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Abstract
Delineating the functional organization of the prefrontal cortex is central to advancing models of
goal-directed cognition. Considerable evidence indicates that specific forms of cognitive control
are associated with distinct subregions of the left ventrolateral prefrontal cortex (VLPFC), but less
is known about functional specialization within the right VLPFC. We report a functional MRI
meta-analysis of two prominent theories of right VLPFC function: stopping of motor responses
and reflexive orienting to abrupt perceptual onsets. Along with a broader review of right VLPFC
function, extant data indicate that stopping and reflexive orienting similarly recruit the inferior
frontal junction (IFJ), suggesting that IFJ supports the detection of behaviorally relevant stimuli.
By contrast, other right VLPFC subregions are consistently active during motor inhibition, but not
reflexive reorienting tasks, with posterior-VLPFC being active during the updating of action plans
and mid-VLPFC responding to decision uncertainty. These results highlight the rich functional
heterogeneity that exists within right VLPFC.
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In many situations, input from the environment is sufficient to drive cognition in a bottom-
up fashion resulting in the production of appropriate behavior. At other times, such
prepotent responses are not contextually appropriate, and we must exert top-down control to
shape cognition and achieve a desired behavior. The prefrontal cortex (PFC) is thought to
enable top-down control by biasing processing in other brain regions towards contextually
appropriate representations.1–3 Extensive evidence indicates that PFC-mediated cognitive
control encompasses a wide range of specific operations.4–10 For example, upon hearing a
phone ring, you must decide whether to (a) execute the motor actions involved in answering
your phone, (b) resist the inappropriate urge to answer your friend's phone, (c) attempt to
ignore the sound as an auditory distraction, or (d) quickly attempt to silence the cell phone in
order to minimize your embarrassment at the talk you are attending.

The lateral PFC consists of multiple subregions that differ in their cytoarchitectonics and
their patterns of connectivity with posterior cortical sites.5,10–13 Remarkable progress has
been made in the last two decades toward understanding the function-to-structure mapping
that constitutes lateral PFC's macroscopic functional organization.14-24 This body of
research suggests that PFC is a heterogeneous structure with distinct subregions relating to
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specific cognitive control operations. Progress has also been made in understanding the
broader principles of PFC organization, such as the possibility that PFC is hierarchically
organized along its rostro-caudal axis, with higher-order goals encoded by more anterior
regions and increasingly specific subgoals encoded as one moves posteriorly through PFC.
18,25–34

Importantly, for present purposes, key advances have arisen from an extensive literature
focused on the organization of left ventrolateral PFC (VLPFC), with extant data
documenting functional distinctions between the anterior (area 47), mid- (area 45), and
posterior (area 44) subregions of left VLPFC.21,22,34–40 By contrast, considerably less is
known about the functional organization of right PFC, and, in particular, it remains largely
unclear whether the specific subdivisions of right VLPFC are functionally distinct and, if so,
how to characterize their underlying computations.

While right VLPFC function is not well understood, neuroimaging studies employing
various cognitive tasks have implicated this region as a critical substrate of control. At
present, two prominent theories feature right VLPFC as a key functional region. From one
perspective, right VLPFC is thought to play a critical role in motor inhibition, where control
is engaged to stop or override motor responses.41 Consistent with this view, neuroimaging
studies of tasks thought to require motor inhibition typically reveal activation in right
VLPFC, among other regions.42–44 In addition, patients with damage to the inferior extent
of right PFC take longer to override a prepotent response compared to healthy adults or even
patients with damage to other PFC subregions.45 Based on this evidence, Aron et al.41
argued that right VLPFC plays a critical role in motor inhibition.

Alternatively, Corbetta and Shulman46–47 have advanced the hypothesis that there are two
distinct fronto-parietal networks involved in spatial attention, with right VLPFC being a
component of a right-lateralized ventral attention network that governs reflexive reorienting.
From this perspective, right lateral PFC, along with a region spanning right temporoparietal
junction (TPJ) and the inferior parietal lobule, are engaged when abrupt onsets occur in the
environment, suggesting that these regions are involved in re-orienting attention to
perceptual events that occur outside the current focus of attention.a While much of the
research brought to bear in support of this theoretical framework has focused on activity
within lateral parietal cortex, the performance of tasks thought to tap reflexive reorienting
also typically gives rise to robust right lateral PFC activation. Nevertheless, the precise
operations mediated by right VLPFC in response to abrupt onsets remain unclear.

The motor inhibition and reflexive reorienting frameworks have gained traction in the last
decade, and have guided an explosion of functional imaging research.44,48–68 The
prominence of these theories has also motivated reverse-inferences, wherein right VLPFC
activation in a given task is attributed to either engagement of motor inhibition or attentional
orienting processes. At present, however, it is unclear whether these two frameworks
implicate the same or distinct subregions within right lateral PFC (Figure 1), and, at a
process level, it is unclear how these two frameworks relate to each other. One possibility is
that the VLPFC activity observed during one set of tasks can be explained in terms of the
other putative control mechanism. For example, recent data suggest that stopping tasks often
confound motor inhibition with the need to orient to behaviorally relevant cues and that this
orienting response may be what drives right VLPFC engagement when stopping is required.

aBoth TPJ and lateral PFC are engaged during attentional reorienting and analyses of resting state activity indicate that these regions
demonstrate functionally correlated responses, 128,129 which suggests that these regions act as part of a functional network.
Importantly, though, recent data have shown that TPJ and lateral PFC show distinct patterns of activity across different orienting
demands, 130 suggesting that these regions may play distinct functional roles during reorienting.
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67–68 Alternatively, tasks designed to target reflexive reorienting might also involve some
demands on motor inhibition. 69

Here we examine the relationship between these two theories of right PFC function by
performing a meta-analysis of the functional magnetic resonance imaging (fMRI) literatures
on motor inhibition and reflexive reorienting. The goal is to determine whether distinct PFC
subregions respond similarly or differently to these two different types of cognitive control
tasks. The results are then considered within the context of the broader empirical literature,
as many behavioral tasks beyond those in the meta-analysis, lead to the recruitment of right
VLPFC. From the current findings and our review of the literature, we then provide initial
conclusions about the nature of functional heterogeneity within right VLPFC, with the
ultimate goal of sparking future empirical work that will test these emerging hypotheses
about the role of right VLPFC in cognitive control.

Meta-analysis of motor inhibition and reflexive reorienting
Study selection

For each domain we selected two tasks that are typically used to study the putative
mechanism. Theories of motor inhibition rely on the Go/No-Go and Stop Signal tasks as
evidence for the involvement of right VLPFC in stopping (see Figure 2a for explanation of
these tasks). There have already been several meta-analyses of these tasks,70–74 providing a
starting pool of studies that was then augmented through an additional literature search.
Moreover, because we employed somewhat different screening criteria relative to prior
meta-analyses, some studies present in earlier reviews were excluded here. In particular, the
inclusion/exclusion criteria for Go/No-Go and Stop Signal studies were as follows:

1. Similar to earlier meta-analyses, we only included studies of healthy, young adults
that reported whole-brain group-level coordinates in a standardized coordinate
space (Talairach or MNI).

2. We required that studies contrast activity during stopping trials (no-go or stop
signal trials) with go trials, excluding studies that simply contrasted stopping trials
with baseline activity.

3. We excluded Go/No-Go studies where the identity of the no-go stimulus was
defined by the prior trial history.75 In these studies, subjects had to avoid
responding whenever a particular stimulus repeats within the context of a regularly
alternating sequence. While this variant shares many similarities with other Go/No-
Go studies, it requires additional cognitive operations not present in the typical
versions (e.g., maintaining a working memory load), which complicates the
interpretation of these contrasts and lessens their similarity to other Go/No-Go
studies.

4. The current meta-analysis included studies that used oculomotor or vocal
responses, in addition to the more prevalent manual button responses, although
these were few in number. Excluding these studies did not change any of our
conclusions.

5. Also included are blocked designs where blocks of intermixed go and no-go trials
were contrasted with activity during blocks of only go trials.

These selection criteria yielded a set of 49 motor inhibition contrasts, including 32 Go/No-
Go contrasts and 17 Stop Signal contrasts (Table 1).

We performed a similar literature search for the reflexive reorienting domain. In support of
the involvement of right PFC in attentional orienting, Corbetta and Shulman46–47 cite

Levy and Wagner Page 3

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



evidence from the Oddball and Posner Cueing paradigms (see Figure 2b for explanation of
these tasks). There have been prior meta-analyses of the reflexive reorienting literature,76–
78 although those papers restricted their analyses to parietal cortex. The set of studies cited
in those papers were used as an initial base for the current set, which was then augmented
with a literature search. The inclusion/exclusion criteria for Oddball and Posner Cueing
studies were as follows:

1. As above, we only included studies of healthy, young adults that reported whole-
brain group-level coordinates in a standardized coordinate space.

2. For the Posner Cueing tasks, we only included studies that reported the direct
contrast of invalidly cued trials with validly cued trials.

3. The Oddball task was the only task where we allowed a comparison of the critical
condition, oddball targets that required a motor response, with an unmodeled
baseline, since the typical analysis approach in these studies was to not model
responses to the standards.

4. In the Oddball task, we excluded contrasts that examined activity for oddballs that
did not require a behavioral response.

5. Along with the typical oddball vs. target contrasts, we also included two Go/No-Go
paradigms that contrasted infrequent-go trials with frequent-go trials,65, 79 as these
trials were behaviorally infrequent oddballs within the context of a task that
nevertheless required a response.

These selection criteria produced a set of 38 reflexive reorienting contrasts, including 25
Oddball contrasts and 13 Posner Cueing contrasts (Table 2).

