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Abstract
FMRI studies of response inhibition consistently reveal frontal lobe activation. Localization within
the frontal cortex, however, varies across studies and appears dependent on the nature of the task.
Activation likelihood estimate (ALE) meta-analysis is a powerful quantitative method of establishing
concurrence of activation across functional neuroimaging studies. For this study, ALE was used to
investigate concurrent neural correlates of successfully inhibited No-go stimuli across studies of
healthy adults performing a Go/No-go task, a paradigm frequently used to measure response
inhibition. Due to the potential overlap of neural circuits for response selection and response
inhibition, the analysis included only event-related studies contrasting No-go activation with
baseline, which allowed for inclusion of all regions that may be critical to visually-guided motor
response inhibition, including those involved in response selection. These Go/No-go studies were
then divided into two groups: “simple” Go/No-go tasks in which the No-go stimulus was always the
same, and “complex” Go/No-go tasks, in which the No-go stimulus changed depending on context,
requiring frequent updating of stimulus-response associations in working memory. The simple and
complex tasks demonstrated distinct patterns of concurrence, with right dorsolateral prefrontal and
inferior parietal circuits recruited under conditions of increased working memory demand. Common
to both simple and complex Go/No-go tasks was concurrence in the pre-SMA and the left fusiform
gyrus. As the pre-SMA has also been shown to be involved in response selection, the results support
the notion that the pre-SMA is critical for selection of appropriate behavior, whether selecting to
execute an appropriate response or selecting to inhibit an inappropriate response.
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1. Introduction
Executive function refers to the ability to plan and execute behavior, while constantly updating
representations and goals in an always-changing environment. Central to these control
functions is the ability to appropriately select actions that are behaviorally advantageous, and
conversely to withhold or suppress actions that are either inappropriate in a given behavioral
context or unwanted because they interfere with completion of motor and/or cognitive goals.
Much emphasis has been placed on the ability to suppress inappropriate and unwanted actions,
often referred to as response inhibition, not only because of its importance for control of human
behavior, but also because deficient response inhibition has been hypothesized to contribute
to several neuropsychiatric disorders. Most notable is attention deficit/hyperactivity disorder
(ADHD), in which a leading hypothesis proposes that failure to inhibit impulsive and off-task
behavior is a core deficit of the disorder (Barkley, 1997).

Many studies have investigated the neural correlates of response inhibition. Human lesion
studies have demonstrated the involvement of the frontal cortex (Drewe et al., 1975; Godefroy
& Rousseaux, 1996), with more specific localization in the superior medial (BA6/8) (Drewe
et al., 1975; Floden & Stuss, 2006; Picton et al., 2006) and right inferior prefrontal cortices
(Aron et al., 2003; Chambers et al., 2006). FMRI studies of response inhibition consistently
reveal frontal lobe activation (Blasi et al., 2006; Garavan et al., 1999; Liddle et al., 2001;
Mostofsky et al., 2003; Rubia et al., 2001; Wager et al., 2005; Watanabe et al., 2002).
Localization within the frontal cortex, however, varies across studies; this variation appears to
be task dependent (Mostofsky et al., 2003). Several tasks used to study inhibition during fMRI
such as the Wisconsin Cart Sorting Task and the Stroop task involve additional cognitive
processes necessary to guide response inhibition, including stimulus-response conflict,
learning, working memory and shifting attention (Buchsbaum et al., 2005); as all of these
processes have been shown to involve various regions of the prefrontal cortex, the degree to
which each of these processes are engaged may affect the localization of inhibitory activity.

The Go/No-go task is frequently used during fMRI and the traditional, simple format of this
task allows for examination of response inhibition under conditions in which other cognitive/
behavioral processes are minimized. The traditional Go/No-go task design involves only two
stimuli: a Go stimulus and a No-go stimulus. Participants are instructed to respond rapidly,
generally with a button-press, to presentation of Go stimuli only, and response inhibition is
measured by the ability to appropriately withhold responding to No-go stimuli. Typically, the
task is weighted towards Go stimuli, in order to build up a prepotent tendency to respond,
thereby increasing the inhibitory effort necessary to successfully withhold responding to No-
go stimuli.

