the Presentation software while subjects
performed the tasks in the scanner and analyzed using SPSS®,
Version 19. Responses on inhibition trials and no responses on go trials
will be referred to as commission errors and omission errors, respec-
tively. Measures of interest were mean reaction time on correct go tri-
als, percentage of commission errors on inhibition trials and omission
errors on go trials. The interference effect was computed by subtracting
the mean RT of congruent trials from the mean RT of incongruent trials
in the HRI task as well as in the Simon task. In the HRI- and the
Stop-signal tasks, individual SSDs were varied applying a staircase pro-
cedure so as to yield a probability of 50% correct reactions in the stop
condition. The Stop-signal reaction time (SSRT) was computed by
subtracting the average SSD from median RT for correct reactions in
the go condition according to the race model (Logan et al., 1984).
Results

Behavioral performance

Table 1 summarizes behavioral data. Analysis of variance (ANOVA)
revealed that in the HRI task, RTs were longer as in the Go/no-go task
as were the interference effect and SSRT compared to the separate
tasks. Thismight reflect a higher cognitive load in the HRI task, resulting
from the requirements to maintain and apply a more complex set of
task rules. However, subjects performed accurately in all tasks with
low rates of omission errors in all tasks (b1.5%), and inhibition scores
(interference effect, commission error rates and SSRT) differed but
were in the same range. Errors during incongruent trials wereb2.0%
in the HRI task as well as in the Simon task.
Imaging results

Task validation

Individual subcomponent specific activity. To assess the reliability of
the newly developed HRI task, we first computed the contrast of ‘suc-
cessful inhibition−go’ for each subcomponent separately (Fig. 3A,
Table 2). The contrast ‘incongruent go−congruent go’ revealed activa-
tion in bilateral IFC, medial PFC including SMA/pre-SMA, and other
pre-motor areas as well as activation in mainly left parietal regions,
left putamen, right caudate, and thalamus. The contrast ‘no-go−
congruent go’ revealed activation in right PFC including inferior frontal
gyrus, middle frontal gyrus as well as activation in parietal, occipital,
and temporal regions. The contrast ‘stop−congruent go’ revealed acti-
vation in bilateral inferior frontal gyri/insulae, a cluster stretching from
the anterior cingulate cortex (ACC) to SMA/pre-SMA, bilateral striatal
and bilateral parietal regions. Overall, the results were comparable to
the activity in the corresponding contrast in the separate tasks
(Fig. 3B, Table 3).

Sequential masking approach. To assess whether regions which are sig-
nificantly activated during interference inhibition, action withholding,
and action cancelation in the separate standard tasks are recruited in
the newly developed HRI task as well, we conducted a sequential
masking procedure (Table 4). For interference inhibition (i.e. the contrast
‘incongruent go−congruent go’), activation shared by the classical
Simon and the HRI task was revealed in a cluster covering right MFG
and pre-motor regions such as superior frontal gyrus, SMA/pre-SMA,
and middle cingulate cortex (MCC). Further common activation was
found in left pre-motor cortex and left parietal regions. During action
withholding (i.e. the contrast ‘no-go−go’), common activation was re-
vealed in visual regions. Although prominent clusters were also found
in bilateral inferior and superior parietal regions as well as in the right
IFC/insula, these did not reach significance. During action cancelation
(i.e. the contrast ‘stop−go’), common activation was present in a large
cluster covering right IFC including pars opercularis, pars triangularis
and pars orbitalis, insula, MFG, and pre-motor cortex. Further prominent
clusters were found in the left IFC covering pars triangularis, pars
opercularis and the insula, as well as in the pre-SMA and in bilateral pa-
rietal regions.

Common and component specific neural correlates in the HRI task

Common task activity. Conjunction analysis revealed significant com-
mon activation during interference inhibition, action withholding,
and action cancelation in the HRI task in a cluster covering right IFC
and insula, in the right inferior frontal junction, and in bilateral parietal
regions. Small volume correction additionally revealed overlapping ac-
tivation in the pre-SMA (Fig. 4, Table 5).