Meta-analytic approach
Selected contrasts were submitted to activation likelihood estimation (ALE) analyses to
determine whether there was spatial convergence in the peaks of activation across a given
set of studies. First, all foci were converted into the same coordinate system (MNI), with
studies reported in Talairach space being converted using Ginger ALE's “Talairach to MNI
(SPM)” transform.80 Second, since the foci/peaks from each study provide an imperfect
localization of the activated region, these foci were smoothed by a three-dimensional
Gaussian function to create localization probability distributions.81 The degree of
uncertainty associated with each peak was determined by the sample size of the study,82 as
larger samples should yield more stable estimates of active regions. Third, the union of these
probability distributions was obtained to create a “modeled activation” map for each
individual contrast. These modeled activation maps represent the likelihood that each voxel
reflects a true peak of activation from that study. Fourth, topographic convergence across a
set of similar contrasts was assessed by calculating an ALE score, which reflects the union
of probabilities across all of the studies in a given set, for each individual voxel. In order to
determine whether this set of contrasts shows more spatial clustering than would be
expected by a random distribution of a similar number of peaks, this ALE map was tested
against the null hypothesis that there is no convergence across the individual contrasts.82
This was done by creating a similar union of probabilities across the full set of studies, but
where each modeled activation map was sampled from a random spatial location. Fifth, the
resulting ALE maps were thresholded at P < 0.05 (cluster corrected for multiple
comparisons). All analyses were performed using the Ginger ALE software (version 2.0.4),
using the standard default parameters (http://brainmap.org/ale/).
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Right VLPFC convergence and divergence
We began by first performing an ALE analysis for each of the two primary domains: motor
inhibition and attentional orienting. Subsequently, we considered differences between the
regions associated with the two domains and within-domain task differences.

Motor inhibition meta-analysis—Collapsing across both types of stopping tasks
revealed a large cluster of activity within right lateral PFC that included portions of the
inferior and middle frontal gyri, extending into the frontal operculum and anterior insula
(Figure 3 and Table 3). In addition to this right PFC cluster, smaller clusters of activity were
observed in left PFC, including the posterior extent of the inferior frontal sulcus, the middle
frontal gyrus, the frontal operculum and anterior insula. While this suggests that PFC
activity during stopping is not strictly lateralized,74 the effects were more robust on the right
and the spatially extensive right VLPFC response, which included portions of both pars
opercularis (area 44) and pars triangularis (area 45), was absent on the left.

In addition to effects in lateral PFC, there were additional regions that showed consistent
across-study activation, including the medial surface of PFC, encompassing the pre-
supplementary motor area (preSMA) and anterior cingulate cortex (ACC), right inferior
parietal lobule, and bilateral intraparietal sulcus. While these regions are not the primary
focus of the current article, understanding the mechanistic role of right VLPFC will
necessarily involve future analyses of the full networks recruited by these tasks (a point to
which we later return). Interestingly, we also observed a subcortical region of activation that
is consistent with the involvement of the right sub-thalamic nucleus during stopping.44

Reflexive reorienting meta-analysis—The reflexive orienting tasks also activated
regions within right lateral PFC. In particular, consistent across-study activation was present
in the right inferior frontal junction (IFJ), middle frontal gyrus, and within the anterior insula
(Figure 3 and Table 4). In addition to these right lateral frontal regions, significant clusters
were observed in left IFJ, ACC, and bilateral inferior parietal lobule.

Differences between motor inhibition and reflexive reorienting—The overall
pattern of activity for the two domains was rather similar. Both elicited primarily right-
lateralized fronto-parietal responses. Within PFC, both task domains led to robust activity
within right IFJ. At the same time, there appear to be differences in other regions of PFC.
Most notably, the lateral surface of right VLPFC, including pars opercularis and pars
triangularis, was robustly modulated by the stopping tasks, but not by reflexive orienting
tasks. This remained the case even when matching the number of contrasts in the two types
of comparisons at 38 by randomly subsampling the motor inhibition contrasts. While our
analysis approach did not support direct statistical comparisons between tasks,82 for
visualization purposes we also computed the raw difference scores between the two
respective ALE maps (Figure 3). Consideration of these arbitrarily thresholded difference
maps revealed that the right VLPFC activation likelihood measures markedly differed
between stopping and orienting. This direct comparison also revealed that while frontal
operculum/anterior insula and middle frontal gyrus were consistently recruited by both
tasks, these regions may be more reliably recruited by stopping tasks.

Within-domain task differences—While the preceding analyses pooled data across two
tasks for each domain, there are important distinctions between the two classes of tasks
within each domain. In particular, different motor inhibition tasks may not involve the same
type of stopping.72,83–85 Some stopping tasks require the subject to override a specific
motor response, such as in the Stop Signal paradigm where a subject typically has around
200–300 ms to initiate their button press prior to onset of the stop signal. By contrast, other
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stopping tasks do not appear to require subjects to override an already initiated response.
Specifically, in many imaging studies of the Go/No-Go task there is an equal likelihood that
a trial will contain a go or no-go stimulus. In equiprobable Go/No-Go tasks, it is unclear to
what degree subjects engage in response preparation before the stimulus appears. To the
extent that subjects either fail to initiate a motor response or prepare both potential motor
responses, the nature of ‘stopping’ in equiprobable Go/No-Go tasks is likely to be quite
different from that in tasks where subjects must override a specific initiated action.
Therefore, we divided the motor inhibition tasks into (a) tasks where subjects had a clear
expected motor response that they could prepare and even begin to initiate before the
stimulus appeared (all Stop Signal tasks and any Go/No-Go task where go trials were more
frequent and the appropriate response was known ahead of time), which we refer to as
response override tasks, and (b) tasks where they were unlikely to engage in differential
preparation of a specific motor response before the stimulus appeared (Go/No-Go tasks
where the trial types were equiprobable), which we refer to as response uncertainty tasks
(for related distinctions, see Refs 83–85). Four stopping tasks were excluded from this
analysis because they were difficult to classify.

A meta-analysis of the response override studies revealed consistent activity in right IFJ,
bilateral middle frontal gyrus, and right posterior-VLPFC (pars opercularis) (Figure 4 and
Table 5). Similarly, the meta-analysis of the response uncertainty contrasts revealed that
these tasks consistently recruited bilateral IFJ and middle frontal gyrus, along with right
VLPFC spanning both pars opercularis and pars triangularis (Figure 4 and Table 6).
Strikingly, the right mid-VLPFC (pars triangularis) effect seen in the response uncertainty
studies was absent in the response override studies. Qualitatively, the voxel-wise difference
scores between the two ALE maps highlighted this differential effect in mid-VLPFC during
response uncertainty tasks, and also suggested that although right middle frontal gyrus and
anterior insula were recruited by both types of stopping tasks, they may be more consistently
active during response override tasks (Figure 4).

A similar comparison within the reflexive reorienting tasks was performed, as the Posner
Cueing task and the Oddball task differ in a number of important ways. For example, the
Cueing task involves a perceptual onset at an unexpected location in space, whereas Oddball
targets appear in the central stream. Also, the onset that captures attention in the Posner
Cueing task is the alternate location, but the actual location of the stimulus is irrelevant to
the subject's decision (judging the identity of the stimulus), whereas the attention-capturing
onset in the Oddball task is the occurrence of the oddball target and this defines what
response the subject should make. Despite these differences, the ALE maps for the two sets
of studies were remarkably similar and direct comparisons between the two tasks did not
suggest any clear differentiation. This could be due to the low number of studies using the
Posner Cueing task or perhaps because these task differences have little impact on the exact
regions recruited. There is evidence from one within-subjects comparison that both the
Oddball and Posner Cueing task recruit IFJ, but that the Oddball task more reliably recruits a
region in the inferior frontal sulcus, anterior to the IFJ;86 this latter result was not observed
in the current meta-analysis, however. Future research can profitably explore whether
within-subjects differences are consistently observed in the functional neuroanatomy of
these tasks.

Implications for theories of right VLPFC function
Overall, the present meta-analysis revealed broad similarity in the regions recruited by
motor inhibition and reflexive reorienting. Tasks thought to reflect both constructs led to
consistent activity within a right-lateralized fronto-parietal network. However, despite this
general correspondence, there also appear to be important differences in the right lateral
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PFC subregions that are consistently activated by the two classes of tasks, a finding that
provides initial traction on specifying the function-to-structure mapping within right
VLPFC. To further this goal, we next discuss the pattern of activation observed in specific
right VLPFC subregions in our meta-analysis within the context of other findings from the
broader neuroimaging, TMS, and lesion literatures. Finally, we conclude by offering an
initial characterization of the mechanistic role each right VLPFC subregion may play in
cognitive control.

Inferior frontal junction (IFJ)
The IFJ was active across the motor inhibition and reflexive reorienting tasks included in
our meta-analysis, which suggests that this region contributes to the detection of relevant
stimuli in the environment. Interestingly, the response of this region was largely bilateral,
which may distinguish IFJ from VLPFC (see sections below on VLPFC). As noted by
others,67–68 motor inhibition tasks require subjects to detect behaviorally relevant stop
signals, and direct within-study comparisons indicate that IFJ is similarly recruited across
orienting and stopping contrasts. The pattern of generalized recruitment seen in the present
meta-analysis is also consistent with other work implicating IFJ across a broad range of
cognitive tasks.87–89 For example, Derrfuss and colleagues87 reported that bilateral IFJ
was active during task switching, n-back, and Stroop tasks. These findings suggest that the
IFJ is recruited across many paradigms that require cognitive control.

Precisely what role the IFJ plays, though, remains unclear. Based on the results of the
current meta-analysis, one possibility is that this region responds to the detection of
infrequent stimuli, since the contrasts analyzed here mostly involve comparisons of
infrequent trials against frequent ones (e.g., stop signals typically occur on only 20-30% of
the trials and they are contrasted with go trials that occur the other 70-80% of the time). The
one exception in the current set of analyzed studies is the response uncertainty tasks, where
the no-go and go trials were equiprobable. Even under such equiprobable conditions, greater
activity on no-go relative to go trials was observed in IFJ. Moreover, in some of the tasks
studied by Derrfuss and colleagues,87,89 the critical contrasts do not compare infrequent
trial types with frequent ones (e.g., Stroop), suggesting that this region does not respond
simply to infrequent events.