Yet, findings from fMRI studies of the Go/No-go task also differ in localization of inhibitory-
associated activation within the frontal cortex. The most likely explanation for this is
differences in task-design. While some studies employ a more traditional GNG task design,
with a single Go stimulus and single No-go stimulus (Kiehl et al., 2000; Liddle et al., 2001;
Mostofsky et al, 2003; Watanabe et al., 2002), others use more complex designs involving
multiple Go cues (Fassbender et al., 2004; Garavan et al., 1999; Wager et al., 2005), which
increases the number of stimulus-response associations and/or involves frequently updating
stimulus-response associations. In either situation, complex designs increase short-term/
working memory demands. For instance, in one frequently used version of the task (Garavan
et al., 2002; 2003; Hester et al., 2004; Kelly et al., 2004), X's and Y's are alternately presented
on the screen, and infrequently there is a two-letter repeat, which is the No-go signal; after
presentation of an X, Y becomes the Go signal and X the No-go signal, and vice versa. As
there are several processes important to visually-guided Go/No-go tasks, such as stimulus
recognition, maintenance and manipulation of stimulus-response associations and response
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selection, including selecting not to respond, the degree to which each of these processes is
engaged by each task may influence the resulting neural correlates of successful response
inhibition.

Meta-analysis offers a viable approach for establishing concurrence across studies. One method
of meta-analysis called activation likelihood estimate (ALE) (Turkeltaub et al., 2002), allows
for statistically verifiable concurrence across functional neuroimaging studies. This is made
possible by standardized coordinate reporting, with most studies reporting in Talairach space
(Talairach & Tournoux, 1988). In ALE, foci are plotted as the center of a three-dimensional
Gaussian function and pooled to create a new, statistically thresholded whole-brain image,
showing regions with the highest “likelihood” of activation, or where the concurrence is
highest.

A previous review of response inhibition tasks mapped coordinates reported in several studies
(Aron & Poldrack, 2005), including both blocked and event-related Go/No-go tasks as well as
Stop-Signal tasks, and suggested a preponderance of activation in the right inferior frontal
cortex; however, no statistical methods were used to confirm this observation. Recently, an
ALE meta-analysis of Go/No-go tasks was performed (Buchsbaum et al., 2005), reporting a
mainly right-lateralized network associated with response inhibition, including the right
middle/inferior frontal gyrus (BA46/44), right inferior parietal regions (BA40), and the
superior medial frontal gyrus (BA6); however, a wide range of Go/No-go tasks with different
cognitive and working memory demands were represented, including a number of tasks with
high working memory load that required manipulation of stimulus-response associations on a
trial-by-trial basis. Given evidence that the neural correlates of response inhibition may vary
depending on task demands (Mostofsky et al., 2003), it may be that concurrence in right-
lateralized frontoparietal regions seen in the ALE analysis is reflected in the tasks with high
working memory load that necessitate recruitment of these regions to guide response inhibition,
but that this network is not critical to tasks of response inhibition that do not require working
memory to guide inhibition.

Additionally, Buchsbaum et al. selected studies employing a range of analytic approaches,
including those from block designs and a variety of event-related approaches; this may have
impacted their meta-analysis findings. Early fMRI studies of GNG tasks used a block design
approach (Rubia et al., 2001; Menon et al., 2001), in which blocks containing both Go and No-
go stimuli are contrasted with Go-only blocks. This contrast shows activation related to the
inhibitory process; problematically, it is also confounded by issues such as task difficulty,
attention, different stimuli and maintenance of stimulus-response associations, and as such is
not ideal for isolating regions involved in the inhibitory process.

