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Neuroimaging studies have utilized two primary tasks to assess motor response inhibition, a major form of
inhibitory control: the Go/NoGo (GNG) task and the Stop-Signal Task (SST). It is unclear, however, whether
these two tasks engage identical neural systems. This question is critical because assumptions that both tasks
are measuring the same cognitive construct have theoretical and practical implications. Many papers have
focused on a right hemisphere dominance for response inhibition, with the inferior frontal gyrus (IFG) and the
middle frontal gyrus (MFG) receiving the bulk of attention. Others have emphasized the role of the pre-
supplementary motor area (pre-SMA). The current study performed separate quantitative meta-analyses
using the Activation Likelihood Estimate (ALE) method to uncover the common and distinctive clusters of
activity in GNG and SST. Major common clusters of activation were located in the right anterior insula and the
pre-SMA. Insular activation was right hemisphere dominant in GNG but more bilaterally distributed in SST.
Differences between the tasks were observed in twomajor cognitive control networks: (1) the fronto-parietal
network that mediates adaptive online control, and (2) the cingulo-opercular network implicated in
maintaining task set (Dosenbach et al., 2007) and responding to salient stimuli (Seeley et al., 2007). GNG
engaged the fronto-parietal control network to a greater extent than SST, with prominent foci located in the
right MFG and right inferior parietal lobule. Conversely, SST engaged the cingulo-opercular control network to
a greater extent, with more pronounced activations in the left anterior insula and bilateral thalamus. The
present results reveal the anterior insula's importance in response inhibition tasks and confirm the role of the
pre-SMA. Furthermore, GNG and SST tasks are not completely identical measures of response inhibition, as
they engage overlapping but distinct neural circuits.
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Introduction

The ability to override an automatic tendency to respond in a given
situation, or to stop a response when a rapid change in plan is
required, is a core feature of flexible and adaptive behavior (Goldman-
Rakic, 1996). Inhibitory control is a key executive function, separable
at a cognitive level from other major executive processes (Miyake et
al., 2000). Response inhibition has been a popular topic in the
neuroimaging literature (reviewed in Mostofsky and Simmonds,
2008; Nakata et al., 2008; Swick et al., 2008), with activations in the
lateral prefrontal cortex (PFC) and dorsomedial PFC receiving the
focus of attention. Two major tasks (Go/NoGo and Stop-Signal) have
been used to assess motor response inhibition, but few studies have
systematically compared whether they recruit largely overlapping
brain regions (McNab et al., 2008; Rubia et al., 2001; Zheng et al.,
2008). This is important because assertions that the NoGoNGo and
StopNGo comparisons are both measuring the same cognitive
construct (“suppression of actions that are inappropriate in a given
context and that interfere with goal-driven behavior”)1 have theoret-
ical and practical implications. From a theoretical perspective, new
efforts to develop formal ontologies of cognitive control functions rely
on observable indicators, i.e. behavioral performance and brain
activation measures obtained from specific tasks (Lenartowicz et al.,
2010). The response inhibition construct currently subsumes GNG, SST,
and anti-saccade tasks under one heading. Presumably, if these tasks
activate non-overlapping brain regions, then they reflect the engage-
ment of different cognitive processes to some degree (Lenartowicz
et al., 2010). From a practical standpoint, impaired performance on
either of these tasks in patient populations is often taken as an
indication of specific PFC abnormalities (Clark et al., 2007) or frontal
lobe dysfunction more generally (Barkley et al., 1992; van der Schoot
et al., 2000).
itiveatlas.org/concept/response_inhibition (The Cognitive Atlas).
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In the Go/NoGo (GNG) task, a motor response is made to one
stimulus class and withheld to another. The probability of trial types
can be manipulated to set the prepotency of responding, so that
withholding a response on NoGo trials is more difficult when Go trials
are frequent. In the Stop-Signal Task (SST), responses are made on
every trial unless a Stop Signal (e.g., a tone) is presented (Logan et al.,
1997). The interval between the Go stimulus and the Stop stimulus
(Stop-Signal delay) is varied using an adaptive procedure (Verbrug-
gen and Logan, 2008b). Performance is modeled as a “race” between
“go” and “stop” processes, and the stop-signal reaction time (SSRT) is
calculated as a measure of inhibitory control. Although these two
tasks are often treated interchangeably (Aron et al., 2004; Lenartowicz
et al., 2010), it is unclear whether they tap the same cognitive
processes and neural substrates. Better understanding of the neural
systems common to performance in both tasks and those unique to
each task will help with the interpretation of extant literature and
design of future studies. Furthermore, more precisely delineated
network models of response inhibition tasks may have clinical utility
in identifying the neural substrates of impulsive behavior associated
with developmental and psychiatric disorders such as attention-
deficit/hyperactivity disorder (ADHD), borderline personality disor-
der, substance abuse, and the manic phase of bipolar disorder.

Several early GNG papers have argued that motor response
inhibition is strongly lateralized to the right hemisphere (Garavan
et al., 1999; de Zubicaray et al., 2000; Kawashima et al., 1996; Konishi
et al., 1998, 1999), particularly right hemisphere regions in dorsolat-
eral PFC and the inferior frontal gyrus (IFG), as expected for an
executive control function. However, most of these studies, as well as
others that followed (Liddle et al., 2001; Menon et al., 2001; Rubia et
al., 2001; Wager et al., 2005; Watanabe et al., 2002) did observe
activations in bilateral dorsolateral and ventrolateral PFC, as well as
the anterior cingulate cortex (ACC) and pre-supplementary motor
area (pre-SMA) in medial PFC. Other areas of activation have included
inferior parietal cortex and the basal ganglia.

There have been fewer neuroimaging investigations of response
inhibition using the SST, although the number is growing. Some have
reported predominant activity in the right IFG (Aron and Poldrack,
2006; Aron et al., 2007; Matthews et al., 2005), while others have
observed bilateral activations in the IFG (Cai and Leung, 2009; Leung
and Cai, 2007; Li et al., 2006b). However, the pre-SMA, rather than the
IFG, has been emphasized as the region critical for stopping by some
investigators (Chao et al., 2009; Duann et al., 2009; Sharp et al., 2010).
Other notable regions have included the striatum (Vink et al., 2005)
and a region in the area of the subthalamic nucleus (Aron and
Poldrack, 2006). Overall, neuroimaging findings suggest that response
inhibition is subserved by a large-scale distributed system of bilateral
cortical and subcortical regions, but showing a right hemisphere
dominance.