Subcomponent specific neural correlates. Contrasting interference inhibi-
tion with action withholding revealed activation in bilateral pre-motor
areas, the SMA/pre-SMA region, left parietal regions, as well as in the



Table 3
Brain region associated with successful inhibition in the separate Simon- Go/no-go-, and Stop-signal tasks.

Region MNI-coordinates z-score p k

x y z

Simon task: incongruent go>congruent go
Frontal cortex

Inferior frontal gyrus (p. orbitalis) R 39 33 −3 4.53 0.003* 166
SMA/pre-SMA R 15 3 66 3.72 0.037 39
SMA/pre-SMA L −3 12 63

SMA/pre-SMA L −6 6 48 4.48 b0.001 287
Anterior cingulate cortex L 0 30 27
Middle cingulate cortex R 9 −18 36
Middle cingulate cortex L −3 −6 39
Superior medial gyrus R 9 21 42

Frontal and temporal cortex
Superior temporal gyrus L −57 −3 3 4.23 b0.001 129
Insula L −39 6 9
Temporal pole L −54 12 −3
Superior temporal gyrus L −51 3 12

Parietal, temporal and occipital cortex
Middle temporal gyrus L −48 −60 3 4.88 b0.001 649
Inferior parietal lobule L −27 −48 42
Precuneus L −9 −57 60
Middle occipital gyrus L −24 −66 33

Superior Parietal lobule L −30 −51 63 4.55 0.001 80
Postcentral gyrus R 30 −48 63 5.05 0.002 69
Temporal Pole R 54 12 −12 5.05 b0.001 175
Superior temporal gyrus R 60 −36 18 4.02 0.017 47

Subcortical areas
Putamen R 36 −12 −9 3.56 0.042* 13
Pallidum R 30 −13 −5 3.15 0.022* 7

Go/no-go task: no-go>go
Frontal cortex

Middle frontal gyrus R 36 39 27 4.04 0.049 48
SMA L −6 −6 66 5.47 b .001 767
SMA/pre-SMA R 3 0 63
SMA/pre-SMA L −9 6 54
Superior frontal gyrus L −27 0 66
Precentral gyrus L −45 −3 51

Middle cingulate gyrus L −9 15 36
Superior frontal gyrus R 15 48 36 4.74 0.010 73
Middle frontal gyrus R 24 45 27
Superior medial gyrus R 12 57 24

Precentral gyrus R 54 6 42 4.11 0.001 113
Middle frontal gyrus R 45 0 54
Superior frontal gyrus R 33 −3 60

Parietal, temporal and occipital cortex
Inferior temporal gyrus R 48 −72 −3 6.31 b0.001 330
Middle occipital gyrus R 39 −87 3
Superior occipital gyrus R 27 −93 12

Superior temporal gyrus R 54 −24 −3 5.00 b0.001 239
Superior temporal gyrus R 66 −33 21

Middle occipital gyrus L −51 −75 3 5.05 b0.001 170
Superior occipital gyrus L −15 −96 9
Calcarine gyrus L −6 96 9

Subcortical areas
Caudate R 18 −6 21 3.67 0.022* 206
Caudate L −9 0 15 3.51 0.035* 216
Putamen R 27 6 6 4.06 0.001 120
Putamen L −24 9 9 4.60 0.004 87

Stop-signal task: stop>go
Frontal cortex

Insula R 30 18 −12 5.42 b0.001 562
Inferior frontal gyrus (p. orbitalis) R 45 27 −6
Inferior frontal gyrus (p. opercularis) R 54 15 3
Middle frontal gyrus R 36 54 0
Middle orbital gyrus R 36 51 −12

Insula L −39 15 −6 4.64 0.020 57
Middle frontal gyrus R 39 24 48 3.94 0.002 92
Precentral gyrus R 51 6 45

Superior frontal gyrus R 18 60 21 4.93 b0.001 174
Parietal cortex

Inferior parietal lobule L −51 −54 48 4.75 b0.001 139
Supramarginal gyrus L −57 −45 27

Temporal and occipital cortex
Middle temporal gyrus L −57 −60 9 4.48 b0.001 126
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Table 3 (continued)