More recent studies have tended to use an event-related design (Blasi et al., 2006; Garavan et
al., 2002; Liddle et al., 2001; Mostofsky et al., 2003; Watanabe et al., 2002), whereby activation
associated with successfully inhibited No-go stimuli is contrasted with other portions of the
task, generally either the implicit task baseline, which excludes errors and may exclude Go
trials, or activation specific to Go stimuli. The “No-go versus Go” contrast is useful in revealing
activation that is exclusive to the inhibitory process but makes the assumption that the processes
of response selection (Go) and response inhibition (No-go) are independent. This may not be
the case; similar to motor response selection, response inhibition is an active process, in which
an individual actively selects not to respond, and hence their neural bases may overlap (for
review, see Mostofsky & Simmonds, in press). This is particularly highlighted in a recent study
of rhesus monkeys (Isoda & Hikosaka, 2007) in which neurons in the rostral portion of the
superior medial wall (“pre-SMA”; BA6) were found to be active during the response
“switching”, which involved the selection of a new, controlled response and suppression of a
habitual response. When activity from these same neurons was recorded during a Go/No-go
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task, it was seen that some of these pre-SMA neurons responded to Go stimuli (Go type), some
responded to No-go stimuli (No-go type) and some responded to both (Dual type). The data
from the response switching experiment was then reanalyzed, and it was shown the No-go and
Dual type neurons fired earlier than Go type neurons, suggesting that 1) selection of a response
involves first inhibiting other responses and then selecting the new response and that 2) the
processes of response inhibition and selection may be distinguished in the temporal domain,
rather than the spatial domain.

Further evidence for the link between response inhibition and selection comes from studies of
humans. An fMRI conjunction analysis of motor response selection and inhibition tasks
identified a frontal network activated in response to all low-frequency stimuli across the tasks,
irrespective of whether they involved a execution or inhibition of a motor response (Braver et
al., 2001). The commonality between motor response selection and response inhibition is
further reflected in the executive deficits associated with ADHD, where impairments in both
motor response inhibition (Aron & Poldrack, 2005; Barkley, 1997; Nigg, 1999) and motor
response selection/execution (Banaschewski et al., 2004; Ben-Pazi et al., 2003; Rubia et al.,
2003) are observed. Thus, the “No-go versus Go” contrast may be masking activation that is
critical to the inhibitory process but is also involved in motor response selection.

Along these lines, it is also important to note that the Go/No-go task has been used for several
decades as a measure of response inhibition and was not originally designed for use during
fMRI; as such, the intermixing of Go and No-go stimuli was not intended to create a functional
contrast between two “opposite” events, rather, the presence of Go stimuli was intended to
create a prepotent tendency to respond, which then necessitates inhibition with the appearance
of a No-go stimulus. Given that both Go and No-go events involve response selection, including
selecting to inhibit movement in the case of No-go, it would be best to not treat them as opposite
contrasts in an fMRI design; doing so may lead to the erroneous conclusion that certain brain
regions are not critical to response inhibition because they are involved in response selection
as well.

In the present study, we performed a meta-analysis of Go/No-go tasks, focusing on those
studies using an event-related contrast of “No-go versus baseline,” in order to reveal all regions
common to successfully inhibited No-go stimuli that may be critical to response inhibition.
These Go/No-go studies were then divided into two groups: “simple” Go/No-go tasks in which
the No-go stimulus was always the same, and “complex” Go/No-go tasks, in which the No-go
stimulus changed depending on context, requiring frequent updating of stimulus-response
associations in working memory. While regions recruited to guide response inhibition may
vary depending on task design, processes central to response selection are likely common to
all Go/No-go tasks as a final common pathway involved in selecting to withhold a response.
Hence, our hypothesis was that for the complex tasks only, concurrence would be seen in a
right-lateralized network of frontoparietal regions, which are important for guiding behavior
under conditions of increased cognitive and working memory load. However, for both simple
and complex tasks, we hypothesized that the rostromedial prefrontal cortex (“pre-SMA”, BA6)
would show high concurrence across Go/No-go studies due to its involvement in both response
selection (Ball et al., 1999; Barber & Carter, 2005) and inhibition (Drewe et al., 1975;
Mostofsky et al., 2003; Picton et al., 2006).