The initial PET and fMRI studies of GNG used block designs, in
which blocks consisting of all Go trials were compared to blocks
containing both Go and NoGo. Subsequent event-related fMRI
investigations directly compared activation on NoGo to that observed
on Go trials. Blocked GNG studies might recruit regions involved in
maintaining task set across a sustained period, such as the bilateral
anterior insula/frontal operculum, dorsal ACC/medial superior frontal
gyrus, right middle temporal cortex, and left inferior parietal lobule
(Dosenbach et al., 2006). Other variables that can differ across GNG
studies include the probability of NoGo stimuli, task difficulty, and
stimulus modality. Go and NoGo stimuli are typically in the same
modality and often have similar features, in contrast with the
modality shift used in common SST designs. Variables that can differ
across SST experiments include the probability of Stop trials, modality
of the Stop signal, type of stimuli and task used, whether an adjustable
staircase procedure was used to determine stop signal delay, and the
comparison condition. The behavioral measures differ between the
two tasks as well. Performance is evaluated by error rate on NoGo
trials, compared to the primary measure of a stop signal RT (although
error rate is also obtained in SST). These potential sources of
variability point to the importance of studies that combine well-
matched versions of the two tasks.

Three papers have specifically compared the activations produced
by GNG and SST in the same groups of subjects. Rubia et al. (2001)
found that overlapping regions in lateral PFC, medial PFC, and parietal
cortices were activated in the two tasks, although the hemispheric
dominance differed: GNG showed greater left hemisphere involve-
ment, while SST showed greater right hemisphere involvement. That
study administered variants of each task using block designs, which
can introduce strategic and task-set effects. Using an event-related
design, Zheng et al., 2008 implicated the right middle frontal gyrus
(Brodmann Area 46) as the critical region for response inhibition in
both tasks. Finally, McNab et al. (2008) administered GNG and SST (as
well as flanker interference and working memory tasks) in a within-
subject, event-related experiment that controlled for “oddball”
probability effects (i.e., NoGo and Stop trials are typically less frequent
than Go trials). Specifically, oddball Go events comprised 25% of the
trials, equivalent to the percentage of NoGo and Stop trials (standard
Go trials comprised the other 50%). Conjunction analysis for
NoGoNoddball Go and StopNoddball Go comparisons revealed
common activations in the right inferior (BA 47) and middle (BA 9/
46) frontal gyri, and in the left inferior frontal gyrus (BA 47) and left
insula. Given the variability in results across these studies, a
conclusive answer on the common neural resources used by GNG
and SST tasks has not been reached, thereby motivating the meta-
analysis presented here.

Looking to other methods for converging evidence, results from
the human lesion literature support the predominance of RIFG in
the SST. Patients with lesions in RIFG, but not the LIFG, were
impaired in this task, showing longer stop-signal times (Aron et al.,
2003). However, we recently reported that patients with focal
damage in the LIFG and anterior insula showed response inhibition
deficits in the GNG task, particularly when responses were more
prepotent (90% Go vs. 50% Go probability; Swick et al., 2008). Our
finding does not rule out the possibility that RIFG patients would be
more impaired, but it does establish that LIFG is a critical region for
accurate performance on GNG. Finally, an event-related potential
experiment utilized a combined GNG/SST design and found
bilateral frontal sources for the NoGo and Stop P300 components,
with larger amplitudes for the latter (Enriquez-Geppert et al.,
2010).

These differential findings on the importance of LIFG in response
inhibition, along with discrepancies in the neuroimaging literature,
raise the possibility that response inhibition is not a unitary process
and that the two tasks might be tapping different elements of
inhibitory control. In fact, one model of response inhibition (Eagle
et al., 2008; Schachar et al., 2007) distinguishes between action
restraint — inhibition of a motor response before the response has
been initiated (GNG), and action cancelation — inhibition of an
already initiated motor response (SST). In this view, NoGo trials are
like Stop trials where the stop signal occurs with zero delay, so that
a strong motor response has not built up by the time the need to
stop is realized. However, there is ample evidence for motor
preparation on both Go and NoGo trials (Zhang et al., 2008) so to
some extent this task can be considered not only in the light of
action restraint, but also as a form of action cancelation. This is
especially true when the task has a low probability of NoGo trials
and a fixed inter-stimulus interval (Levy and Wagner, 2010).

Alternatively, the response inhibition processes utilized in the two
tasks might be similar, but other attentional and cognitive control
processes are differentially recruited. The literature remains inconclu-
sive, and a search for functional neuroanatomical differencesmay clarify
whether the two tasks are indeed measuring different psychological
constructs. Meta-analysis of the functional neuroimaging literature
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provides an objective approach to assessing the common and distinct
aspects of the neural circuitry associated with performance in different
tasks. Recently developed software tools, such as BrainMap (Laird et al.,
2005b) allow large sets of imaging findings to be analyzed to discover
consistent patterns that might not be evident from a qualitative
overview of a limited number of studies. If the neural systems
supporting inhibitory control in the Go/NoGo and Stop-Signal tasks
are essentially identical, this should be evident when findings from a
large number of studies, which have used several variants of these two
tasks, are combined. If different neural systems are engaged by the two
tasks, a formal statistical comparison of Go/NoGo and Stop-Signal
findings should isolate these regions. The common and distinct aspects
of inhibitory control that these two tasks tap into can then be evaluated
in the context of existing knowledge of the neural systems identified.

Several meta-analyses of response inhibition tasks have been
published (e.g., Buchsbaum et al., 2005; Nee et al., 2007; Simmonds et
al., 2008; Swick et al., 2008). The initial meta-analysis by Buchsbaum
et al. (2005) included 18 GNG papers and observed highly right-
lateralized foci in the middle/inferior frontal gyri, inferior parietal/
supramarginal gyri, and superior occipital gyrus. Nee et al. (2007)
applied the density analysis technique to 47 studies of interference
resolution that employed Stroop, flanker, GNG, stimulus–response
compatibility, Simon, and SST tasks. A separate meta-analysis of the
14 GNG experiments (Go vs. NoGo contrast only) revealed a very
prominent cluster in the right dorsolateral PFC extending into the IFG
and insula, with smaller clusters in the left dorsolateral PFC, ACC, and
right posterior parietal cortex. Simmonds et al. (2008) classified 11
event-related fMRI studies of GNG as either simple (the NoGo
stimulus was always the same) or complex (the NoGo stimulus
changed depending on context). Common to both task types was
greater activation in the pre-SMA during NoGo vs. Go or a low-level
baseline. Activation in the right dorsolateral PFC was observed only in
the complex tasks, which taxed working memory to a greater extent.
Thus, the specific pattern of additional frontal and posterior regions
that are recruited may vary according to task demands.