An alternative interpretation of IFJ functional activations is that they may track the detection
of behaviorally relevant stimuli, rather than rare events. This idea is consistent with the
notion of a ventral attention system that responds to abrupt onsets in the environment.
Importantly, all of the tasks reviewed here require subjects to explicitly search for some
target, so these tasks likely do not elicit pure bottom-up, stimulus-driven activity. Rather, IFJ
responses may depend on an interaction between stimulus-driven processes and top-down
behavioral goals.47,49 For example, IFJ may actively maintain a specific target (e.g., a
particular feature or an object identity) and then signal a match whenever it appears in the
environment.90 This kind of general monitoring role could explain the recruitment of IFJ
across a diverse array of goal-directed tasks.

While we have interpreted the overlapping activation in IFJ as evidence that reflexive
reorienting is recruited during stopping tasks, it is possible that the converse is true:
reflexive orienting tasks may involve response inhibition. In fact, Arrington et al.69
suggested that right lateral PFC activity during invalidly cued trials could reflect the
suppression of inappropriate responding before attention has been re-oriented to the correct
spatial location. Arguing against this interpretation, though, is the fact that most oddball
tasks do not involve any form of motor inhibition. To further address this possibility, we
performed a meta-analysis restricted to 21 of the oddball contrasts where we can be
reasonably sure that no component of the task required subjects to withhold a response—as
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happens, for example, in oddball tasks where subjects press a different button for each
standard stimulus and must withhold this response when the oddball appears.91 Importantly,
even in this subset of studies, we observed robust activity within right IFJ suggesting that
this region is recruited even when there is no need to suppress a motor response.

Greater mechanistic specificity regarding IFJ function is clearly still needed. Given the
observation of IFJ activation across many cognitive control tasks, one useful next step in
advancing models of IFJ function might include a more precise characterization of which
tasks do not activate this region. For example, the monitoring role proposed above suggests
that IFJ responds when the current stimulus matches the target feature that is currently being
monitored for and, therefore, should not respond to task-irrelevant stimuli even when they
are surprising. In contrast to this, one recent study has shown bilateral IFJ activity in
response to the initial presentations of unexpected task-irrelevant stimuli,92 suggesting that
this region may compute more than the occurrence of a particular target. More broadly, an
analysis of divergent validity would likely provide useful constraints on the possible
mechanistic contributions IFJ provides to goal-directed behavior.

Right posterior-VLPFC
In contrast to task-general recruitment of IFJ, there was evidence for functional
specialization in other PFC regions. In particular, right posterior-VLPFC (pars opercularis)
was reliably recruited during stopping tasks, but not during reflexive orienting tasks. This
finding is consistent with the observation that lesions to this right VLPFC subregion are
accompanied by stopping impairments45, and that TMS to this region, and not other PFC
regions, disrupts stopping.93 Strikingly, there was no evidence that any of the tasks studied
reliably recruited left posterior-VLPFC.

These findings suggest that right posterior-VLPFC is specifically involved in stopping and
not in the capture of attention by behaviorally relevant stimuli. Importantly, this dissociation
between right VLPFC and right IFJ has also been observed using within-subject designs.
65,94 For example, Chikazoe and colleagues65 modified the Go/No-Go task to include
infrequent-go trials that (a) occurred at the same frequency as no-go trials (12.3%), but that
(b) still required the same response as other go trials. As such, the infrequent-go trials did
not require engagement of a putative stopping process, but nevertheless were oddballs that
should capture attention in a stimulus-driven fashion. Importantly, right IFJ responded to
both types of infrequent trials (infrequent-go and no-go), whereas right posterior-VLPFC
responded to the no-go trials but not the infrequent-go trials (c.f., Sharp et al.68 for a failure
to observe this dissociation in a similar paradigm). Similarly, Verbruggen and colleagues94
used TMS to target right IFJ and right posterior-VLPFC during a stop signal task and found
evidence that stimulating IFJ impaired the ability to detect behaviorally relevant stimuli,
whereas stimulating posterior-VLPFC disrupted the ability to update action plans after the
detection of a stop signal.

Collectively, the present meta-analysis as well as related within-subject directed contrasts
suggest that right posterior-VLPFC plays a key role in stopping tasks that is distinct from the
simple detection of stop signals in the environment. While this finding is consistent with the
hypothesis that this region plays a critical role in motor inhibition,41 it should be noted that
our meta-analysis suggests that activation in this region does not differ between response
override and response uncertainty versions of the stopping task, despite the fact that the
former place greater demands on stopping (i.e., the motor plan has already been initiated and
should therefore be more difficult to stop). Moreover, Verbruggen and colleagues94 found
that TMS-mediated disruption of right posterior-VLPFC not only slowed stopping, but also
impaired the ability to use environmental cues to update behavior even when updating did
not require stopping (subjects simply had to press the same button a second time).
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Verbruggen and colleagues94 suggest that the role of right posterior-VLPFC is to update
action plans after a behaviorally relevant stimulus has been detected; stopping is one
instance of the class of situations in which such updating is required. Critically, difficulties
in updating action plans would still explain why lesions to right posterior-VLPFC impair the
ability to stop.45 Interestingly, Oddball tasks do not reliably activate posterior-VLPFC.
Responding to the detection of an oddball target clearly involves engaging an action plan,
but importantly it does not involve revising a specific prepared plan in favor of an alternate
action plan. This newly emerging view offers a critical reframing of the role of right
posterior-VLPFC: rather than mediating motor inhibition, per se, this PFC subregion may
contribute to the updating of action plans.

Right mid-VLPFC
The present meta-analysis suggests that right mid-VLPFC activity was unique to response
uncertainty tasks, which are stopping tasks where the Go and No-Go trials are equally likely
to occur. In such tasks, the moment when the stimulus appears involves a high degree of
uncertainty, as the subject must decide which response is currently relevant. This differs
from the other tasks analyzed here, in which subjects can formulate a specific action plan
prior to stimulus onset and then wait to execute that action (or counter-action) until the
critical stimulus occurs. For example, in response override tasks subjects can begin to
initiate action, knowing that only if they hear the infrequent stopping tone do they need to
stop the response. Thus, there is relatively little ambiguity in the Stop Signal task, even
when the task is made difficult by delaying the stop signal. Similarly in the Oddball task, the
subject spends most of the time not responding and only needs to be prepared to respond
once an oddball appears, a situation that again involves little response ambiguity when the
stimulus appears. In response uncertainty tasks, however, both responses are equiprobable,
so subjects are not able engage in the kind of differential response preparation that occurs in
other tasks. This means that (a) there is no specific prepotent action plan that needs to be
cancelled and (b) there is a high degree of ambiguity when the stimulus occurs and the
subject must decide which of the two responses (go or no-go) is associated with it. It is
possible that in these situations, subjects engage in minimal or even no preparation before
the stimulus appears. However, because speeded responding is generally emphasized for Go
trials, we suggest that subjects are likely to prepare both responses in parallel, leading to a
situation where appropriate behavior is underdetermined and these multiple incompatible
responses produce conflict, triggering the need for cognitive control.95

While we have suggested that this mid-VLPFC response is driven by uncertainty, it is
unclear what precise cognitive control process is triggered by uncertainty in this situation.
One interpretative challenge stems from the fact that, while both equiprobable Go and
equiprobable No-Go trials should be associated with a high degree of uncertainty, the
contrasts that yield differential mid-VLPFC activity compare No-Go with Go trials. This
suggests that this region is not simply driven by uncertainty, but rather is driven by No-Go
trials in contexts where uncertainty is high (i.e., there is an interaction between uncertainty
and some factor related to No-Go trials). One possibility relates to the framing of the task:
No-Go trials are typically emphasized in the task instructions and may, therefore, take on
greater saliency or motivational significance (see also Refs 96–97 for a similar discussion).
Alternatively, withholding a response may place greater demands on cognitive control than
executing any particular motor movement. It is interesting to note, in this context, that the
Oddball task is just an inverse version of the Go/No-Go task, where the typical trials require
no response (rather than responding). In the studies analyzed here, oddballs were never
presented on more than 20% of the trials, but one could try to gain leverage on this mid-
VLPFC response by using an equiprobable Oddball design. If mid-VLPFC responds to a
higher salient target stimulus in situations of high uncertainty, then mid-VLPFC should be
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engaged by equiprobable oddballs more than the standards. In contrast, if mid-VLPFC
activity reflects increased demands related to withholding a response, one might predict that
the oddballs would be associated with weaker mid-VLPFC activity. These predictions await
further examination.

The recruitment of right mid-VLPFC when uncertainty is high is consistent with research
implicating left mid-VLPFC in resolving decision-level conflict. Badre and Wagner22
reviewed the literature on the cognitive control of memory and found that left mid-VLPFC
is recruited post-retrieval under conditions in which subjects had to select amongst multiple
competing active representations (see also, Thompson-Schill et al.98). More recently, Race
and colleagues34 used a repetition priming paradigm to manipulate uncertainty at three
different levels of representation—stimulus meaning, the mapping of the stimulus to task-
relevant decision categories, and response selection—and observed that left mid-VLPFC
activation tracked decision-level uncertainty (for related findings, see Race et al.99). At
present, it remains unclear at what stage of processing the critical uncertainty arises in the
response uncertainty tasks described here. In particular, equiprobable trials are likely
associated with uncertainty both at the decision-level, where subjects must categorize the
stimulus, and at the response-level, where subjects must determine which behavior is
currently relevant. The extant literature on the cognitive control of memory suggests that
perhaps the critical form of uncertainty here relates to decision-level stimulus mapping, but
this too awaits further investigation.