2. Methods
2.1 Study Selection

Studies were selected for the meta-analysis by searching the Pubmed database
(www.pubmed.org) using two keyword searches: “Go/No-go AND fMRI” and “response
inhibition AND fMRI.” Selection criteria were applied such that studies 1) employed a Go/
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No-go task during fMRI of healthy adults, 2) analyzed the data using a contrast of correctly-
rejected No-go trials against the general task baseline and 3) reported the results as three-
dimensional coordinates in stereotactic space.

After these criteria were applied, ten studies remained (Garavan et al., 1999; 2002; 2003;
Fassbender et al., 2004; Hester et al., 2004; Kelly et al., 2004; Kiehl et al., 2000; Liddle et al.,
2001; Mostofsky et al., 2003; Watanabe et al., 2002), shown in Table 1. Of these studies, seven
included Go trials in the baseline, and the other three modeled Go trials as separate regressors
and excluded them from the baseline (Liddle et al., 2001; Mostofsky et al., 2003; Watanabe et
al., 2002). The studies varied in number of participants (11−48), number of foci reported (3
−23), type of stimuli (letters, colored objects), number of stimuli (48−1260), proportion of No-
go trials (6.8 − 50%), stimulus duration (200−1100ms) and inter-trial interval (800ms-12s), as
well as in statistical thresholds used. Although not all studies mentioned handedness and the
hand used to respond, those that did reported that all participants were right-handed and
responded with their right hand. These studies were then divided into “simple” tasks in which
the No-go stimulus-response association always remained the same, and “complex” tasks in
which the No-go stimulus-response association was manipulated based on information in
working memory. Of the ten studies, four were classified as simple (Fassbender et al., 2004;
Kiehl et al., 2000; Liddle et al., 2001; Watanabe et al., 2002), five were classified as complex
(Garavan et al., 1999; 2002; 2003; Hester et al., 2004; Kelly et al., 2004), and one paper
(Mostofsky et al., 2003) reported on both a simple and complex task, for a total of five simple
and six complex tasks.

2.2 ALE meta-analysis
Three separate ALE analyses were run: one for all 11 studies, one for the “simple” studies and
one for the “complex” studies. The analyses were based on the original methods designed and
described in detail by Turkeltaub et al. (2002). Foci of activation reported in the selected studies
for the contrast of No-go versus baseline were plotted and processed using the Brainmap
Search&View program v3.1 (Laird, Lancaster & Fox, 2005). Three of the studies included in
the analyses reported their coordinates in the standard space of the Montreal Neurological
Institute (MNI) (Kiehl et al., 2000; Liddle et al., 2001; Watanabe et al., 2002); these were
converted to Talairach space using formulas provided by Matthew Brett
(http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html). Our parameters were identical to
those used by Buchsbaum et al. (2005). Activation foci were plotted as the center of a 3-
dimensional Gaussian function with a full-width half-maximum (FWHM) of 15mm. 5000
permutations using the same FWHM and number of foci were generated in order to assess
statistical significance, and the ALE map was thresholded at a p-value of 10−3. ALE values
were overlaid onto the “colinbrain” anatomical template normalized to Talairach space
(Kochunov et al., 2002) using the MRIcron software
(http://www.sph.sc.edu/comd/rorden/mricron).

3. Results
The results from the ALE analysis for all 11 studies can be seen in Figure 1, with the cluster
details in Table 2. The analysis demonstrated a primarily right-lateralized network associated
with successfully inhibited No-go stimuli, with concurrence seen in the rostral portion of the
superior medial wall (pre-SMA; BA6/32), right prefrontal regions (BA9/10/44), left premotor
cortex (BA6), bilateral inferior parietal regions (BA40), bilateral occipital regions (BA19/37),
bilateral putamen and bilateral insula.