However, none of these previous studies have looked at GNG and
SST separately. To fill this gap, the present paper conducted a
quantitative meta-analytic review of the neuroimaging literature to
determine the common and unique patterns of brain activity obtained
across the two response inhibition tasks. We wished to determine
whether (and to what extent) the neuroanatomical correlates of task
performance in GNG and SST can be dissociated. If they activate non-
overlapping brain regions, one can assume that the two tasks engage
different cognitive processes (Lenartowicz et al., 2010). We used the
Activation Likelihood Estimation (ALE) method, a quantitative meta-
analysis technique (Laird et al., 2005a) to infer function–location
relationships from the functional neuroimaging literature. The
present study is the largest and most inclusive meta-analysis of
response inhibition to date, with 48 GNG papers and 21 SST papers,
and is the first to present a separate analysis of the Stop-Signal task.

Materials and methods

Searches and inclusion criteria

To explore whether different subtypes of response inhibition can
be dissociated neuroanatomically, we conducted separate quantita-
tive meta-analyses of functional imaging data from GNG and SST
using the ALE method (Laird et al., 2005a). To help identify
appropriate papers, we used BrainMap, a searchable online database
created and developed at the Research Imaging Center of the
University of Texas Health Science Center San Antonio, and PubMed
searches. The criteria for inclusion in the meta-analyses were as
follows: (1) behavioral tasks were restricted to Go/NoGo and Stop-
Signal inhibition tasks; (2) manual responses used as the response
modality; (3) studies must have been conducted in young control
subjects; (4) papers that compared a clinical population to controls
must have reported separate results for controls and patients; and
(5) whole-brain analysis and full reporting of Talairach or MNI
coordinates were also required for inclusion.

The Sleuth program (downloaded from http://brainmap.org/)
searches for papers entered into the BrainMap database based on
specified queries, such as Citation, Subjects, Conditions, Experiments,
and Location. We searched within Experiments for Talairach coordi-
nates reported in studies of action inhibition. As of late May 2010,
Sleuth identified 81 papers reporting activations in the behavioral
domain of action inhibition, and 34 of these were included in the
meta-analysis. The other 47 studies were excluded because they failed
to meet one or more of the inclusion criteria listed above. In addition,
32more eligible papers (not included in the BrainMap database) were
found through PubMed searches conducted throughMay 2010, which
included the following search terms: go/nogo; stop signal; response
inhibition AND frontal; and response inhibition AND prefrontal. Thus,
a grand total of 66 papers were included in the analyses.

ALE algorithm

The ALE meta-analysis followed the procedures of Laird et al.
(2005a), as implemented in the GingerALE 1.1 program. Briefly, 3D
coordinates in stereotactic space are pooled across different studies.
Each point, or focus, is modeled by a 3D Gaussian distribution, defined
by the full-width half-maximum (FWHM). The probability of activity
occurring at a given voxel is calculated. Then the probability estimate
for the entire voxel volume is calculated; this is defined as the ALE
statistic. Permutation testing determines the null distribution of the
ALE statistic at each voxel. The output is a map of p values for each
voxel. This map is thresholded using the false discovery rate (FDR)
algorithm. Finally, a cluster analysis is performed on the thresholded
map. We selected parameters recommended by the program, as
outlined below.

Within-condition meta-analysis

For the GNG task, the comparisons included in the meta-analysis
were Successful NoGo vs. Go and Successful NoGo vs. Baseline
(Table 1). For the SST task, comparisons included Successful Stop vs.
Go, Successful Stop vs. Baseline, and Successful Stop vs. Unsuccessful
Stop (Table 1). In total, the BrainMap database and PubMed searches
identified 48 relevant papers reporting activations in GNG response
inhibition tasks: 830 foci in 68 experiments (38 foci were outside the
analysis mask used by the ALE algorithm). There were 21 papers
identified for SST, with 458 foci in 34 experiments (4 foci were outside
the mask). In the Sleuth program, “experiments” refers to individual
contrasts between conditions, so each paper could have multiple
experiments. Because there were over twice as many GNG papers as
SST papers, 21 randomly selected GNG papers were included in a
subsidiary analysis, with 337 foci in 31 experiments (16 foci were
outside the analysis mask).

In the majority of experiments (80%), NoGo trials were contrasted
with Go trials. The other contrast consisted of NoGo versus fixation or
a low-level baseline. On the other hand, only 59% of SST papers
contrasted Stop trials with Go trials. Themost appropriate comparison
condition in the Stop-Signal task has been debated to a greater extent
in the literature (e.g., see Boehler et al., 2010). Other reported
contrasts have included Successful Stop vs. Unsuccessful Stop trials (Li
et al., 2006b; Padmala and Pessoa, 2010), groups of subjects with a
short vs. long stop signal RT (Li et al., 2006a,b), and hard vs. easy to
inhibit trials (Matthews et al., 2005). Selective analysis of NoGo vs. Go
trials only and Stop vs. Go trials only did not differ substantially from
the original analyses that included all types of contrasts (e.g.,
Successful Stop vs. Unsuccessful Stop, subjects with a short vs. long
SSRT, and hard vs. easy to inhibit trials), so only the latter are reported

http://brainmap.org/


Table 1
Studies included in the meta-analyses.