As was the case with posterior-VLPFC, the presently observed mid-VLPFC response during
response uncertainty tasks was clearly lateralized and was not seen in the left hemisphere.
Interestingly, the homologous left VLPFC regions are robustly modulated by other cognitive
control tasks, particularly when linguistic stimuli are used.22,34 By contrast, in the stopping
and attention tasks reviewed here, verbal aspects of the stimuli are not critical to
performance. Collectively, these similarities and differences between left and right mid-
VLPFC suggest (a) that the difference in the types of materials being processed (verbal vs.
non-verbal) affects the laterality of the mid-VLPFC response, but (b) that the mid-VLPFC
response nevertheless may subserve the same basic function of resolving decision
uncertainty regardless of stimulus type. This interpretation predicts that other tasks that
measure decision uncertainty should also lead to mid-VLPFC recruitment.

An alternative, although not mutually exclusive, interpretation of the present meta-analytic
findings is that the pattern of VLPFC activity during stopping tasks reflects a rostro-caudal
hierarchical gradient of control.18,25–34 According to this view, more anterior regions of
PFC encode more abstract higher-order goals, which typically bridge longer spans of time,
whereas more posterior regions of PFC encode progressively more specific subgoals, with
the most posterior regions in premotor cortex instantiating specific action plans. In the
current context, response override tasks involve a type of stopping that occurs late in
information processing and is targeted at already prepared action plans, which may explain
why these tasks reliably recruit the most posterior extent of VLPFC. Response uncertainty
tasks, on the other hand, involve a more abstract form of control that involves selecting from
amongst multiple viable action plans and therefore drives activity in the more rostral right
mid-VLPFC region. Seen in this light, the current data resemble similar functional gradients
that have been observed along the rostro-caudal axis of left PFC.18,25–34

Right anterior insula/frontal operculum
Across all of the reviewed tasks, there was some evidence for recruitment of the most
ventral portion of lateral frontal cortex. When activations are observed in group-level maps
near this area, it is often difficult to discern whether the clusters correspond to activity
within the frontal operculum (FO) of VLPFC or the immediately adjacent anterior insula
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(AI). Nevertheless, in the reflexive orienting tasks, the present meta-analyses suggest that
the most ventral lateral frontal activations were relatively restricted and appear to fall within
AI. By contrast, the region recruited by stopping tasks clearly extended from AI into FO.

It appears clear that the AI is consistently engaged during both reflexive reorienting and
motor inhibition tasks,67 though right AI was more consistently activated by stopping and
particularly by the response override tasks. The broader literature on the insula implicates
this region in the processing of emotions and pain, as well as during situations requiring
cognitive control.100 It has been suggested that the broad role of the AI, in conjunction with
the dorsal anterior cingulate, is in the processing of saliency, regardless of whether that
saliency is emotional or cognitive.101–103 This putative salience network is thought to
respond to relevant stimuli in the environment and activate sympathetic responses, such as
increasing heart rate and dilating the pupils, in order to better prepare the subject to respond
to the salient event. It is not thought, however, to directly exert control itself (although, see
Dosenbach et al.104).

Recent lesion evidence suggests that AI may play some critical functional role during motor
inhibition tasks. In particular, based on a meta-analysis of the imaging literature as well as
new lesion data, Swick and colleagues74 argued that left frontal regions are also involved in
stopping. They observed that patients with left frontal lesions, which included damage to
both VLPFC and AI, made more errors in a Go/No-Go task, especially when no-go trials
were infrequent. One possibility is that this impairment on the Go/No-Go task was due to
damage to left AI as this region, and not left VLPFC, was implicated in stopping in the
present meta-analysis and in that by Swick and colleagues.74 This interpretation would also
be consistent with the observation that left PFC lesions do not disrupt stopping.45 At the
same time, it is unclear why damage to this left-lateralized region disrupts performance on
the Go/No-Go task, and it could be for reasons that do not relate directly to motor inhibition
(e.g., these regions might support rule maintenance or modulated arousal in response to the
salience of the stop cues). Further imaging and lesion data are needed to understand whether
left and right AI play a fundamental role in motor inhibition.

Interactions with medial PFC
A full understanding of lateral PFC functioning requires a broader understanding of the
networks supporting specific forms of cognitive control. While the lateral frontal regions
discussed above are the primary focus of this paper, they are not the only regions
consistently activated by motor inhibition and reflexive reorienting tasks (Figure 3). In
particular, both task domains led to consistent across-study recruitment of medial prefrontal
regions, although there was relatively little overlap in the precise regions recruited. Stopping
tasks tended to activate the preSMA and ACC, whereas reflexive orienting activations were
more posterior and did not extend as far dorsally into preSMA. In addition, the stopping
activations tended to be right lateralized, while the reflexive orienting activations tended to
be centered around the midline.

Medial PFC activity in Oddball and Go/No-Go tasks has been argued to track the
infrequency of the stimuli, putatively reflecting the heightened conflict present whenever an
infrequent response, of any type, is required.105 Consistent with this view, we did not find
evidence for the consistent recruitment of ACC during equiprobable Go/No-Go tasks,
whereas tasks that contrasted infrequent with frequent stimuli led to robust ACC activation
(although these contrasts yielded different ACC regions depending on the task context,
whereas Braver et al.105 found a common ACC region that responded to infrequency in
both Oddball and Go/No-Go tasks). On the other hand, while the specific ACC region
recruited may differ, the general recruitment of ACC across these tasks is consistent with
several competing accounts of ACC functioning,95,106–108 all of which predict that
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response competition should occur due to the infrequency of the desired response. It is worth
noting, though, that the equiprobable Go/No-Go tasks, which we have interpreted as
reflecting decision uncertainty, do not reliably activate ACC, even though such tasks should
involve response competition.

In the present meta-analysis, activation within preSMA appeared to be specific to the
response override variants of stopping tasks. This finding is consistent with observations
that preSMA is more active during correct stop signal trials than during go trials where an
infrequent behaviorally irrelevant cue is presented,65,68 suggesting that preSMA is
involved in stopping rather than attentional capture (c.f., Hampshire and colleagues67 failed
to find a differentiation within preSMA for orienting and stopping in a similar designb).
There is also lesion evidence to suggest that damage to preSMA can lead to impaired
stopping performance,109–111 suggesting that, along with right posterior-VLPFC, this
region may play a critical role in stopping tasks. Anatomically, Aron and colleagues54
showed that preSMA is connected to right posterior-VLPFC and to the STN, both of which
also showed consistent across-study activity here that was specific to the stopping tasks.
These findings support the hypothesis that these regions interact as a network to support
stopping performance,54 with the present and other data suggesting a broader role of right
posterior-VLPFC in action updating.

Right VLPFC: beyond stopping and attention
While our focus in this review was to specifically address two dominant accounts of right
VLPFC function, it is important to emphasize that activation of right VLPFC subregions has
been observed during the performance of many tasks beyond those described here. For
instance, neuroimaging studies of episodic memory encoding and retrieval often report that
activation in VLPFC is strongly lateralized based on the type of stimuli being processed.
112–120 Verbal stimuli often lead to robust activation in left VLPFC, whereas visuo-spatial
stimuli often result in activation in right VLPFC. Interestingly, in situations where visual
stimuli are easy to verbally recode (e.g., nameable famous faces or pictures of common
objects), bilateral VLPFC activations are observed, suggesting that subjects engage both
verbal and non-verbal processing mechanisms for these types of stimuli.112,120 There is
also some evidence for a similar material-specificity effect during working memory tasks,
particularly when the tasks involve simple maintenance.121 Importantly, these regions
clearly overlap with the VLPFC responses observed here, particularly for the stopping tasks
(Figure 5).

Right VLPFC has also been implicated as a key region in the mirror neuron system.122–123
Mirror neurons are cells that respond both to the execution of an action and to observing
someone else performing the same action.124 These neurons were first observed in the
primate premotor and parietal cortices,125 but this work has inspired functional
neuroimaging studies of humans investigating which brain regions show these type of
responses; the human neuroimaging literature has also extended these earlier studies to
examine the role of mirror neurons in imitation, empathy, and social cognition generally.
Importantly, these imaging studies have implicated bilateral VLPFC, along with other
regions, in action observation, execution, and imitation. A meta-analysis of this literature

bWhile Hampshire et al.67 failed to find differentiation within preSMA for stopping and reorienting, interpretation of this outcome is
complicated by a number of methodological factors.65,68 In particular, the orienting and stopping tasks were compared to different
baselines, the orienting task involved a working memory component that was absent from the stopping task, and the orienting task
always preceded the stopping task during scanning. It is difficult to know which, if any, of these factors explain the divergence
between studies. It is also worth nothing that while Hampshire et al.67 reported a right VLPFC region that did not differentiate
between orienting and stopping, this effect appears to fall ventral to the posterior-VLPFC region observed implicated in stopping by
the present meta-analysis.
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revealed that this lateral PFC response includes right IFJ along with posterior and mid-
VLPFC regions that overlap with those observed here.123

These two examples provide an important, broader context for theorizing about what
functions are subserved by right VLPFC. If a common VLPFC region is observed within-
subjects to be engaged across these domains, it is unclear how the putative mechanisms
discussed in the present review could explain those activations in the episodic encoding and
mirror neuron literatures. Encoding of non-verbal stimuli and action imitation, for example,
both likely involve orienting to behaviorally relevant stimuli as they appear in the
environment, but in neither case is it obvious that the contrasts employed in those studies
reflect the capture of attention. Furthermore, drawing on such an interpretation to explain
these other effects leads to the prediction that the VLPFC regions implicated in orienting
should be active whenever subjects encounter any type of behaviorally relevant stimuli. It is
perhaps even less clear how the encoding and mirror neuron VLPFC data could be explained
by a stopping mechanism, as neither encoding nor imitation involves the inhibition of a
motor response. On the other hand, an action updating account of posterior-VLPFC may
offer insight into why this region may also be involved in action representation in the mirror
neuron system.