Region MNI-coordinates z-score p k

x y z

Inferior temporal gyrus L −57 −60 −6
Inferior occipital gyrus L −45 −72 −3
Fusiform gyrus L −42 −57 −12

Fusiform gyrus R 30 −54 −15 5.52 b0.001 1235
Inferior temporal gyrus R 48 −57 −12
Middle temporal gyrus R 63 −42 3
Superior temporal gyrus R 60 −48 21
Supramarginal gyrus R 48 −42 42

Subcortical areas
Caudate L −12 6 15 3.42 0.049* 27
Putamen R 30 15 −3 3.68 65

Local maxima of brain activations during successful inhibition−go in the Simon-, Go/no-go-, and Stop-signal tasks in Montreal Neurological Institute (MNI) coordinates with as-
sociated z-score (pFWEb .05, cluster level corrected; * small volume corrected, pFWEb .05) and cluster extent in number of voxel (k). Pre-SMA=pre-supplemental motor area. Coor-
dinates of local sub-peaks within a cluster are shown indented; R=right; L=left.
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right caudate. Interference inhibition as compared to action cancelation
was associated with increased activation in left pre-/sensorimotor
areas and left parietal regions. Contrasting action withholding to
action cancelation revealed no significantly activated regions. When
contrasting action withholding with interference inhibition, increased
activation was present in mainly visual areas. The contrast of action
cancelation minus interference inhibition resulted in activation in
bilateral IFC/insulae, right striatum, and visual areas. Comparing action
cancelation with action withholding resulted in increased activation
again in bilateral IFC/insulae, pre-SMA, right striatum, and left inferior
parietal lobule (Fig. 5, Table 6).

Discussion

This study sought to systematically assess functional specialization
of the neural inhibitory network during distinguishable subcomponents
of response inhibition, i.e. interference inhibition, action withholding,
and action cancelation. Therefore, we developed a novel paradigm, the
Hybrid Response Inhibition (HRI) task, allowing us to assess these sub-
components and their underlying neural subprocesses within the same
individuals and the same task using identical stimulus material. The re-
sults provide evidence for functional distinctive activation patterns of
those subcomponents along with evidence for an overlapping network
of shared activation. Common activationwas found in key regions of the
inhibitory network, specifically in the right posterior IFC and the
pre-SMA as well as bilateral parietal regions. This finding underlines
our assumption that interference inhibition, actionwithholding, and ac-
tion cancelation all represent subcomponents of response inhibition
and it is well in line with previous studies (Levy and Wagner, 2011;
McNab et al., 2008; Nee et al., 2007; Rubia et al., 2001; Swick et al.,
2011).

Moreover, we were particularly interested in subcomponent-specific
activation patterns. Action cancelation compared to interference inhibi-
tion aswell as actionwithholding revealed stronger activation in bilater-
al posterior IFC/insulae and right striatum. Region of interest analysis
hints at progressive activity in these fronto-striatal regions from interfer-
ence inhibition via action withholding to action cancelation (see Fig. 5).
This is in line with findings of a meta-analysis by Levy and Wagner
(2011) who reported increased activation in the posterior IFC with in-
creasing stopping demands as this is the case for action cancelation com-
pared to interference inhibition or action withholding. Our finding
further suggests that inhibiting an already initiated reaction might rely
more strongly on the (indirect) fronto-striatal pathway. This is analogous
to Jahfari et al. (2011) who recently reported effective connectivity anal-
yses of a combined Simon/Stop-signal task. They suggest that the indi-
rect (fronto-striatal–pallidal) and hyperdirect (fronto-subthalamic)
pathways complementally implement action cancelation. Although
we did not find direct evidence for engagement of the hyperdirect
pathway (STN activation was subthreshold), we cannot rule out
that it was differentially engaged in these processes as well.