First author Year B/E n Comparisons

GNG only
1. Altshuler 2005 B 4 NoGoNGo, controls
2. Asahi 2004 B 11 NoGoNGo
3. Baglio 2009 E 5 NoGo vs. fixation, controls
4. Bellgrove 2004 E 19 NoGoNGo
5. Borgwardt 2008 E 5 NoGoNoddball, placebo
6. Braver 2001 E 11 NoGoNGo, disjunction analysis
7a. Chikazoe 2009 E 52 NoGoNFrequent–Go
7b. Chikazoe 2009 E 52 NoGoN Infrequent–Go
8a. Chuah 2006 E 5 NoGo vs. Go, rested wakefulness
8b. Chuah 2006 B 9 Blocked task effects vs. fixation
9a. de Zubicaray 2000 B 15 Increased activations for refrain vs. Go
9b. de Zubicaray 2000 B 11 Linear increases w/ # trials equated per block
10. Dillo 2010 B 2 50/50 Go/NoGo vs. Go blocks
11. Falconer 2008 E 6 NoGo/Go, controls
12a. Fassbender 2004 B 21 Blocked task effects vs. rest
12b. Fassbender 2004 E 8 NoGoNGo, correct
13. Garavan 1999 E 14 Successful NoGoNGo
14. Garavan 2002 E 16 Successful NoGoNGo
15a. Garavan 2003 B 12 Blocked task effects vs. rest
15b. Garavan 2003 E 7 NoGoNGo, event-related Stops
16. Goghari 2009 E 8 NoGoNGo, probe-related activity
17. Hester 2004 E 21 Successful NoGoNGo, cued and uncued
18. Horn 2003 B 13 Go/NoGoNGo
19. Kaladjian 2007 E 11 Correct NoGo vs. correct Go
20a. Kaladjian 2009a E 12 NoGo vs. Go, healthy controls, T1 (session 1)
20b. Kaladjian 2009a E 8 NoGo vs. Go, healthy controls, T2 (session 2)
21. Kaladjian 2009b E 16 NoGoNGo, correct trials, healthy controls
22. Karch 2008 E 13 NoGoNcontrol condition, healthy controls
23a. Kawashima 1996 B 18 Go/NoGoNGo and response selection tasksN rest
23b. Kawashima 1996 B 21 Go/NoGoN rest
24a. Kelly 2004 E 23 NoGoNGo, fast and slow
24b. Kelly 2004 E 7 NoGoNGo, fastNslow
25. Kiehl 2000 E 8 NoGoNGo, correct rejects
26. Konishi 1998 E 19 NoGoNGo, No-Go dominant foci
27. Konishi 1999 E 1 NoGoNGo, No-Go dominant foci
28. Langenecker 2007 E 8 NoGoNGo, correct rejections, controls
29a. Laurens 2005 E 12 NoGoN rest baseline, conjunction analysis, (auditory and visual)
29b. Laurens 2005 E 4 NoGoNGo
30a. Lawrence 2009 E 1 No-GoNOddball
30b. Lawrence 2009 E 2 No-GoNGo
31a. Liddle 2001 E 19 Correct NoGo — baseline
31b. Liddle 2001 E 23 Correct NoGo — Go
32a. Maguire 2003 B 10 Go/NoGo vs. visual control fixation
32b. Maguire 2003 B 6 Go/NoGo vs. Go
33. Maltby 2005 E 5 NoGoNGo, correct rejections, controls
34. Mazzola-Pomietto 2009 E 7 NoGoNGo, healthy controls
35a. McNab 2008 E 17 NoGoNOddball
35b. McNab 2008 E 6 NoGoNGo
35c. McNab 2008 E 7 Go/NoGo, Stop Tasks vs. Oddball, Conjunction
35d. McNab 2008 E 6 Go/NoGo, Stop Tasks vs. Go, Conjunction
36. Menon 2001 B 13 Go/NoGo vs. Go
37. Mobbs 2007 B 4 Go/NoGo blocks vs. Go only
38a. Mostofsky 2003 E 3 NoGoNfixation, simple
38b. Mostofsky 2003 E 3 NoGoNfixation, counting
39. Nakata 2008 E 33 Somatosensory movement NoGo vs. baseline
40. Roth 2007 E 13 NoGoNGo, control subjects
41a. Rubia 2001 B 12 Generic NoGoNGo
41b. Rubia 2001 B 9 Activation common to all GNG and Stop Tasks
42. Rubia 2006 E 11 NoGoNGo, adults
43. van Gaal 2010 E 29 Weakly masked trials: No/GoNGo
44a. Wager 2005 E 13 NoGoNGo
44b. Wager 2005 E 12 NoGoNGo, unique regions
45. Walther 2010 E 31 Conjunction analysis, auditory and visual, NoGoNGo
46a. Watanabe 2002 E 5 NoGoNGo
46b. Watanabe 2002 E 4 NoGoNGo, specific activation areas
47. Welander-Vatn 2009 B 12 Go/NoGoNfixation, healthy controls
48a. Zheng 2008 E 8 Successful NoGo — Go
48b. Zheng 2008 E 2 Go/NoGo and Stop Signal, common areas

SST only
1. Aron 2006 E 35 StopInhibit — Go (Stop trials w/o button press — Go)
2. Aron 2007 E 38 Critical StopInhibit vs. critical Go
3a. Boehler 2010 E 3 Successful StopNunsuccessful Stop
3b. Boehler 2010 E 30 Successful StopNGo
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Table 1 (continued)

First author Year B/E n Comparisons

3c. Boehler 2010 E 23 Successful StopNGo; and unsuccessful StopNGo
3d. Boehler 2010 E 13 Successful StopNcontrol block Stop; and unsuccessful StopNcontrol block Stop
4a. Chikazoe 2009 E 57 Stop vs. uncertain-Go
4b. Chikazoe 2009 E 16 Disjunction analysis, Stop vs. uncertain-Go
5a. Cai 2009 E 8 Color Task, successful Stop vs. Go
5b. Cai 2009 E 14 Orientation Task, successful Stop vs. Go
6. Chamberlain 2009 E 33 Successful Stop vs. Go
7. Chevrier 2007 E 3 Successful Stop vs. Go
8. Leung 2007 E 7 Conjunction analysis, eye and hand, Stop — Go
9. Li 2006a E 5 ShortN long SSRT
10a. Li 2006b E 9 SuccessfulN failed inhibitions
10b. Li 2006b E 3 Short vs. long Stop-Signal processing time
11. Matthews 2005 E 6 Hard vs. easy inhibit trials
12a. McNab 2008 E 17 NoGoNOddball
12b. McNab 2008 E 6 NoGoNGo
12c. McNab 2008 E 7 Conjunction: GNG and Stop Tasks (vs. Oddball)
12d. McNab 2008 E 6 Conjunction: Go/NoGo and Stop Tasks (vs. Go)
13. Padmala 2010 E 14 SuccessfulNunsuccessful Stop trials
14. Ramautar 2006 E 7 Successful Stop — Go (pooled across low- and high-frequency conditions)
15a. Rubia 2001 B 6 SSRT blocks vs. Go only blocks, collapsed across probability conditions
15b. Rubia 2001 B 9 Activation common to all GNG and SSRT versions
16. Rubia 2003 E 2 Successful — unsuccessful Stop trials
17a. Sharp 2010 E 10 Stop correct vs. Go
17b. Sharp 2010 E 6 Stop correct vs. continue
18. Stratkowski 2008 E 14 Correct Stop vs. correct Go
19a. Vink 2005 B 4 Go/StopNGo only
19b. Vink 2005 B 4 Parametric analysis, Go/StopNGo only
20. Xue 2008 E 13 StopInhibit — Go trials, manual
21a. Zheng 2008 E 10 Successful Stop — Go
21b. Zheng 2008 E 2 Go/NoGo and Stop-signal, common areas

List of studies including first author, year of publication, whether the design was blocked or event-related (B/E) and the number (n) of activation foci entered into the activation
likelihood estimation (ALE) meta-analyses. There were 66 papers with a total of 48 Go No/Go and 21 SST. Three used both tasks (Rubia et al., 2001; McNab et al., 2008; Zheng et al.,
2008.

SST only
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in detail. In each case, the original (more inclusive) analysis had a
slightly larger extent of activation, with one very small cluster for GNG
and 3 small clusters for SST (see Supplementary Tables S1A and S1B).