While the foregoing analysis suggests that the overlap in fMRI activations implies shared
populations of neurons across tasks, it is also possible that there is intra-voxel functional
heterogeneity. This issue could be explored by direct within-study comparisons that use
repetition suppression strategies126 to test whether the same populations of neurons are
engaged by both tasks. Even if the same neurons are engaged by two classes of tasks (e.g.,
inhibition and encoding), though, the specific computations performed may fundamentally
differ based on the other regions they interact with as part of larger networks.127 If either of
these possibilities were supported it would of course challenge theoretical views that proffer
single function-to-structure mappings. To advance theories of right VLPFC function, we
need to directly test whether the same populations of neurons are engaged across domains,
and, if so, then we must consider the broad array of tasks that particular VLPFC subregions
support, being careful to consider mechanisms that could account for this kind of diversity.

Moving forward, the current results provide some initial traction on the pattern of functional
specialization within right VLPFC. In particular, we observed that the IFJ responds
generally to the onset of behaviorally relevant stimuli, suggesting that this region reflects an
interaction between top-down behavioral goals and bottom-up capture by the relevant
stimulus.47,49 In contrast, posterior-VLPFC appears to respond when we must update a
prepared action plan in order to engage an alternative response, with stopping being one
such instance where this happens. Right mid-VLPFC shows yet another pattern of activity,
as it was engaged by stopping specifically under situations with high uncertainty, suggesting
an analogous role to the function of left mid-VLPFC.22-34 Interestingly, though, we did not
see much evidence across any of the tasks for the involvement of right anterior-VLPFC,
suggesting that the critical functions performed by this region were simply not captured by
the cognitive mechanisms studied here.

As the above summary describes, rich functional heterogeneity exists within right VLPFC,
which means that care should be taken when describing patterns of PFC activity in terms of
the underlying anatomy. Importantly, future work will need to carefully test our proffered
hypotheses about functional specialization, using within-subjects manipulations; we are
encouraged that this work has already begun.65,94 New research projects will also need to
expand on these mechanistic accounts to see if they can accommodate findings of right
VLPFC activation within other behavioral paradigms. Such work promises to advance
understanding of the function-to-structure mapping of right VLPFC, which will ultimately
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lead to a more complete theory of how the PFC implements control over cognition and
behavior.

Acknowledgments
This work was funded by the NIMH (5R01–MH080309 and F32-079648). We would also like to thank Nora
Lindstrom for assistance with compiling the coordinate database for the meta-analysis and Ben Hutchinson, Melina
Uncapher, and Chelan Weaver for helpful discussions.

References
1. Cohen JD, Dunbar K, McClelland JL. On the control of automatic processes: A parallel distributed

processing account of the Stroop effect. Psychol Rev. 1990; 97:332–61. [PubMed: 2200075]
2. Desimone R, Duncan J. Neural mechanisms of selective visual attention. Annu Rev Neurosci. 1995;

18:193–222. [PubMed: 7605061]
3. Miller EK, Cohen JD. An integrative theory of prefrontal cortex function. Annu Rev Neurosci.

2001; 24:167–202. [PubMed: 11283309]
4. Milner B. Effects of different brain lesions on card sorting. Arch Neurol. 1963; 9:90.
5. Fuster, JM. The Prefrontal Cortex. Vol. 2. New York: Raven; 1989.
6. Shimamura, AP. Memory and frontal lobe function. In: Gazzaniga, MS., editor. The Cognitive

Neurosciences. MIT Press; 1995. p. 803-813.
7. Knight, RT., et al. Role of human prefrontal cortex in attentional control. In: Jasper, HH., et al.,

editors. Epilepsy and the Functional Anatomy of the Frontal Lobe. Raven Press; 1995. p. 21-36.
8. Baddeley A. Recent developments in working memory. Curr Opin Neurobiol. 1998; 8:234–238.

[PubMed: 9635207]
9. Duncan J. An adaptive coding model of neural function in prefrontal cortex. Nat Rev Neurosci.

2001; 2:820–829. [PubMed: 11715058]
10. Race, EA.; Kuhl, BA.; Badre, D.; Wagner, AD. The dynamic interplay between cognitive control

and memory. In: Gazzaniga, MS., editor. The Cognitive Neurosciences. 4th. Cambridge, MA: MIT
Press; 2009. p. 705-724.

11. Petrides M, Pandya DN. Dorsolateral prefrontal cortex: Comparative cytoarchitectonic analysis in
the human and the macaque brain and corticocortical connection patterns. Eur J Neurosci. 1999;
11:1011–1036. [PubMed: 10103094]

12. Petrides M, Pandya DN. Comparative cytoarchitectonic analysis of the human and macaque
ventrolateral prefrontal cortex and corticocortical connection patterns in the monkey. Eur J
Neurosci. 2002; 16:291–310. [PubMed: 12169111]

13. Petrides M, Pandya DN. Efferent association pathways from the rostral prefrontal cortex in the
macaque monkey. J Neurosci. 2007; 27:11573–11586. [PubMed: 17959800]

14. Owen AM, Evans AC, Petrides M. Evidence for a two-stage model of spatial working memory
processing within the lateral prefrontal cortex: A positron emission tomography study. Cereb
Cortex. 1996; 6:31–38. [PubMed: 8670636]

15. Petrides M. Specialized systems for the processing of mnemonic information within the primate
frontal cortex. Philos Trans R Soc Lond B Biol Sci. 1996; 351:1455–1461. [PubMed: 8941957]

16. Fletcher PC, Henson RN. Frontal lobes and human memory: Insights from functional
neuroimaging. Brain. 2001; 124:849–881. [PubMed: 11335690]

17. Wagner AD, Maril A, Bjork RA, Schacter DL. Prefrontal contributions to executive control: fMRI
evidence for functional distinctions within lateral prefrontal cortex. Neuroimage. 2001; 14:1337–
1347. [PubMed: 11707089]

18. Koechlin E, Ody C, Kouneiher F. The architecture of cognitive control in the prefrontal cortex.
Science. 2003; 302:1181–1185. [PubMed: 14615530]

19. Ramnani N, Owen AM. Anterior prefrontal cortex: Insights into function from anatomy and
neuroimaging. Nat Rev Neurosci. 2004; 5:184–194. [PubMed: 14976518]

Levy and Wagner Page 14

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



20. Gough PM, Nobre AC, Devlin JT. Dissociating linguistic processes in the left inferior frontal
cortex with transcranial magnetic stimulation. J Neurosci. 2005; 25:8010–8016. [PubMed:
16135758]

21. Gold BT, et al. Dissociation of automatic and strategic lexical-semantics: Functional magnetic
resonance imaging evidence for differing roles of multiple frontotemporal regions. J Neurosci.
2006; 26:6523–6532. [PubMed: 16775140]

22. Badre D, Wagner AD. Left ventrolateral prefrontal cortex and the cognitive control of memory.
Neuropsychologia. 2007; 45:2883–2901. [PubMed: 17675110]

23. Blumenfeld RS, Ranganath C. Prefrontal cortex and long-term memory encoding: An integrative
review of findings from neuropsychology and neuroimaging. Neuroscientist. 2007; 13:280–291.
[PubMed: 17519370]

24. Badre D. Cognitive control, hierarchy, and the rostro-caudal organization of the frontal lobes.
Trends Cogn Sci. 2008; 12:193–200. [PubMed: 18403252]

25. Fuster JM. The prefrontal cortex – and update: Time is of the essence. Neuron. 2001; 30:319–333.
[PubMed: 11394996]

26. Wood JN, Grafman J. Human prefrontal cortex: Processing and representational perspectives. Nat
Rev Neurosci. 2003; 4:139–147. [PubMed: 12563285]

27. Bunge SA, Zelazo PD. A brain-based account of the development of rule use in childhood. Curr
Dir Psychol Sci. 2006; 15:118–121.

28. Koechlin E, Jubault T. Broca's area and the hierarchical organization of human behavior. Neuron.
2006; 50:963–974. [PubMed: 16772176]

29. Petrides, M. The rostro-caudal axis of cognitive control processing within lateral frontal cortex. In:
Dehaene, S.; Duhamel, JR.; Hauser, MD.; Rizzolatti, G., editors. From monkey brain to human
brain: A Fyssen Foundation Symposium. Cambridge, Mass.: MIT Press; 2006. p. 293-314.

30. Badre D, D'Esposito M. Functional magnetic resonance imaging evidence for a hierarchical
organization of the prefrontal cortex. J Cogn Neurosci. 2007; 19:2082–2099. [PubMed: 17892391]

31. Botvinick MM. Multilevel structure in behaviour and in the brain: A model of Fuster's hierarchy.
Philos Trans R Soc Lond B Biol Sci. 2007; 362:1615–1626. [PubMed: 17428777]

32. Koechlin E, Summerfield C. An information theoretical approach to prefrontal executive function.
Trends Cogn Sci. 2007; 11:229–235. [PubMed: 17475536]

33. Badre D, D'Esposito M. Is the rostro-caudal axis of the frontal lobe hierarchical? Nat Rev
Neurosci. 2009; 10:659–669. [PubMed: 19672274]

34. Race EA, Shanker S, Wagner AD. Neural priming in human frontal cortex: Multiple forms of
learning reduce demands on the prefrontal executive system. J Cogn Neurosci. 2009; 21:1766–
1781. [PubMed: 18823245]

35. Buckner RL, Raichle ME, Peterson SE. Dissociation of human prefrontal cortical areas across
different speech production tasks and gender groups. J Neurophys. 1995; 74:2163–2173.