The results from the ALE analyses for the simple and complex studies can be seen in Figure
2, and the cluster details can be seen in Table 2. The analysis of the simple studies demonstrated
concurrence in the right pre-SMA (BA6/32), bilateral occipital regions (BA19/37) and the
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precuneus (BA7). The analysis of the complex studies demonstrated concurrence in the pre-
SMA (BA6/32), right middle/inferior frontal gyrus (BA9/44), bilateral inferior parietal regions
(BA40), bilateral putamen, bilateral insula, right middle temporal gyrus (BA22), left fusiform
gyrus (BA19/37) and the left middle frontal gyrus (BA46). Although the ALE analyses of the
simple and complex studies demonstrated distinct patterns of concurrence, overlap between
the two analyses was seen only in the pre-SMA (BA6/32) with a 176mm3 extent, indicated by
the arrows in Figure 2, and in the left fusiform gyrus (BA37) with a 16mm3 extent.

4. Discussion
Consistent with the previous ALE meta-analysis of Go/No-go tasks (Buchsbaum et al.,
2005), concurrence of activation was observed in a predominantly right-lateralized network
involving the rostral superior medial wall (“pre-SMA”), right middle/inferior frontal gyrus,
bilateral inferior parietal regions, occipital regions, putamen and left premotor cortex. These
regions have been implicated in processes of stimulus recognition, maintenance and
manipulation of stimulus-response associations and response selection, including selecting not
to respond (Braver et al., 2001; Grafton et al., 1992; Law et al., 1997; Liddle et al, 2001;
Mostofsky et al., 2003; Rubia et al., 2001), all of which are critical to performance of Go/No-
go tasks. However, when the studies were separated into those using “simple” Go/No-go tasks
in which stimulus-response associations remained constant and “complex” Go/No-go tasks in
which stimulus-response associations had to be manipulated based on information in working
memory, concurrence was seen in different networks for the different task types, with the main
overlapping region of concurrence in the pre-SMA.

The pre-SMA is localized to the rostral portion of medial Brodmann Area (BA) 6,. In contrast
with the more posterior “SMA-proper”, which is connected to primary motor regions and the
spinal cord, the pre-SMA is mainly connected with prefrontal regions (Picard & Strick,
2001). Although the pre-SMA and SMA-proper are typically distinguished physiologically
rather than anatomically, in humans the border is marked as the vertical plane of the anterior
commissure. On the inferior side, it borders on the cingulate motor areas; however, as the
cingulate motor areas are typically difficult to isolate in human group analyses due to inter-
individual anatomical variability (Picard & Strick, 2001), the cingulate sulcus is typically used
as the inferior boundary of the pre-SMA. The region revealed by the meta-analysis bordered
on the cingulate sulcus, but was almost entirely contained above the cingulate sulcus (see Figure
2), and hence appeared to be principally localized to the pre-SMA

Findings from electrophysiology, human lesion and functional neuroimaging studies support
the crucial role of the pre-SMA in response inhibition. Single-cell recordings in monkeys have
demonstrated the involvement of a region analogous to the pre-SMA in response inhibition
(Matsuzaka et al., 1992). In humans, electrophysiological activity has been seen in the pre-
SMA during a response inhibition task (Ikeda et al., 1999) and direct stimulation of the pre-
SMA region inhibited ongoing, habitual motor actions (Ikeda et al., 1993). In the three largest
human frontal lesion studies of response inhibition to date, poor inhibitory performance was
associated with lesions of the superior medial frontal lobe (Drewe et al, 1975; Floden & Stuss,
2006; Picton et al., 2006). In fMRI studies of response inhibition, pre-SMA activation has been
a consistent finding (Bellgrove et al., 2004; Blasi et al., 2006; Braver et al., 2001; Fassbender
et al., 2004; Kelly et al., 2004; Kiehl et al., 2000; Liddle et al., 2001; Mostofsky et al., 2003;
Rubia et al., 2001). Additional support for the importance of the pre-SMA to response inhibition
comes from fMRI activation seen in the pre-SMA during anti-saccade and anti-pointing tasks
(Connolly et al., 2000), both involving inhibition of a prepotent response, and a study
combining EEG and fMRI in which a decrease in activation in the pre-SMA was observed
prior to primary motor cortex activation and motor execution (Ball et al., 1999).
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However, in addition to response inhibition, the pre-SMA has also been found to be involved
in response selection. In monkeys, this is demonstrated by the presence of both Go type and
No-go type neurons within the pre-SMA (Isoda & Hikosaka, 2007). The presence of both of
these types of neurons within the pre-SMA indicate that the pre-SMA plays an important role
in switching from an automatic, habitual response to a controlled response by suppressing (i.e.,
inhibiting) the habitual response and boosting selection of the controlled response (Isoda &
Hikosaka, 2007). This is very consistent with functions necessary for withholding a response
to a No-go stimulus in which one has to switch from execution of a habitual motor (Go)
response to inhibition of such a response when the No-go stimulus appears; the same
mechanism is applicable to other tasks of response inhibition, including the Stop-Signal task
and antisaccade tasks.