Interference inhibition compared to action withholding and action
cancelation revealed activationmainly in pre-motor and parietal regions.
Pre-motor regions have been found to bemore strongly activated during
interference inhibition induced by stimulus–response conflict (Simon
task) as opposed to stimulus–stimulus conflict (e.g. Stroop task; Egner
et al., 2007; Liu et al., 2004; Wendelken et al., 2009). Especially anterior
parietal regions such as the left supramarginal gyrus are associated
with motor attention and particularly with disengaging and redirecting
such attentional processes (Rushworth et al., 2001a, 2001b; Schiff et al.,
2011). Predominantly left dorsal premotor regions are associated with
motor response selection (Chouinard, 2006; Cisek and Kalaska, 2005;
Laird et al., 2005). This suggests that interference inhibition might be
closely related to motor attention and action selection processes and
may implement inhibition via pre-motor regions/cortico-cortical con-
nections to a greater extent than action withholding and action cancel-
ation. Thus, two neural networks could be involved during interference
inhibition: first, response-related interference inhibition could engage
a fronto-parietal–pre-motor network during response selection. In
addition, the indirect fronto-striatal loop with activation of rIFC and
caudate is neededwhile response inhibition is finally implemented dur-
ing interference inhibition.

Contrasting action withholding to action cancelation or interference
inhibition revealed either no activation differences or increased activa-
tion mainly in visual association areas, respectively (aside from non-
significant trends in frontal and motor regions). This finding was some-
what unexpected, as previous studies contrasting action withholding to
action cancelation reported increased activation in the middle frontal
gyrus, pre-SMA, and parietal regions when comparing independent
tasks (Rubia et al., 2001; Swick et al., 2011). Our seemingly deviant result
might be explained by action withholdings' putative nested placement
between interference inhibition and action cancelation in the process
of response control. Converging evidence suggests that action withhold-
ing and action cancelationmight interfere at different time points within
the action generation or action inhibition process to implement response
inhibition (Dalley et al., 2011; Eagle et al., 2008; Nee et al., 2007;
Schachar et al., 2007; Sebastian et al., 2012). In the Go/no-go task, the
no-go signal is presented at the same time point as the go signal. In the
Stop-signal task, the stop-signal is presented at some delay after the go
signal. This seemingly subtle difference has been associatedwith distinct
activation patterns (McNab et al., 2008; Rubia et al., 2001; Swick et al.,
2011). Considering the present findings in concert with the existing ev-
idence,wewould suggest extending the framework to at least three sub-
components of response inhibition, putatively interfering in a sequential
fashion in the action inhibition sequence (Fig. 1A). Within this frame-
work, interference inhibition would resemble an early subcomponent.
Fromaneuropsychological point of view, interference inhibition requires



Table 4
Task validation.

Region MNI-coordinates z-score p k

x y z

Interference inhibition
Frontal cortex

Middle frontal gyrus R 33 −1 52 5.06 0.010 631
Superior frontal gyrus R 18 −4 61
SMA/pre-SMA R 12 5 70
SMA/pre-SMA L −3 11 49
Middle cingulate gyrus R 12 17 34

Pre-central gyrus L −27 −1 58 5.34 0.002 375
Superior frontal gyrus L −21 −7 73
Postcentral gyrus L −45 10 52

Parietal and occipital cortex
Superior parietal lobule L −24 −61 52 5.99 b0.001 2489
Inferior parietal lobule L −39 −37 43
Precuneus R 12 −58 49
Precuneus L −12 −64 49
Supramarginal gyrus R 48 −40 31
Middle occipital gyrus R 36 −76 28
Middle occipital gyrus L −27 −85 34
Superior occipital gyrus L −21 −79 31

Action withholding
Occipital, parietal and temporal cortex

Superior occipital gyrus R 27 −94 16 5.11 0.008 1070
Middle occipital gyrus R 36 −85 19
Superior parietal lobule R 27 −67 49
Superior temporal gyrus R 63 −34 7

Middle occipital gyrus L −45 −76 4 5.70 b0.001 239
Superior occipital gyrus L −15 −97 16
Cuneus L −9 −94 13

Action cancelation
Frontal cortex

Inferior frontal gyrus (p. opercularis) R 42 8 34 5.81 b0.001 1081
Inferior frontal gyrus (p. triangularis) R 51 20 7
Inferior frontal gyrus (p. orbitalis) R 45 35 −11
Insula R 36 20 1
Middle frontal gyrus R 36 44 19
Precentral gyrus R 36 5 49