36. Price CJ, Wise RJ, Frackowiak RS. Demonstrating the implicit processing of visually presented
words and pseudowords. Cereb Cortex. 1996; 6:62–70. [PubMed: 8670639]

37. Fiez JA. Phonology, semantics, and the role of the left inferior prefrontal cortex. Hum Brain Mapp.
1997; 5:79–83. [PubMed: 10096412]

38. Dapretto M, Bookheimer SY. Form and content: Dissociating syntax and semantics in sentence
comprehension. Neuron. 1999; 24:427–432. [PubMed: 10571235]

39. Poldrack RA, et al. Functional specialization for semantic and phonological processing in the left
inferior prefrontal cortex. Neuroimage. 1999; 10:15–35. [PubMed: 10385578]

40. Danker JF, Gunn P, Anderson JR. A rational account of memory predicts left prefrontal activation
during controlled retrieval. Cereb Cortex. 2008; 18:2674–2685. [PubMed: 18321871]

41. Aron AR, Robbins TW, Poldrack RA. Inhibition and the right inferior frontal cortex. Trends Cogn
Sci. 2004; 8:170–177. [PubMed: 15050513]

42. Casey BJ, et al. A developmental functional MRI study of prefrontal activation during performance
of a go-no-go task. J Cogn Neurosci. 1997; 9:835–847.

43. Menon V, et al. Error-related brain activation during a Go/NoGo response inhibition task. Hum
Brain Mapp. 2001; 12:131–143. [PubMed: 11170305]

Levy and Wagner Page 15

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



44. Aron AR, Poldrack RA. Cortical and subcortical contributions to stop signal response inhibition:
Role of the subthalamic nucleus. J Neurosci. 2006; 26:2424–2433. [PubMed: 16510720]

45. Aron AR, et al. Stop-signal inhibition disrupted by damage to right inferior frontal gyrus in
humans. Nat Neurosci. 2003; 6:115–116. [PubMed: 12536210]

46. Corbetta M, Shulman GL. Control of goal-directed and stimulus-driven attention in the brain. Nat
Rev Neurosci. 2002; 3:201–215. [PubMed: 11994752]

47. Corbetta M, Patel G, Shulman GL. The reorienting system of the human brain: From environment
to theory of mind. Neuron. 2008; 58:306–324. [PubMed: 18466742]

48. Thiel CM, Zilles K, Fink GR. Cerebral correlates of alerting, orienting and reorienting of
visuospatial attention: An event-related fMRI study. Neuroimage. 2004; 21:318–328. [PubMed:
14741670]

49. Serences JT, et al. Coordination of voluntary and stimulus-driven attentional control in human
cortex. Psychol Sci. 2005; 16:114–122. [PubMed: 15686577]

50. Blasi G, et al. Brain regions underlying response inhibition and interference monitoring and
suppression. Eur J Neurosci. 2006; 23:1658–1664. [PubMed: 16553630]

51. Mayer AR, Harrington D, Adair JC, Lee R. The neural networks underlying endogenous auditory
covert orienting and reorienting. Neuroimage. 2006; 30:938–949. [PubMed: 16388970]

52. Vossel S, Thiel CM, Fink GR. Cue validity modulates the neural correlates of covert endogenous
orienting of attention in parietal and frontal cortex. Neuroimage. 2006; 32:1257–1264. [PubMed:
16846742]

53. Weissman DH, Roberts KC, Visscher KM, Woldorff MG. The neural bases of momentary lapses
in attention. Nat Neurosci. 2006; 9:971–978. [PubMed: 16767087]

54. Aron AR, et al. Triangulating a cognitive control network using diffusion-weighted magnetic
resonance imaging (MRI) and functional MRI. J Neurosci. 2007; 27:3743–3752. [PubMed:
17409238]

55. Chevrier AD, Noseworthy MD, Schachar R. Dissociation of response inhibition and performance
monitoring in the stop signal task using event-related fMRI. Hum Brain Mapp. 2007; 28:1347–
1358. [PubMed: 17274022]

56. Indovina I, Macaluso E. Dissociation of stimulus relevance and saliency factors during shifts of
visuospatial attention. Cereb Cortex. 2007; 17:1701–1711. [PubMed: 17003078]

57. Macaluso E, Patria F. Spatial re-orienting of visual attention along the horizontal or the vertical
axis. Exp Brain Res. 2007; 180:23–34. [PubMed: 17262217]

58. Stevens MC, Kiehl KA, Pearlson GD, Calhoun VD. Functional neural networks underlying
response inhibition in adolescents and adults. Beh Brain Res. 2007; 181:12–22.

59. McNab F, et al. Common and unique components of inhibition and working memory: an fMRI,
within-subjects investigation. Neuropsychologia. 2008; 46:2668–2682. [PubMed: 18573510]

60. Mitchell JP. Activity in the right temporo-parietal junction is not selective for theory-of-mind.
Cereb Cortex. 2008; 18:262–271. [PubMed: 17551089]

61. Xue G, Aron AR, Poldrack RA. Common neural substrates for inhibition of spoken and manual
responses. Cereb Cortex. 2008; 18:1923–1932. [PubMed: 18245044]

62. Zheng D, Oka T, Bokura H, Yamaguchi S. The key locus of common response inhibition network
for no-go and stop signals. J Cogn Neurosci. 2008; 20:1434–1442. [PubMed: 18303978]

63. Cai W, Leung H. Cortical activation during manual response inhibition guided by color and
orientation cues. Brain Res. 2009; 1261:20–28. [PubMed: 19401178]

64. Chikazoe J, et al. Preparation to inhibit a response complements response inhibition during
performance of a stop-signal task. J Neurosci. 2009; 29:15870–15877. [PubMed: 20016103]

65. Chikazoe J, et al. Functional dissociation in right inferior frontal cortex during performance of go/
no-go task. Cereb Cortex. 2009; 19:146–152. [PubMed: 18445602]

66. Duann J, Ide JS, Luo X, Li CR. Functional connectivity delineates distinct roles of the inferior
frontal cortex and presupplementary motor area in stop signal inhibition. J Neurosci. 2009;
29:10171–10179. [PubMed: 19675251]

67. Hampshire A, et al. The role of the right inferior frontal gyrus: Inhibition and attentional control.
Neuroimage. 2010; 50:1313–1319. [PubMed: 20056157]

Levy and Wagner Page 16

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



68. Sharp DJ, et al. Distinct frontal systems for response inhibition, attentional capture, and error
processing. Proc Natl Acad Sci USA. 2010; 107:6106–6111. [PubMed: 20220100]

69. Arrington CM, Carr TH, Mayer AR, Rao SM. Neural mechanisms of visual attention: object-based
selection of a region in space. J Cogn Neurosci. 2000; 12:106–117. [PubMed: 11506651]

70. Buchsbaum BR, Greer S, Chang WL, Berman KF. Meta-analysis of neuroimaging studies of the
Wisconsin card-sorting task and component processes. Hum Brain Mapp. 2005; 25:35–45.
[PubMed: 15846821]

71. Chikazoe J, et al. Activation of right inferior frontal gyrus during response inhibition across
response modalities. J Cogn Neurosci. 2005; 19:69–80. [PubMed: 17214564]

72. Nee DE, Wager TD, Jonides J. Interference resolution: Insights from a meta-analysis of
neuroimaging tasks. Cogn Affect Behav Neurosci. 2007; 7:1–17. [PubMed: 17598730]

73. Simmonds DJ, Pekar JJ, Mostofsky SH. Meta-analysis of Go/No-go tasks demonstrating that fMRI
activation associated with response inhibition is task-dependent. Neuropsychologia. 2008; 46:224–
232. [PubMed: 17850833]

74. Swick D, Ashley V, Turken AU. Left inferior frontal gyrus is critical for response inhibition. BMC
Neurosci. 2008; 9:102. [PubMed: 18939997]

75. Garavan H, Ross TJ, Stein EA. Right hemispheric dominance of inhibitory control: An event-
related functional MRI study. Proc Natl Acad Sci USA. 1999; 96:8301–8306. [PubMed:
10393989]

76. Decety J, Lamm C. The role of the right temporoparietal junction in social interaction: How low-
level computational processes contribute to meta-cognition. Neuroscientist. 2007; 13:580–593.
[PubMed: 17911216]

77. Hutchinson JB, Uncapher MR, Wagner AD. Posterior parietal cortex and episodic retrieval:
Convergent and divergent effects of attention and memory. Learn Mem. 2009; 16:343–356.
[PubMed: 19470649]

78. Uncapher MR, Hutchinson JB, Wagner AD. A roadmap to brain mapping: Toward a functional
map of human parietal cortex. Neuron. 2010; 67:5–8. [PubMed: 20624586]

79. Lawrence EJ, et al. The neural basis of response inhibition and attention allocation as mediated by
gestational age. Hum Brain Mapp. 2009; 30:1038–1050. [PubMed: 18412112]

80. Lancaster JL, et al. Bias between MNI and Talairach coordinates analyzed using the ICBM-152
brain template. Hum Brain Mapp. 2007; 28:1194–1205. [PubMed: 17266101]

81. Laird AR, et al. ALE meta-analysis: controlling the false discovery rate and performing statistical
contrasts. Hum Brain Mapp. 2005; 25:155–164. [PubMed: 15846811]

82. Eickhoff SB, et al. Coordinate-based activation likelihood estimation meta-analysis of
neuroimaging data: A random-effects approach based on empirical estimates of spatial uncertainty.
Hum Brain Mapp. 2009; 30:2907–2926. [PubMed: 19172646]

83. Schachar R, et al. Restraint and cancellation: Multiple inhibition deficits in attention deficit
hyperactivity disorder. J Abnorm Child Psychol. 2007; 35:229–238. [PubMed: 17351752]

84. Eagle DM, Bari A, Robbins TW. The neuropsychopharmacology of action inhibition: Cross-
species translation of the stop-signal and go/no-go tasks. Psychopharmacology. 2008; 199:439–
456. [PubMed: 18542931]

85. Verbruggen F, Logan GD. Automatic and controlled response inhibition: Associative learning in
the go/no-go and stop-signal paradigms. J Exp Psychol Gen. 2008; 137:649–672. [PubMed:
18999358]

86. Vossel S, Weidner R, Thiel CM, Fink GR. What is “odd” in Posner's location-cueing paradigm?
Neural responses to unexpected location and feature changes compared. J Cogn Neuro. 2009;
21:30–41.