Since activation foci in BrainMap are specified using Talairach
coordinates, the GingerALE 1.1 program was used to make appropri-
ate conversions from MNI to Talairach space using the icbm2tal
transform (Lancaster et al., 2007) when required for papers identified
through PubMed. A recent study demonstrated that the “Lancaster”
transform was more accurate than the “Brett” transform in reducing
the disparity between MNI and Talairach coordinates (Laird et al.,
2010). Therefore, we followed the procedures recommended by Laird
et al., which are implemented in GingerALE. Any papers that
converted MNI to Talairach space using the mni2tal Brett transform
(Brett et al., 2002) were converted back to MNI and reconverted using
the icbm2tal Lancaster transform. Table 1 shows the list of studies that
were included in the analysis and the number of activation foci for
each (see Supplementary References for full citations). The Talairach
coordinates of all inhibitory control-related activations were used to
estimate voxel-wise activation likelihoods. A full-width half-maxi-
mum (FWHM) of 12 mm, permutation testing with 5000 iterations, a
false discovery rate threshold of 0.01, and a cluster extent threshold of
100 mm3 were applied to the data. Clusters were overlaid on the
optimized Colin Brain (Kochunov et al., 2002), and the resulting maps
identified the regions of activation common to successful response
inhibition in the Go/NoGo task (Fig. 1A) and the Stop-Signal task
(Fig. 1B).

Between-condition meta-analysis

Similar to the study of Sörös et al. (2009), differences between the
two within-condition ALE maps were obtained by subtraction using
GingerALE (Laird et al., 2005a). To determine these differences, the ALE
values for the SST analysis were subtracted from those for the GNG
analysis at each voxel using the coordinates from Table 1. The resulting
values were entered into a permutation test (5000 permutations) to
determine the statistical differences between tasks. As for the within-
condition meta-analyses, the FWHM was 12 mm, false discovery rate
was 0.01, and the minimum cluster size was 100 mm3. The resultant
ALEmap shows regions inwhich the two groups of foci are significantly
different.

A conjunction analysis showed the common areas of overlap
between the two tasks (Figs. 2 and 3). Using custom-made MATLAB
scripts, voxels common to both the GNG and SST maps, as well as
voxels unique to either one of the maps, were isolated. A scale was
generated where the values of the ALE statistics run from 0 to 0.05 for
those voxels that are found only in the GNG map (purple-blue), from
0.05 to 0.1 for the voxels that are in the SST map only (pink-red), and
from 0.1 to 0.2 for the voxels common to both maps (orange-yellow).
For the last portion of the scale, the sum of the GNG and SST ALE
statistics were used.

Results

The largest and most significant activation foci were observed in
the anterior insula in both tasks (Fig. 1). Surprisingly, activations in
SST were more bilaterally represented in the insular cortex than
activations in GNG, which also showed a strong right lateralization in
the middle frontal gyrus and inferior parietal cortex. Although one of
the clusters extended into RIFG in the SST task, the maximal overlap
across studies as estimated by the ALE algorithmwas in the insula, not
in the IFG. In addition, there was a separate LIFG cluster in the GNG
task.

Go/NoGo

For GNG (Table 2 and Fig. 1A), 12 separate clusters were identified.
Major clusters were centered in the right insula (BA 13) and right
middle frontal gyrus (BA 9), the right inferior parietal lobule/



Fig. 1. Activation likelihood estimation (ALE) map showing significant inhibition-related activation clusters overlaid on the optimized Colin Brain (Kochunov et al., 2002). The left
side of the brain is on the left side of the scan. (A) Studies using the Go/NoGo (GNG) task. (B) Studies using the Stop-Signal Task (SST). The z locations for both maps are illustrated
under the slices in (A). The scale bar shows the ALE statistic, which becomes more significant from left (dark red) to right (white).
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precuneus (BA 40, 19, 7), and the superior frontal gyrus (medial BA 6,
8). Also notable are large clusters in the left middle and inferior frontal
gyri (BA 9, 6, 44) and the left insula/putamen/claustrum, which
overlaps with the insular region damaged in the left IFG patients in
our lesion study (Swick et al., 2008).

The secondary GNG analysis with 21 randomly selected papers
(matching the number included in SST) revealed similar results. The
largest clusters were in the right middle frontal gyrus (BA 9, 46, 6), the
right insula, the right inferior parietal lobule, and the left putamen/
claustrum (see Supplementary Table S2). A cluster in the superior/
medial frontal gyri (BA 6) was still obtained in this subanalysis but it
was smaller.
Stop-Signal

For SST (Table 3 and Fig. 1B), 15 separate clusters were identified.
The largest cluster was in the left insula extending into subcortical
structures (thalamus and putamen) and the posterior cingulate (BA
23). Other major clusters were centered in the right insula extending
into inferior and precentral gyri (BA 9), the superior frontal gyrus
(medial BA 6), the right middle frontal gyrus (BA 9), and the right
inferior parietal lobule (BA 40).
Fig. 2. ALE map showing an overlay of the significant clusters of activation obtained in eac
common to both the GNG and SST maps, as well as voxels unique to either one of the maps.
voxels found in the GNGmap only (purple-blue), from 0.05 to 0.1 for voxels in SST only (pink
portion of the scale, the sum of the GNG and SST ALE statistics was used.
Comparison between conditions

Activation foci common to the two tasks were depicted by
overlaying the two ALE maps (Fig. 2). Maximal overlap was observed
in the right insular cortex (Fig. 3A) and medial BA 6 (Fig. 3B).
Differences between the conditions were obtained by subtraction,
revealing a very large cluster focused in the right middle and superior
frontal gyri (BA 9) (Table 4). Another large cluster was also located on
the right in the inferior parietal lobule (BA 40) and precuneus (BA 7,
19). Both of these right-lateralized clusters were activated to a greater
extent in GNG than SST. Only two foci, in the thalamus and the left
insula, were more active in SST than in GNG (Fig. 4).

Discussion

Quantitative meta-analysis of two widely used motor inhibition
tasks produced overlapping as well as distinctive regions of activation.
These comprehensive new ALE results clearly demonstrate the
importance of bilateral anterior insular regions and medial BA 6
(SMA/pre-SMA) for successful performance in response inhibition
tasks, as these were common areas activated across both GNG and
SST. According to Dosenbach et al. (2006), these two regions comprise
a “core system” that controls task set. Localization in that study was
h task. The conjunction analysis was generated using MATLAB scripts to isolate voxels
The scale bar (in arbitrary units) represents values of the ALE statistic from 0 to 0.05 for
-red), and from 0.1 to 0.2 for voxels common to both maps (orange-yellow). For the last
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Fig. 3. Regions of maximal overlap in the two tasks are located in the cingulo-opercular
control network. The scale bar (in arbitrary units) represents values of the ALE statistic
from 0 to 0.05 (purple-blue) for voxels found in the GNG map only (purple-blue), from
0.05 to 0.1 for voxels in SST only (pink-red), and from 0.1 to 0.2 for voxels common to
both maps (orange-yellow). (A) Coronal section through the anterior insula. Crosshairs
are placed at MNI coordinates 36, 16, 4 (reported by Dosenbach et al., 2006 as one of the
three major foci involved in the implementation of task set). (B) Sagittal section
including themedial superior frontal gyrus and dorsal ACC. Crosshairs are placed at MNI
coordinates−1, 10, 48 (reported by Dosenbach et al., 2006 as another one of the major
foci of the core system that controls task set).