Insula L −33 17 −2 4.86 0.033 172
Inferior frontal gyrus (p. triangularis) L −48 17 1
Inferior frontal gyrus (p. opercularis) L −57 14 10

Pre-SMA R 9 17 61 4.99 0.013 197
Anterior cingulate cortex R 6 35 22
Superior medial gyrus L 0 29 40

Parietal and temporal cortex
Supramarginal gyrus R 48 −40 34 5.60 b0.001 1476
Inferior parietal lobule R 39 −49 49
Middle temporal gyrus R 54 −61 7
Superior temporal gyrus R 63 −37 22

Inferior parietal lobule L −54 −46 43 5.33 0.001 702
Supramarginal gyrus L −57 −46 34
Middle temporal gyrus L −54 −49 22
Middle occipital gyrus L −45 −79 4
Fusiform gyrus L −39 −52 −11

Local maxima of brain activations commonly activated during successful inhibition−go in the HRI task and the separate tasks as revealed by a sequential masking procedure
(cf. methods section Group analysis) in Montreal Neurological Institute (MNI) coordinates with associated z-score (pFWEb .05) and cluster extent in number of voxel (k).
Interference inhibition: incongruent−congruent; action withholding: no-go−go; action cancelation: stop−go. Coordinates of local sub-peaks within a cluster are shown
indented; R=right; L=left.
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inhibition of response tendencies which are involuntary activated by
task irrelevant stimulus features (Simon and Berbaum, 1990) and
which are thought to arise before response initiation. Our imaging
results further indicate that interference inhibition activates regions re-
lated to response selection processesmore strongly than the other pres-
ently considered subcomponents. This corroborates its role as an early
subcomponent of response inhibition. Action cancelation, however,
would be a late subcomponent as it assesses – in contrast to the other
subcomponents – inhibition of an ongoing response. Action withhold-
ingwould be positioned in between as it comprises aspects of action se-
lection in addition to inhibitory aspects (Eagle et al., 2008; Mostofsky
and Simmonds, 2008; Rubia et al., 2001). This is further underlined by
a meta-analysis by Nee et al. (2007) who report overlapping activation
in Go/No-go and Stop-Signal tasks in regions implied in response ex-
ecution, whereas activation in Stroop, Flanker, and Go/No-go tasks
overlapped in regions thought to mediate response selection. That,
in turn, fits very well with the present imaging findings: Since action
withholding was associated with activation in key regions of the in-
hibitory network as revealed by the conjunction analysis on the one
hand, but did not differ in such regions when compared to interfer-
ence inhibition or action cancelation on the other hand, it supports
the idea of action withholding as an intermediate subcomponent of
response inhibition within a sequence of interference inhibition, ac-
tion withholding, and action cancelation. This assumption is further



Fig. 4. Activation maps showing common activation for successful inhibition (‘inhibition minus go’) during interference inhibition, action withholding and action cancelation in the
Hybrid Response Inhibition task (for display purposes: pb0.001, k=10 voxel). Coordinates are reported in MNI-space. The color scale represents t-score. R=right, L=left.
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underlined by quantitative progression in activity during action
cancelation>action withholding>interference inhibition in fronto-
striatal regions, whereas the opposite pattern is present in the left infe-
rior parietal cortex (see Fig. 5).

Whether the right IFC or the pre-SMAprimarily implements inhibito-
ry control is still heavily debated. There is broad evidence in the literature
that the rIFC, especially the posterior part of the rIFC, plays a pivotal role
in response inhibition (Aron, 2011; Aron and Poldrack, 2006; Chambers
et al., 2006, 2007; Chevrier et al., 2007; Chikazoe et al., 2009; Garavan et
Table 5
Brain regions mutually associated with different aspects of response inhibition.