In humans, electrophysiological (Ball et al., 1999) and imaging (Ball et al., 1999; Barber and
Carter, 2005) studies show the importance of the pre-SMA in motor response preparation and
selection. There is also much behavioral evidence indicating that the processes of response
selection and inhibition are linked (for review, see Mostofsky & Simmonds, in press), and in
Go/No-go tasks, it has been shown that commission errors, which are an indicator of inhibitory
performance, correlate with response time variability (Bellgrove et al., 2004; Simmonds et al.,
in press), a measure of efficient response preparation/selection. The commonality between
processes involved in motor response preparation and those central to response inhibition is
further reflected in the executive deficits associated with ADHD, where impairments in both
response inhibition (Aron & Poldrack, 2005; Barkley, 1997; Nigg, 1999) and motor response
preparation/selection (Banaschewski et al., 2004; Ben-Pazi et al., 2003; Rubia et al., 2003;
Mostofsky, 2003) are observed. Furthermore, examination of cortical thickness in ADHD
revealed significant thinning principally localized to the pre-SMA (Shaw et al., 2006), and
children with ADHD showed reduced fMRI activation in this region during a Go/No-go task
(Suskauer et al., in press; Tamm et al., 2004), indicating that the pre-SMA may be central to
these deficits in response selection and inhibition.

For both the simple and complex tasks, concurrence was also seen in the left fusiform gyrus
(BA19/37), a visual association region that has reciprocal connections with both posterior
parietal and prefrontal areas (Leichnitz, 1990; Pandya & Seltzer, 1982). Thus, activation
likelihood in this area may reflect either stimulus classification, with modulatory feedback
from higher order regions (Rockland & Pandya, 1979) about the behavioral salience of No-go
stimuli necessary to correctly recognize the cues and inhibit the prepotent response.

Within the complex tasks only, and consistent with findings from Buchsbaum et al.,
concurrence of activation was seen in a right-lateralized set of regions including the middle/
inferior frontal gyrus and inferior parietal lobule (BA40), near the temporo-parietal junction.
The inferior parietal cortex has extensive reciprocal connections with the prefrontal cortex
(Petrides and Pandya, 1984; Rushworth et al., 2005). These circuits appear to be critical for
executive control needed to guide goal-directed and stimulus-driven attention (Corbetta &
Shulman, 2002). Centrally relevant to the Go/No-go tasks is the importance of these circuits
in maintaining representations of stimulus-response associations used to guide response
selection (Hester et al., 2007). The concurrence of these regions in the complex tasks, but not
in the simple tasks, suggest that these regions may be recruited in a task-dependent manner,
under conditions where increased working memory demand necessitate increased recruitment
of these regions to guide response inhibition. This is consistent with a study contrasting fMRI
activation from two Go/No-go tasks, whereby activation associated with No-go events in right-
lateralized frontoparietal regions, mainly in the right DLPFC, was significantly greater during
the “complex” Go/No-go task which required manipulation of stimulus-response associations
in working memory over the “simple” Go/No-go task in which stimulus-response associations
remained constant (Mostofsky et al., 2003).
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It has been suggested that the role of posterior cortical regions within this circuit is maintaining
representations of stimulus-response associations by integrating cues and motor actions into
stimulus-response associations (Garavan et al., 1999; Liu et al., 2004; Rubia et al., 2001). This
may explain why activation in right inferior parietal regions has been a very consistent finding
across fMRI studies of response inhibition (Bellgrove et al., 2004; Blasi et al., 2006; Fassbender
et al., 2004; Garavan et al., 1999; Liddle et al., 2001; Menon et al., 2001; Mostofsky et al.,
2003; Rubia et al., 2001; Wager et al., 2005).