Table 3
SST clusters.

Cluster brain region BA x y z Vol (mm3) Extrema
value

1 L insula – −40 14 0 21,648 0.0427
R thalamus – 6 −20 0 0.0311
L putamen – −16 10 4 0.0193
R cingulate gyrus 23 2 −24 28 0.0177

2 R insula – 38 16 2 13,776 0.0386
R inferior frontal gyrus 9 44 12 22 0.0190
R precentral gyrus 9 42 4 34 0.0170

3 R medial frontal gyrus 6 4 14 44 10,640 0.0292
4 R middle frontal gyrus 9 26 40 34 3472 0.0193
5 R inferior parietal lobule 40 58 −40 26 3088 0.0161

R inferior parietal lobule 40 48 −40 40 0.0152
R inferior parietal lobule 40 34 −48 42 0.0139

6 R lentiform, Lat GP – 14 6 0 1944 0.0204
7 L superior temporal gyrus 13 −50 −40 16 1192 0.0142

L middle temporal gyrus 22 −56 −50 6 0.0115
8 R inferior occipital gyrus 19 44 −70 −8 808 0.0142
9 L superior frontal gyrus 9 −34 36 28 704 0.0141
10 R middle frontal gyrus 6 28 −4 46 600 0.0137

R middle frontal gyrus 6 30 0 54 0.0122
11 L superior parietal lobule 7 −24 −62 42 528 0.0139
12 L precentral gyrus 9 −40 4 32 344 0.0132
13 L middle occipital gyrus 18 −36 −84 0 208 0.0121
14 R superior temporal gyrus 22 46 −26 0 152 0.0120
15 R superior parietal lobule 7 26 −56 46 144 0.0116

Significant cluster locations from the SST meta-analysis, thresholded at pb0.01 (FDR-
corrected for multiple comparisons), along with Brodmann area (BA), Talairach
coordinates (x, y, z) of the peak voxel, cluster volume (mm3), and extrema value
(maximum ALE score). Larger scores indicate a greater likelihood of activation for a
given cluster. L=left, R=right, GP=globus pallidus.
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determined by combining results from ten tasks that used mixed
blocked/event-related designs, then finding the conjunction of
activity related to start cues, sustained set-maintenance, and
performance errors (Dosenbach et al., 2006). The peak coordinates
of this core system are remarkably close to the maximal overlap of the
GNG and SST meta-analyses shown in Fig. 3. Other investigators have
characterized these brain regions more broadly, as part of a “salience
network” activated by personally relevant stimuli that can be
Table 2
GNG clusters.

Cluster brain region BA x y z Vol (mm3) Extrema
value

1 R insula 13 34 22 0 30,808 0.0396
R middle frontal gyrus 9 40 28 32 0.0327
R middle frontal gyrus 9 26 42 36 0.0311
R inferior frontal gyrus 9 46 12 30 0.0276

2 R inferior parietal lobule 40 48 −44 36 8704 0.0250
R inferior parietal lobule 40 40 −50 44 0.0247

3 R medial frontal gyrus 6 0 12 46 5200 0.0186
R medial frontal gyrus 6 2 2 58 0.0184

4 L claustrum – −30 14 0 2240 0.0166
L putamen – −18 4 4 0.0155

5 L inferior parietal lobule 40 −46 −40 40 2048 0.0228
6 L middle frontal gyrus 9 −34 32 34 2008 0.0141

L superior frontal gyrus 9 −40 38 28 0.0140
L superior frontal gyrus 9 −32 48 26 0.0138
L middle frontal gyrus 9 −40 28 36 0.0138

7 R precuneus 19 28 −70 32 1544 0.0170
8 R superior temp gyrus 21 52 −26 −2 1480 0.0186
9 L supramarginal gyrus 40 −56 −50 28 1384 0.0170

L inferior parietal lobule 40 −58 −38 26 0.0139
10 R inferior occip gyrus 19 42 −70 −8 992 0.0177
11 L fusiform gyrus 37 −40 −60 −12 928 0.0186
12 L inferior frontal gyrus 44 −48 12 22 784 0.0152
13 R middle frontal gyrus 10 34 50 4 416 0.0141
14 R caudate body – 14 4 10 304 0.0148
15 R cingulate gyrus 23 2 −24 30 176 0.0136
16 L inferior parietal lobule 40 −42 −50 52 120 0.0117

Significant cluster locations from the GNG meta-analysis, thresholded at pb0.01 (FDR-
corrected for multiple comparisons), along with Brodmann area (BA), Talairach
coordinates (x, y, z) of the peak voxel, cluster volume (mm3), and extrema value
(maximum ALE score). Larger scores indicate a greater likelihood of activation for a
given cluster. L=left, R=right.
cognitive, emotional, visceral, or autonomic in nature (Seeley et al.,
2007).
Core response inhibition system

Although not emphasized in most previous studies of response
inhibition and interference resolution, Wager, Nee, and colleagues
have noted the importance of the bilateral anterior insular cortex for
these functions (Wager et al., 2005; Nee et al., 2007). The prominence
Table 4
GNG–SST clusters.

Cluster brain region BA x y z Vol (mm3) Extrema
value

1 R middle frontal gyrus 9 40 26 30 13,032 0.0391
R superior frontal gyrus 8 24 42 38 0.0190
R precentral gyrus 9 40 6 40 0.0172

2 R inferior parietal lobule 40 42 −54 44 6768 0.0238
R precuneus 7 24 −70 42 0.0188
R inferior parietal lobule 40 48 −46 36 0.0177
R precuneus 19 30 −72 30 0.0171

3 R thalamus – 4 −16 0 3952 −0.0245
4 L insula 13 −40 16 0 1536 −0.0278
5 R inferior frontal gyrus 47 36 26 −2 1472 0.0220
6 L precentral gyrus 4 −42 −14 48 1064 0.0164
7 L fusiform gyrus 37 −40 −62 −12 1056 0.0205
8 L supramarginal gyrus 40 −56 −50 30 744 0.0165
9 R middle frontal gyrus 10 36 48 4 480 0.0153
10 L inferior parietal lobule 40 −44 −40 40 480 0.0178
11 L inferior frontal gyrus 44 −50 12 20 296 0.0149
12 L superior frontal gyrus 9 −30 48 30 216 0.0130