Region MNI-coordinates

x y

Frontal cortex
Inferior frontal cortex/insula R 42
Inferior frontal gyrus (p. opercularis) R 39

Middle frontal gyrus R 45
Pre-SMA R 6

Parietal, temporal and occipital cortex
Angular gyrus R 30 −

Inferior parietal lobule R 36 −
Supramarginal gyrus R 48 −
Middle temporal gyrus R 57 −
Superior temporal gyrus R 60 −
Superior occipital gyrus R 27 −

Superior parietal lobe L −27 −
Precuneus L −15 −
Middle occipital gyrus L −21 −
Superior occipital gyrus L −9 −

Occipital and temporal cortex
Middle occipital gyrus L −45 −

Inferior temporal gyrus L −45 −
Middle temporal gyrus L −42 −

Local maxima of brain activations commonly activated during successful inhibition−go in
logical Institute (MNI) coordinates with associated z-score (pFWEb .05, cluster level correcte
ordinates of local sub-peaks within a cluster are shown indented; R=right; L=left.
al., 1999; Rubia et al., 2003; Swann et al., 2012). Yet, it might also be in-
volved in attentional processing of a stop-signal (Boehler et al., 2011;
Dodds et al., 2011; Hampshire et al., 2010; Sharp et al., 2010). Some au-
thors have, thus, argued that the pre-SMA rather than the rIFC might be
critical for response inhibition (Chao et al., 2009; Duann et al., 2009;
Floden and Stuss, 2006; Li et al., 2006; Sharp et al., 2010). The differential
activation patterns in the IFC and pre-SMA in our study point towards a
primary role of the IFC for the implementation of stopping, whereas the
pre-SMA is more strongly involved in response selection. As outlined
z-score p k

z

20 −5 4.05 0.042 82
5 34 5.44 0.001 196
5 55

20 52 3.51 0.039* 180

61 49 4.92 b0.001 904
49 40
40 31
58 1
43 19
73 46
61 49 4.06 0.003 164
64 34
61 34
82 43

76 4 5.49 b0.001 226
64 −5
55 10

the HRI task as revealed by conjunction across all subcomponents in Montreal Neuro-
d; * small volume corrected, pFWEb .05) and cluster extent in number of voxel (k). Co-
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Fig. 5. Subcomponent specific neural correlates are revealed by contrasting the subcomponents of the Hybrid response inhibition controlled for the motor response. Interference
inhibition corresponds to ‘incongruent go−congruent go’; action withholding corresponds to ‘no-go−congruent go’; action cancelation corresponds to ‘stop−congruent go’
(for display purposes: pb0.001, k=10 voxel). Contrast estimates are shown for regions of interest: IFC=inferior frontal cortex; IPL=inferior parietal lobule; pre-SMA=
pre-supplemental motor area; error bars indicate standard error of the mean. Coordinates are reported in MNI-space. The color scale represents t-score. R=right, L=left.
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above, increased IFC activation was present during action cancelation
(more than during interference inhibition or actionwithholding) corrob-
orating earlier results (Levy and Wagner, 2011; Swick et al., 2011). Of
note, this activation was located in the posterior part of the IFC. Recent
findings suggest a functional dissociation of the posterior IFC and the in-
ferior frontal junction for inhibitory and attentional processes, respec-
tively (Chikazoe et al., 2009; Levy and Wagner, 2011; Verbruggen et al.,
2010). Jahfari et al. (2011) also provide indirect support for a predomi-
nant role of the rIFC in implementing inhibitory control: higher connec-
tion strengths between rIFC and caudate were associated with more
efficient action cancelation whereas higher connection strengths be-
tween pre-SMA and caudate were associated with poorer inhibition.
This is in agreement with findings from transcranial magnetic stimula-
tion studies reporting inhibitory and fascilitatory effects of IFC and
pre-SMA on M1, respectively (Mars et al., 2009; Neubert et al., 2010).
Further support stems from a recent study employing transcranial direct
current stimulation over the rIFC resulting in improved action cancelation
(Jacobson et al., 2012). Taken together with our results, these findings
convergently suggest that the rIFC is engaged predominantly in inhibito-
ry processes.