The role of the prefrontal cortex in this circuit, on the other hand, appears to be in exercising
top-down control to determine which stimulus-response associations need to be accessed in a
given context (Curtis & D'Esposito, 2003; Miller & Cohen, 2001). This is particularly relevant
for the right DLPFC, which has been noted to play an important role in manipulation of
information, such as stimulus-response associations, in working memory. There is strong
evidence for a dorsal/ventral dissociation within the prefrontal cortex, whereby ventral
prefrontal regions (lateral IFC) are involved in maintenance of information, whereas dorsal
prefrontal regions (DLPFC) are involved in manipulation of information in working memory
(for review, see Courtney, 2004 and D'Esposito et al., 1998). It has also been shown that the
DLPFC is important for representing task set and instructions, both of which are critical to
complex Go/No-go tasks (Courtney, 2004). Due to its crucial role in the domain of working
memory, it is apparent that this region is necessary to guide response inhibition under
conditions of increased working memory demand. However, recruitment of this region under
conditions of minimal working memory demands may in fact be counterproductive, as it has
been shown that increased response time variability, or inefficient performance, during a simple
Go/No-go task is associated with activation of the right prefrontal cortex (Simmonds et al., in
press).

There was a notable lack of concurrence in any of the three analyses in the frontal operculum
portion of the right inferior frontal gyrus (BA47), which has been emphasized by some studies
to be critical to response inhibition (for review, see Aron & Poldrack, 2005). Recruitment of
the RIFC is not a universal finding, with many fMRI and lesion studies of response inhibition
failing to report involvement of this region (Drewe et al., 1975; Garavan et al., 2003; Godefroy
& Rousseaux, 1996; Kiehl et al., 2000; Langenecker & Nielson, 2003; Li et al., 2006;
Mostofsky et al., 2003; Picton et al., 2006; Ramautar et al., 2006; Wager et al., 2005; Watanabe
et al., 2002). As the RIFC has been shown to be involved in maintenance of working memory
(Courtney, 2004), it follows that activation of the RIFC, like the DLPFC, may be task-
dependent.

Whether activation in the RIFC is observed in fMRI investigations of response inhibition may
also be related to the type of contrast applied. Many of the studies reporting RIFC involvement
during Go/No-go tasks used a direct contrast of No-go and Go trials (Braver et al., 2001; Horn
et al., 2003; Rubia et al., 2005), presuming that the sole difference between the two trials is
response inhibition. However, there may be additional differences between the two trial types.
For example, one of these differences is frequency of presentation, as nearly all Go/No-go
studies present stimuli at a Go:No-go ratio of at least 3:1. This raises the likelihood that the
appearance of No-go stimuli is associated with an oddball effect, which has been found to result
in activation in the RIFC for both response selection and inhibition (Braver et al., 2001).
Another difference between the two trials is trial difficulty, as the error rates differ between
the two trials; there are generally very few omission errors during Go trials but a large number
of commission errors during No-go trials. These confounds were addressed by one study
(Liddle et al., 2001) which examined both the “No-go versus Go” and “No-go versus baseline”
contrasts within the same study and found RIFC activation only for the “No-go versus Go”
contrast.
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While the present ALE findings are consistent with previous research, there are several notable
issues with the ALE method that may reduce the accuracy of the results. In ALE analyses, the
only information taken into account is the location of the voxel of peak activation for each
reported cluster, and this voxel is treated as the center of a three-dimensional Gaussian function.
ALE analyses do not consider the magnitude or extent of activation for each cluster, both of
which are typically, although not always, reported in fMRI studies. This may skew the ALE
results; for example, one study may report several small clusters in a region, while another
reports a large cluster in the same region. While both may have the same magnitude and extent
of activation within the region, the study reporting several coordinates will have more power
in the ALE analysis.