Significant cluster locations showing the differences between the two tasks, obtained
from the subtraction meta-analysis, thresholded at pb0.01 (FDR-corrected for multiple
comparisons), along with Brodmann area (BA), Talairach coordinates (x, y, z) of the
peak voxel, cluster volume (mm3), and extrema value (maximum ALE score). Larger
scores indicate a greater difference between tasks for a given cluster. Positive extrema
values, GNGNSST; negative extrema values, SSTNGNG. L=left, R=right.
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Fig. 4. Regions of maximal differences between tasks, obtained by the GNG–SST
subtraction. GNG shows greater activation than SST in the fronto-parietal network:
cluster 1 (R MFG) and cluster 2 (R IPL), as well as in RIFG (BA 47, cluster 5). SST shows
greater activation than GNG in the cingulo-opercular network: cluster 3 (thalamus) and
cluster 4 (L anterior insula). Cluster numbers correspond to those illustrated in Table 4
(each one shown in a different color).
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of the left insula cluster in the present SST analysis was initially
unexpected, based on the existing literature and its focus on RIFG.
However, in a recent experiment using conjunction analyses
(Successful and Unsuccessful Stop trials against a reference condi-
tion), the left anterior insula was the only brain region that showed a
significant correlation with stopping efficiency (Boehler et al., 2010).
Greater activation in the left anterior insula was associated with
shorter Stop-Signal RTs (i.e., more efficient stopping).

In the broader context of task control processes, the anterior insula
has been identified, using resting state functional connectivity MRI
data, as one node in a large-scale control network that may be
responsible for themaintenance of task set across trials (Dosenbach et
al., 2007). This cingulo-opercular system, which includes the dorsal
anterior cingulate/medial superior frontal cortex, the anterior insula/
frontal operculum and the anterior PFC, shows sustained activity for
the duration of a task epoch (Dosenbach et al., 2006). Given its
ubiquity as an activated region in functional neuroimaging studies
(see meta-analysis by Kurth et al., 2010), new views of the insula are
emerging. Besides its well-established role in interoceptive awareness
(Craig, 2009), major hypothesized functions include responding to
salient events and initiating cognitive control (Menon and Uddin,
2010), maintaining task set and capturing focal attention (Nelson et
al., 2010), and coordinating appropriate responses to internal and
external events (Medford and Critchley, 2010). One possible impli-
cation for the present findings is that the insulamay not play a specific
role in response inhibition per se, but could insteadmaintain task rules
and readiness. Boehler et al. (2010)made a similar argument: since an
activity in the left anterior insula was associated with both stopping
efficiency and overall accuracy in their Stop-Signal task, this region
might support a more general cognitive control function.

Another common area of activation across tasks is the pre-SMA,
the importance of which has been highlighted previously (Chao et al.,
2009; Duann et al., 2009; Mostofsky and Simmonds, 2008). For
example, participants with shorter Stop-Signal reaction times (and
hence better inhibitory control abilities) showed greater activity in
the pre-SMA, but not in the RIFG (Chao et al., 2009). These authors
view the pre-SMA as a critical part of the circuit that implements
response inhibition, along with basal ganglia regions. Other recent
findings suggest that the pre-SMA is specifically associated with
response inhibition, while RIFG activations are involved in attentional
capture (Sharp et al., 2010) and attentional control (Hampshire et al.,
2010). Both of those studies controlled for Stop-Signal attentional
effects by including well-matched stimulus conditions (i.e., indicating
a “continue” signal or a cue to respond to the previous stimulus,
respectively) that did not require stopping. As a new theoretical
framework incorporating these findings develops, the emerging
emphasis is likely to be on well-circumscribed but anatomically
distributed inhibitory control networks. A core element in these
networks includes pre-SMA circuits, with recruitment of additional
frontal and parietal regions based on task requirements (Mostofsky
and Simmonds, 2008).

The bulk of the existing literature has emphasized the involve-
ment of other regions in response inhibition. Namely, many
neuroimaging studies have implicated right hemisphere regions
in dorsolateral PFC (Zheng et al., 2008) and IFG (Aron and Poldrack,
2006) as being dominant for inhibitory control in these tasks. For
the present GNG meta-analysis, prominent right lateralized
clusters were, in fact, located in the middle frontal gyrus (MFG),
as well as in the inferior parietal lobe (IPL). A notable cluster was
also observed in the right insula, but the smaller left insular cluster
was also significant. In contrast, the SST meta-analysis revealed
that the insular clusters were strongly bilateral.

The RIFG has been viewed as the most critical region for
stopping in prior studies (reviewed in Aron et al., 2004). Thus, an
unexpected finding from the meta-analyses was the lack of a strong
RIFG focus and the greater prominence of anterior insula foci in
both tasks. There are two possible explanations for this observa-
tion. First, activation foci that include the insula might sometimes
be interpreted as IFG activations. Although a common result in
neuroimaging studies in general, the importance of the anterior
insula in response inhibition tasks has not been widely discussed in
the literature (but see Wager et al., 2005; Nee et al., 2007).
However, its role is becoming increasingly recognized. Sharp et al.
(2010) referred to the activated region in their study as the right
IFG/insula, thereby acknowledging the locus/extent of activation in
the insula. Second, the spatial smoothing methods used to analyze
fMRI data can blur functionally distinct regions and cause activa-
tions to be mislocalized (Geissler et al., 2005; White et al., 2001).
Spurious activations can also be observed at the group-level
analysis based on highly smoothed data (Fransson et al., 2002).
IFG activations that might be smoothed into the insula are perhaps
aligned across spatially normalized single subject activation maps,
so that at the group level the activation foci become likely to appear
in the insula. Our findings therefore motivate a closer look at the
relation between IFG and insula activations.

Attentional control systems

When seen as pure response inhibition tasks, GNG and SST might
have sustained attention components that are overlooked. In fact,
Robertson and colleagues (Dockree et al., 2004; Robertson et al.,
1997) have conceived of GNG as a “Sustained Attention to Response
Task” (SART) when the probability of NoGo trials is low. Lapses of
attention, as well as inhibitory deficits, can lead to false alarm errors.
Attentional and strategic components in SST performance have been
noted as well. The anticipation of a stop signal results in a chronic
braking process, which is manifest as slower RTs in blocks where the
stop signal is present, compared to when it is absent. Thus, subjects
can adopt strategies that differentially emphasize speed vs. accuracy
in task performance (Leotti and Wager, 2010). In addition, some
versions of SST involve switching attention across modalities, from a
visual target to an auditory Stop-Signal. Therefore, alternative
interpretations of SST results are possible, incorporating both
response inhibition processes and the ability to switch attention to
the stop-signal tone (Bekker et al., 2005).