The specific role of the pre-SMA in inhibition is less clear, as it has
been associated with different functions such as conflict solving
(Forstmann et al., 2008), action selection (as one form of inhibition)
(Mostofsky and Simmonds, 2008) or in task set configuration
(Neubert et al., 2010; Rushworth et al., 2004; Swann et al., 2012).
In the present study, increased pre-SMA activation was seen during
interference inhibition and action cancelation more than during action
withholding. Interference inhibition and action cancelation might differ
fromactionwithholding, in that the former two conditions involve a spa-
tial response selection (left or right button press) and a movement initi-
ation. This is reflected in relatively longer RTs in the separate Simon- and
Stop-signal tasks than in theGo/no-go task. However during actionwith-
holding, subjects select between responding and withholding a re-
sponse. Although these processes compete (which obviously reflects
anothermode of response selection aswell), go-processes are not neces-
sarily involved during action withholding. Mostofsky and Simmonds
(2008) have argued that response selection is akin to response inhibition
inasmuch as the appropriate “response” in response inhibition is to in-
hibit an inappropriate response and that both processes are neurally in-
discernible. However, our data suggest stronger pre-SMA activation
when the appropriate reaction involves down-streammovement execu-
tion (e.g. initiating and retracting the movement in case of a stop trial or
actually performing a button press in case of an incongruent trial) than
when selecting to withhold a movement.

Another line of literature suggests that activity in the dorsal medial
wall including the dorsal ACC and the SMA/pre-SMA region varies
with time on task, i.e. response duration even after controlling for ef-
fects of incongruency (Carp et al., 2010; Grinband et al., 2011). Thus, in-
creased pre-SMA activity during action cancelation and interference
inhibition as compared to action withholding might also be associated
with increased RT during those subcomponents which might well fit
with the interpretation that this region is critically involved in response
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Table 6
Functional specification of subcomponents of response inhibition.

Region MNI-coordinates z-score p k

x y z

Interference inhibition>action withholding
Frontal cortex

Middle frontal gyrus R 27 −24 52 3.94 0.022* 54
SMA/pre-SMA L 0 8 43 3.56 0.033* 260
Superior frontal gyrus R 24 −13 49 4.55 0.021 101
Superior frontal gyrus L −21 2 58 5.37 b0.001 351
Precunues L −39 −13 55

Parietal cortex
Inferior parietal lobule L −42 −37 52 4.39 0.001 215
Superior parietal lobule L −33 −46 64
Postcentral gyrus L −36 −43 61

Precuneus L −6 −64 61 5.11 b0.001 316
Precunues R 9 −61 55

Subcortical areas
Caudate R 18 −19 19 3.27 0.046* 7

Interference inhibition>action cancelation
Frontal cortex

Superior frontal gyrus L −27 −4 64 4.46 0.001 128
Parietal cortex

Inferior parietal lobule L −42 −37 52 4.98 b0.001 262
Superior parietal lobule L −33 −49 61
Postcentral gyrus L −36 −34 43

Precuneus L −12 −73 55 4.39 0.004 148

Action withholding>interference inhibition
Temporal and occipital cortex

Superior temporal sulcus R 48 −28 1 4.44 b0.001 232
Middle temporal gyurs R 63 −37 4

Superior occipital gyrus R 18 −97 19 7.02 0.001 184
Cuneus L −9 −97 16 5.69 0.014 111
Superior occipital gyrus L −21 −97 19

Action cancelation>interference inhibition
Frontal cortex

Inferior frontal gyrus (p. triangularis) R 48 26 4 5.28 b0.001 609
Inferior frontal gyrus (p. orbitalis) R 42 38 −8
Middle frontal gyrus R 45 44 10
Insula R 39 23 −5

Inferior frontal gyrus (p. triangularis) L −45 17 7 4.14 0.001 187
Inferior frontal gyrus (p. opercularis) L −48 14 4
Insula L −36 14 −5

Parietal and temporal cortex
Inferior parietal lobule R 63 −40 25 5.43 b 0.001 927
Middle temporal gyrus R 48 −40 7
Superior temporal gyrus R 45 −28 1
Angular gyrus R 54 −58 46
Putamen R 36 −13 −8

Superior temporal gyrus L −60 −46 19 5.39 b 0.001 270
Inferior parietal lobule L −51 −58 49
Middle temporal gyrus L −51 −52 7

Subcortical areas
Caudate R 9 8 10 3.55 0.020* 53

Action cancelation>action withholding
Frontal cortex

Insula R 36 23 −5 4.45 0.001 195
Inferior frontal gyrus (p. triangularis) R 39 23 7
Inferior frontal gyrus (p. opercularis) R 45 17 10