Another key issue with ALE is that studies are not weighted based on their statistical power.
A study with 48 subjects has more statistical power than a study with 11 subjects, and ALE
ideally would take this into account to get a better estimate of concurrence across the
population. Additionally, studies use different statistical methods and thresholds; while there
may be no way of comparing the differences between studies using random or fixed effects
analyses, studies using these types of analyses can be weighted by their statistical thresholds,
such that those with stricter thresholds carry more weight. It may also be necessary to exclude
fixed effects studies, as their results cannot be generalized to the population as a whole,
although depending on the number of published studies available to use in the meta-analysis,
this may seriously hinder the power of the analysis. While the ALE method has been widely
used and validated, it is important that future studies begin to address these concerns to increase
the reliability of the method.

5. Conclusions
The present study followed up on a previous study (Buchsbaum et al., 2005), which performed
an ALE meta-analysis of Go/No-go tasks. Eleven studies were selected and divided into two
groups, for which separate meta-analyses were performed: one group of five using “simple”
Go/No-go tasks and one group of six using “complex” Go/No-go tasks, which required a high
working memory load to guide response inhibition. The simple and complex tasks
demonstrated distinct patterns of concurrence, with right-lateralized prefrontal-parietal circuits
observed only for the complex tasks, suggesting that these regions are recruited under
conditions in which working memory is necessary to guide response inhibition. Common to
both simple and complex Go/No-go tasks was concurrence in the pre-SMA, suggesting that
recruitment of the pre-SMA is critical to response inhibition, irrespective of task demands. The
findings have implications for ADHD, in which deficits are seen for both response inhibition
and response selection; in future studies of children with ADHD, the pre-SMA region may
serve as a correlate of genetic variation and a marker of effects of pharmacological intervention
in investigations of candidate therapies.
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Figure 1.
Results of the ALE meta-analysis across all of the 11 Go/No-go studies. Images are shown in
neurological orientation, such that the left side of the image corresponds to the left side of the
brain. Representative slices in sagittal (top), coronal (middle) and axial (bottom) views are
shown with Talairach planar coordinates above each slice, and the location of these slices can
be seen in orthogonal views to the right of the figure. The analysis demonstrated a primarily
right-lateralized network associated with successfully inhibited No-go stimuli, with
concurrence seen in the rostral portion of the superior medial wall (pre-SMA; BA6/32), right
prefrontal regions (BA9/10/44), left premotor cortex (BA6), bilateral inferior parietal regions
(BA40), bilateral occipital regions (BA19/37), bilateral putamen and bilateral insula.
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Figure 2.
Results of the ALE analyses for the five “Simple” (top) and six “Complex” (middle) Go/No-
go studies, and the overlap between the two types of studies (bottom). Images are shown in
neurological orientation, such that the left side of the image corresponds to the left side of the
brain. Representative slices in sagittal (left), coronal (middle) and axial (right) views are shown
with Talairach planar coordinates above each slice. The ALE analyses of the “Simple” and
“Complex” studies demonstrated distinct patterns of concurrence, with a right-lateralized
prefrontal (BA9/44) / parietal (BA40) network seen only in the analysis of the complex tasks.
Concurrence between the two analyses was localized to the pre-SMA (BA6/32, 176mm3

extent) and the left fusiform gyrus (BA37, 16mm3 extent), indicated by the arrows in the figure.
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