The GNG and SST tasks have often been used as interchangeable
measures of response inhibition (Aron et al., 2004), but there are
some differences between their neural substrates. In addition to the
common areas in anterior insula andmedial frontal cortex, there were
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also distinct areas of activation in the two tasks (Table 4). For
example, the large right hemisphere foci in MFG and IPL observed in
GNG were significantly less prominent in SST. This was not an issue of
reduced power in the SST analysis — it was replicated in an analysis
with matched numbers of GNG experiments (see Supplementary
Table S2). Conversely, a large thalamic focus was seen in SST but not
GNG.

Could the two tasks reflect different aspects of response inhibi-
tion? Consistent with this notion, Eagle et al. (2008) divided action
inhibition into different subtypes with distinct neuroanatomical and
psychopharmacological correlates. This model of response inhibition
considers the GNG task to be an example of action restraint, whereas
SST is an example of action cancelation. Neuropsychological studies
might be informative in this regard. Although performance on the two
tasks was dissociated in children with ADHD, control children showed
a correlation between restraint and cancelation tasks, suggesting
shared resources (Schachar et al., 2007). This is in agreement with
other findings that make this dichotomy of inhibitory processes less
clear-cut (Zhang et al., 2008).

Verbruggen and Logan (2008a) have emphasized the differences
between the tasks along another dimension, based on differential
recruitment of automatic vs. controlled response inhibition processes.
They argue that GNG typically uses consistent mappings for Go and
NoGo stimuli that can be learned and automated through practice. In
contrast, SST uses inconsistent mappings where Go stimuli can be
Stop stimuli as well. Therefore, stopping must be accomplished
through controlled means. The key point of our present findings,
regardless of functional interpretation, is that GNG and SST activations
are different. While the functional significance of this difference is an
important empirical question (which is discussed below), it is clear
that these two tasks are not equivalent, and caution is required when
generalizing GNG or SST findings.

The thalamic and left insular clusters were both activated to a
greater extent in the SST analysis than in GNG. Interestingly, the
thalamus is part of the cingulo-opercular network. Might this
suggest that SST places greater demands on task set implementation
processes than GNG? Although the majority of studies included in
the SST meta-analysis used event-related designs (thereby avoiding
sustained task effects), portions of the cingulo-opercular network
appear to be multifunctional and hypothesized to participate in
phasic decision making and performance monitoring processes, as
well as tonic task set maintenance (Dosenbach et al., 2008). Braver
and Barch (2006) questioned this specific concept of the “task
control network” and noted that alternative interpretations are
possible, namely that the observed pattern of brain activity could
reflect arousal rather than cognitive control. This proposal is a better
fit with the broader conception of the “saliencemonitoring network”
(Seeley et al., 2007).

The second task-control network identified from resting state
data is the fronto-parietal system, which includes the dorsolateral
prefrontal cortex and the intraparietal sulcus (Dosenbach et al.,
2007). In contrast to the cingulo-opercular network, the fronto-
parietal network is thought to mediate adaptive online control on a
trial-to-trial basis. It appears to be highly similar to the dorsal
attention system of Corbetta and Shulman (2002) and the executive
control system of Seeley et al. (2007). In all of these conceptions, a
key function is top-down adaptive control. This network, which was
highly right lateralized in the present results, was more strongly
active in the GNG meta-analysis than in SST. While the implications
of Dosenbach et al.'s dual cognitive control networks model are still
debated (e.g., Braver and Barch, 2006), we consider it significant
that SST and GNG tasks seem to place differential demands on the
cingulo-opercular and fronto-parietal networks, respectively. This
is consistent with the position that these two response inhibition
tasks are not engaging identical neural systems. Whether two
distinct networks contribute to performance in tasks that require
inhibitory control over response production, and whether the
contribution of one or the other network is more pronounced
depending on the nature of the task, is an important research
question.

Thus, response inhibition is not a unitary process mediated by a
distinct brain region. Instead, dissociable neural systems contribute to
different components of inhibitory control over actions, which in turn
are differentially engaged by the Go/NoGo and Stop-Signal tasks.
Furthermore, some neural activations may not even be specific to
response inhibition, instead reflecting attentional control and the
detection of task-relevant cues more generally (Hampshire et al.,
2010). Since inhibitory control is one of the core components of
executive function, it will be critical to examine the constituent
elements of these tasks and their underlying neural substrates more
closely. One fruitful way of addressing these questions will be to
conduct a series of within-subject experiments, using mixed blocked/
event-related designs, to directly compare tonic and phasic activa-
tions in GNG and SST.
Broader implications

The present results can inform future studies involving healthy
subjects as well as various patient populations. Emerging efforts to
develop a formal knowledge base of cognitive functions, such as the
Cognitive Atlas and the Phenowiki (Bilder et al., 2009), operate under
the assumption that defined constructs such as response inhibition
can be reliably measured by specific tasks. If those tasks show
demonstrably different patterns of neural activation, then they are not
measuring the identical cognitive construct. Thus, our GNG and SST
meta-analysis findings suggest that the current definition of response
inhibition is in need of revision, in terms of delineating how it is
measured (and what is measured).

A more formalized knowledge base, or cognitive ontology, is
essential for genetic studies of psychiatric and neurodevelopmental
disorders, because performance on a cognitive test of interest can be
used for phenotyping purposes (Bilder et al., 2009). In fact,
classification at the level of a cognitive test indicator has been
emphasized as the foundation of cognitive ontologies. Behavioral
genetics research has embraced the notion of endophenotypes —

heritable biological or cognitive markers — that represent an
intermediate phenotype between genes and a disease state. For
example, a cohort study of 8 year old monozygotic and dizygotic
twin pairs examined the heritability of response inhibition using a
hybrid SST/GNG task (Schachar et al., 2010). A significant amount of
variance in both measures of response inhibition could be accounted
for by genetic factors, albeit with different percentages: the
heritability of cancelation (as measured by SSRT) was found to be
50%, while the heritability of restraint (measured by accuracy on
NoGo trials) was 27%. The hybrid task combined both GNG and SST
trial types in one block, amplifying the similarity between the two
tasks.

Thus, choice of task will play an important role in future studies in
the field of “neuropsychiatric phenomics” (Bilder et al., 2009). In
addition to genotyping, a logical next step in this general research
program is to link the cognitive indicators to brain function using
neuroimaging measures (Schachar et al., 2010). More precise
knowledge of the common neural substrates that mediate response
inhibition across tasks, compared to differential contributions from
attention, retrieval of task rules, strategy implementation and
performance adjustment, will help advance large-scale studies of
patient populations, such as those with ADHD, obsessive–compulsive
disorder, and bipolar disorder. Better understanding of the neural
basis of inhibitory control will be possible by careful task analysis and
integration of all the available patient and imaging data into a
coherent framework.
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