Insula L −36 14 1 3.94 0.003 160
Inferior frontal gyrus (p. opercularis) L −48 11 1

Pre-SMA R 12 8 58 3.73 0.019* 281
Parietal cortex

Supramarginal gyrus L −63 −37 34 3.96 0.039 84
Subcortical areas

Putamen R 30 14 7 3.28 0.044* 50
Caudate R 18 −4 16 3.30 0.042* 53

Local maxima of brain activations specifically activated during successful inhibition−go in one of the subcomponents of the HRI task in Montreal Neurological Institute (MNI)
coordinates with associated z-score (pFWEb .05, cluster level corrected; * small volume corrected, pFWEb .05) and cluster extent in number of voxel (k). Interference inhibition: incon-
gruent−congruent; action withholding: no-go−go; action cancelation: stop−go. Pre-SMA=pre-supplemental motor area. Coordinates of local sub-peaks within a cluster are
shown indented; R=right; L=left.
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selection. Yet, inhibition in the presence of competing behavioral alter-
natives seems inseparable from action selection processes. Thus, the
pre-SMA might fulfill a double function.

To the best of our knowledge, this is the first study to assess interfer-
ence inhibition, action withholding, and action cancelation within one
paradigm using fMRI. Activation patterns related to all subcomponents
tapped by the HRI task were comparable to activation as captured by
separate standard tasks in the present as well as in previous studies
(e.g. Aron and Poldrack, 2006; Garavan et al., 1999; Kerns, 2006;
McNab et al., 2008; Rubia et al., 2001). Reliability of the activation pat-
terns was further confirmed by an inclusive masking approach, which
revealed common activation especially during interference inhibition
and action cancelation in key regions of the inhibitory network. Al-
though activation patterns for action withholding in the HRI- and the
Go/no-go tasks were comparable, mutual activation in inhibitory key
regions failed to reach significance in the masking procedure. Both
tasks reveal activity in prefrontal regions including the middle frontal
gyrus and pre-motor areas. However, while pre-SMA activity was only
present in the separate Go/no-go task, activity in parietal regions was
associated with action withholding in the HRI task only. Differences be-
tween experiments in first level modeling and stimulus material might
account for reduced overlap in these regions during actionwithholding.
First, interstimulus intervals in the separate Go/no-go task were shorter
as compared to the HRI task and were therefore used as an active base-
line. Further, verbal stimulus material was used in the separate Go/
no-go task whereas arrows were employed in the HRI task. This in-
volves further differences between the tasks: in the separate Go/no-go
task, only a single response is required (i.e. right button press) whereas
in the HRI task the subject is required to choose between two alterna-
tives (i.e. left or right button press which might also account for activa-
tion in parietal regions associated with spatial processing). In turn, in
the separate Go/no-go task the response can be prepared in advance
to stimulus onset which is not the case in the HRI task. This might ac-
count for pre-SMA activity which was not revealed during action with-
holding in the HRI task. Both tasks further differ in the salience of the
no-go stimulus with presumably increased perceptive salience in the
HRI task. Altogether, these differences might not only account for little
significant overlap of activation patterns in both tasks, but also for dif-
ferences in behavioral measures like the commission error rate and re-
action times alike.

In sum, we have developed a paradigm which reliably captures
three subcomponents of response inhibition, i.e. interference inhibition,
action withholding and action cancelation. While engaging a shared
neural network, they might constitute subsequent subcomponents in-
tervening in the action generation process at different points in time
to implement response inhibition. Earlier subcomponents like interfer-
ence inhibition might more strongly engage fronto-parietal–pre-motor
circuits whereas the later action cancelation subcomponent relies more
strongly on the (indirect) prefrontal–striatal pathway. The HRI task dis-
entangles subprocesses of response inhibition and their neural corre-
lates, a feature that is highly demanded in the literature. We, thus,
provide a valid tool to assess imminent questions about differences in
cognitive components and neural processes of response inhibition. In
addition, it might help to further our understanding of impairments in
different disorders sharing impulsivity as a core symptom.
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