87. Derrfuss J, Brass M, von Cramon DY. Cognitive control in the posterior frontolateral cortex:
Evidence from common activations in task coordination, interference control, and working
memory. Neuroimage. 2004; 23:604–612. [PubMed: 15488410]

88. Brass M, Derrfuss J, Forstmann B, von Cramon DY. The role of the inferior frontal junction area
in cognitive control. Trends Cogn Sci. 2005; 9:314–316. [PubMed: 15927520]

Levy and Wagner Page 17

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



89. Derrfuss J, Brass M, Neumann J, von Cramon DY. Involvement of the inferior frontal junction in
cognitive control: Meta-analyses of switching and Stroop studies. Hum Brain Mapp. 2005; 25:22–
34. [PubMed: 15846824]

90. Hampshire A, Thompson R, Duncan J, Owen AM. Selective tuning of the right inferior frontal
gyrus during target detection. Cogn Affect Behav Neurosci. 2009; 9:103–112. [PubMed:
19246331]

91. Linden DE, et al. The functional neuroanatomy of target detection: An fMRI study of visual and
auditory oddball tasks. Cereb Cortex. 1999; 9:815–823. [PubMed: 10601000]

92. Asplund CL, Todd JJ, Snyder AP, Marois R. A central role for the lateral prefrontal cortex in goal-
directed and stimulus-driven attention. Nat Neurosci. 2010; 13:507–512. [PubMed: 20208526]

93. Chambers CD, et al. Executive “brake failure” following deactivation of human frontal lobe. J
Cogn Neurosci. 2006; 18:444–455. [PubMed: 16513008]

94. Verbruggen F, Aron AR, Stevens MA, Chambers CD. Theta burst stimulation dissociates attention
and action updating in human inferior frontal cortex. Proc Natl Acad Sci USA. 2010; 107:13966–
13971. [PubMed: 20631303]

95. Botvinick MM, et al. Conflict monitoring and cognitive control. Psychol Rev. 2001; 108:624–652.
[PubMed: 11488380]

96. Gamer M, et al. fMRI-activation patterns in the detection of concealed information rely on
memory-related effects. Soc Cogn Affect Neurosci. 2009 Epub ahead of print. [PubMed:
19258375]

97. Hakun JG, et al. fMRI investigation of the cognitive structure of the concealed information test.
Neurocase. 2008; 14:59–67. [PubMed: 18569732]

98. Thompson-Schill SL, D'Esposito M, Aguirre GK, Farah MJ. Role of left inferior prefrontal cortex
in retrieval of semantic knowledge: A reevaluation. Proc Natl Acad Sci USA. 1997; 94:14792–
14797. [PubMed: 9405692]

99. Race EA, Badre D, Wagner AD. Multiple forms of learning yield temporally distinct
electrophysiological repetition effects. Cerebral Cortex. 2010; 20:1726–1738. [PubMed:
19915094]

100. Singer T, Critchley HD, Preuschoff K. A common role of insula in feelings, empathy and
uncertainty. Trends Cogn Sci. 2009; 13:334–340. [PubMed: 19643659]

101. Critchley HD, Elliott R, Mathias CJ, Dolan RJ. Neural activity relating to generation and
representation of galvanic skin conductance responses: A functional magnetic resonance imaging
study. J Neurosci. 2000; 20:3033–3040. [PubMed: 10751455]

102. Critchley HD, et al. Neural systems supporting interoceptive awareness. Nat Neurosci. 2005;
7:189–195. [PubMed: 14730305]

103. Seeley WW, et al. Dissociable intrinsic connectivity networks for salience processing and
executive control. J Neurosci. 2007; 27:2349–2356. [PubMed: 17329432]

104. Dosenbach NUF, et al. A core system for the implementation of task sets. Neuron. 2006; 50:799–
812. [PubMed: 16731517]

105. Braver TS, et al. Anterior cingulate cortex and response conflict: Effects of frequency, inhibition
and errors. Cereb Cortex. 2001; 11:825–836. [PubMed: 11532888]

106. MacDonald AW, Cohen JD, Stenger VA, Carter CS. Dissociating the role of the dorsolateral
prefrontal cortex and anterior cingulate cortex in cognitive control. Science. 2000; 288:1835–
1838. [PubMed: 10846167]

107. Rushworth MFS, Walton ME, Kennerley SW, Bannerman DM. Action sets and decisions in the
medial frontal cortex. Trends Cogn Sci. 2004; 8:410–417. [PubMed: 15350242]

108. Brown JW, Braver TS. Learned predictions of error likelihood in the anterior cingulate cortex.
Science. 2005; 307:1118–1121. [PubMed: 15718473]

109. Floden D, Stuss DT. Inhibitory control is slowed in patients with right superior medial frontal
damage. J Cogn Neurosci. 2006; 18:1843–1849. [PubMed: 17069475]

110. Nachev P, et al. The role of pre-supplementary motor area in the control of action. Neuroimage.
2007; 36:155–163.

Levy and Wagner Page 18

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



111. Picton TW, et al. Effects of frontal lesions on response inhibition. Cereb Cortex. 2007; 17:826–
838. [PubMed: 16699079]

112. Kelley WM, et al. Hemispheric specialization in human dorsal frontal cortex and medial temporal
lobe for verbal and nonverbal memory encoding. Neuron. 1998; 20:927–936. [PubMed:
9620697]

113. Wagner AD, et al. Material-specific lateralization of prefrontal activation during episodic
encoding and retrieval. Neuroreport. 1998; 9:3711–3717. [PubMed: 9858384]

114. McDermott KB, et al. Set- and code-specific activation in frontal cortex: An fMRI study of
encoding and retrieval of faces and words. J Cogn Neurosci. 1999; 11:631–640. [PubMed:
10601744]

115. Kirchhoff BA, Wagner AD, Maril A, Stern CE. Prefrontal–temporal circuitry for episodic
encoding and subsequent memory. J Neurosci. 2000; 20:6173–6180. [PubMed: 10934267]

116. Iidaka T, Sadato N, Yamada H, Yonekura Y. Functional asymmetry of human prefrontal cortex in
verbal and non-verbal episodic memory as revealed by fMRI. Cogn Brain Res. 2000; 9:73–83.

117. Golby AJ, et al. Material-specific lateralization in the medial temporal lobe and prefrontal cortex
during memory encoding. Brain. 2001; 124:1841–1854. [PubMed: 11522586]

118. Konishi S, Donaldson DI, Buckner RL. Transient activation during block transition. Neuroimage.
2001; 13:364–374. [PubMed: 11162276]

119. Fletcher PC, et al. The influence of explicit instructions and stimulus material on lateral frontal
responses to an encoding task. Neuroimage. 2002; 17:780–791. [PubMed: 12377153]

120. Wig GS, Miller MB, Kingstone A, Kelley WM. Separable routes to human memory formation:
Dissociating task and material contributions in the prefrontal cortex. J Cogn Neurosci. 2004;
16:139–148. [PubMed: 15006043]

121. Wager TD, Smith EE. Neuroimaging studies of working memory: a meta-analysis. Cogn Affect
Behav Neurosci. 2005; 3:255–274. [PubMed: 15040547]

122. Iacoboni M, Dapretto M. The mirror neuron system and the consequences of its dysfunction. Nat
Rev Neurosci. 2006; 7:942–951. [PubMed: 17115076]

123. Molnar-Szakacs I, Iacoboni M, Koski L, Mazziotta JC. Functional segregation within pars
opercularis of the inferior frontal gyrus: Evidence from fMRI studies of imitation and action
observation. Cereb Cortex. 2005; 15:986–994. [PubMed: 15513929]

124. Rizzolatti G, Craighero L. The mirror-neuron system. Annu Rev Neurosci. 2004; 27:169–192.
[PubMed: 15217330]

125. Gallese V, Fadiga L, Fogassi L, Rizzolatti G. Action recognition in the premotor cortex. Brain.
1996; 119:593–609. [PubMed: 8800951]

126. Grill-Spector K, Henson R, Martin A. Repetition and the brain: Neural models of stimulus-
specific effects. Trends in Cognitive Sciences. 2006; 10:14–23. [PubMed: 16321563]

127. Henson R. What can functional neuroimaging tell the experimental psychologist? Q J Exp Psych.
2005; 58:193–233.

128. Fox MD, et al. Spontaneous neuronal activity distinguishes human dorsal and ventral attention
systems. Proc Natl Acad Sci USA. 2006; 103:10046–10051. [PubMed: 16788060]

129. He BJ, et al. Breakdown of functional connectivity in frontoparietal networks underlies
behavioral deficits in spatial neglect. Neuron. 2007; 53:905–918. [PubMed: 17359924]

130. Shulman GL, et al. Interaction of stimulus-driven reorienting and expectation in ventral and
dorsal frontoparietal and basal ganglia-cortical networks. J Neurosci. 2009; 29:4392–4407.
[PubMed: 19357267]

131. Altshuler LL, et al. Blunted activation in orbitofrontal cortex during mania: A functional
magnetic resonance imaging study. Bio Psychiatry. 2005; 58:763–769. [PubMed: 16310510]

132. Asahi S, et al. Negative correlation between right prefrontal activity during response inhibition
and impulsiveness: A fMRI study. Eur Arch Psychiatry Clin Neurosci. 2004; 254:245–251.
[PubMed: 15309395]

133. Booth JR, et al. Neural development of selective attention and response inhibition. Neuroimage.
2003; 20:737–751. [PubMed: 14568448]

Levy and Wagner Page 19

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



134. Bunge SA, et al. Immature frontal lobe contributions to cognitive control in children: Evidence
from fMRI. Neuron. 2002; 33:301–311. [PubMed: 11804576]

135. Falconer E, et al. The neural networks of inhibitory control in posttraumatic stress disorder. J
Psychiatry Neurosci. 2008; 33:413–422. [PubMed: 18787658]

136. Horn NR, et al. Response inhibition and impulsivity: An fMRI study. Neuropsychologia. 2003;
41:1959–1966. [PubMed: 14572528]

137. Kaladjian A, et al. Remission from mania is associated with a decrease in amygdala activation
during motor response inhibition. Bipolar Disord. 2009; 11:530–538. [PubMed: 19624392]

138. Kaladjian A, et al. Reduced brain activation in euthymic bipolar patients during response
inhibition: an event-related fMRI study. Psychiatry Res. 2009; 173:45–51. [PubMed: 19442494]

139. Konishi S, et al. No-go dominant brain activity in human inferior prefrontal cortex revealed by
functional magnetic resonance imaging. Eur J Neurosci. 1998; 10:1209–1213. [PubMed:
9753190]

140. Konishi S, et al. Common inhibitory mechanism in human inferior prefrontal cortex revealed by
event-related functional MRI. Brain. 1999; 122:981–991. [PubMed: 10355680]

141. Laurens KR, Kiehl KA, Liddle PF. A supramodal limbic-paralimbic-neocortical network supports
goal-directed stimulus processing. Hum Brain Mapp. 2005; 24:35–49. [PubMed: 15593271]

142. Lawrence EJ, et al. The neural basis of response inhibition and attention allocation as mediated by
gestational age. Hum Brain Mapp. 2009; 30:1038–1050. [PubMed: 18412112]

143. Liddle PF, Kiehl KA, Smith AM. Event-related fMRI study of response inhibition. Hum Brain
Mapp. 2001; 12:100–109. [PubMed: 11169874]

144. Maguire RP, et al. Evidence of enhancement of spatial attention during inhibition of a visuo-
motor response. Neuroimage. 2003; 20:1339–1345. [PubMed: 14568502]

145. Mazzola-Pomietto P, et al. Bilateral decrease in ventrolateral prefrontal cortex activation during
motor response inhibition in mania. J Psychiatr Res. 2009; 43:432–441. [PubMed: 18586275]

146. Mobbs D, et al. Frontostriatal dysfunction during response inhibition in Williams syndrome. Biol
Psychiatry. 2007; 62:256–261. [PubMed: 16996488]

147. Rubia K, et al. Tryptophan depletion reduces right inferior prefrontal activation during response
inhibition in fast, event-related fMRI. Psychopharmacology. 2005; 179:791–803. [PubMed:
15887056]

148. Rubia K, et al. Progressive increase of frontostriatal brain activation from childhood to adulthood
during event-related tasks of cognitive control. Hum Brain Mapp. 2006; 27:973–993. [PubMed:
16683265]

149. Watanabe J, et al. The human prefrontal and parietal association cortices are involved in NO-GO
performances: an event-related fMRI study. Neuroimage. 2002; 17:1207–1216. [PubMed:
12414261]

150. Brown MRG, et al. Inhibition and generation of saccades: rapid event-related fMRI of
prosaccades, antisaccades, and nogo trials. Neuroimage. 2006; 33:644–659. [PubMed: 16949303]

151. Brown MRG, Vilis T, Everling S. Isolation of saccade inhibition processes: rapid event-related
fMRI of saccades and nogo trials. Neuroimage. 2006; 39:793–804. [PubMed: 17977025]

152. Roth RM, et al. Event-related functional magnetic resonance imaging of response inhibition in
obsessive-compulsive disorder. Biol Psychiatry. 2007; 62:901–909. [PubMed: 17511967]

153. Wager TD, et al. Common and unique components of response inhibition revealed by fMRI.
Neuroimage. 2005; 27:323–340. [PubMed: 16019232]

154. de Zubicaray GI, et al. Motor response suppression and the prepotent tendency to respond: A
parametric fMRI study. Neuropsychologia. 2000; 38:1280–1291. [PubMed: 10865104]

155. Durston S, et al. The effect of preceding context on inhibition: An event-related fMRI study.
Neuroimage. 2002; 16:449–453. [PubMed: 12030830]

156. Maltby N, et al. Dysfunctional action monitoring hyperactivates frontal-striatal circuits in
obsessive-compulsive disorder: an event-related fMRI study. Neuroimage. 2005; 24:495–503.
[PubMed: 15627591]

Levy and Wagner Page 20

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



157. Chamberlain SR, et al. Atomoxetine modulates right inferior frontal activation during inhibitory
control: a pharmacological functional magnetic resonance imaging study. Biol Psychiatry. 2009;
65:550–555. [PubMed: 19026407]

158. Cohen JR, et al. Decoding developmental differences and individual variability in response
inhibition through predictive analyses across individuals. Front Hum Neurosci. 2010; 4:47.
[PubMed: 20661296]

159. Leung H, Cai W. Common and differential ventrolateral prefrontal activity during inhibition of
hand and eye movements. J Neurosci. 2007; 27:9893–9900. [PubMed: 17855604]

160. Ramautar JR, Slagter HA, Kok A, Ridderinkof KR. Probability effects in the stop-signal
paradigm: The insula and the significance of failed inhibition. Brain Res. 2006; 1105:143–154.
[PubMed: 16616048]

161. Vink M, et al. Function of striatum beyond inhibition and execution of motor responses. Hum
Brain Mapp. 2005; 25:336–344. [PubMed: 15852388]

162. Corbetta M, Kincade JM, Shulman GL. Neural systems for visual orienting and their relationships
to spatial working memory. J Cogn Neurosci. 2002; 14:508–523. [PubMed: 11970810]

163. Dorrichi F, Macci E, Silvetti M, Macaluso E. Neural correlates of the spatial and expectancy
components of endogenous and stimulus-driven orienting of attention in the Posner task. Cereb
Cortex. 2010; 20:1574–1585. [PubMed: 19846472]

164. Giessing C, Thiel CM, Fink GR. The modulatory effects of nicotine on parietal cortex activity in
a cued target detection task depend on cue reliability. Neurosci. 2006; 137:853–864.

165. Kincade JM, et al. An event-related functional magnetic resonance imaging study of voluntary
and stimulus-driven orienting of attention. J Neurosci. 2005; 25:4593–4604. [PubMed:
15872107]

166. Macaluso E, Frith CD, Driver J. Supramodal effects of covert spatial orienting triggered by visual
or tactile events. J Cogn Neurosci. 2002; 14:389–401. [PubMed: 11970799]

167. Thiel CM, Zilles K, Fink GR. Nicotine modulates reorienting of visuospatial attention and neural
activity in human parietal cortex. Neuropsychopharmacology. 2005; 30:810–820. [PubMed:
15668726]

168. Bledowski C, et al. Attentional systems in target and distractor processing: A combined ERP and
fMRI study. Neuroimage. 2004; 22:530–540. [PubMed: 15193581]

169. Brazdil M, et al. Effective connectivity in target stimulus processing: a dynamic causal modeling
study of visual oddball task. Neuroimage. 2007; 35:827–835. [PubMed: 17258910]

170. Bryant RA, et al. Neural networks of information processing in posttraumatic stress disorder: a
functional magnetic resonance imaging study. Biol Psychiatry. 2005; 58:111–118. [PubMed:
16038681]

171. Clark VP, et al. Responses to rare visual target and distractor stimuli using event-related fMRI. J
Neurphys. 2000; 83:3133–3139.

172. Gur RC, et al. Hemodynamic responses in neural circuitries for detection of visual target and
novelty: An event-related fMRI study. Hum Brain Mapp. 2007; 28:263–274. [PubMed:
17133387]

173. Gur RE, et al. Visual attention circuitry in schizophrenia investigated with oddball event-related
functional magnetic resonance imaging. Am J Psychiatry. 2007; 164:442–449. [PubMed:
17329469]

174. Kiehl KA, et al. Neural sources involved in auditory target detection and novelty processing: An
event-related fMRI study. Psychophysiology. 2001; 38:133–142. [PubMed: 11321614]

175. Kiehl KA, et al. An adaptive reflexive processing model of neurocognitive function: supporting
evidence from a large scale (n = 100) fMRI study of an auditory oddball task. Neuroimage. 2005;
25:899–915. [PubMed: 15808990]

176. Liddle PF, Laurens KR, Kiehl KA, Ngan ETC. Abnormal function of the brain system supporting
motivated attention in medicated patients with schizophrenia: an fMRI study. Psychol Med.
2006; 36:1097–1108. [PubMed: 16650349]

177. Menon V, et al. Combined event-related fMRI and EEG evidence for temporal-parietal cortex
activation during target detection. Neuroreport. 1997; 8:3029–3037. [PubMed: 9331910]

Levy and Wagner Page 21

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



178. Mulert C, et al. Integration of fMRI and simultaneous EEG: towards a comprehensive
understanding of localization and time-course of brain activity in target detection. Neuroimage.
2004; 22:83–94. [PubMed: 15109999]

179. Müller BW, et al. Sparse imaging of the auditory oddball task with functional MRI. Neuroreport.
2003; 14:1597–1601. [PubMed: 14502083]

180. Ngan ETC, et al. Abnormal processing of speech during oddball target detection in schizophrenia.
Neuroimage. 2003; 20:889–897. [PubMed: 14568459]

181. Wolf DH, et al. Auditory oddball fMRI in schizophrenia: Association of negative symptoms with
regional hypoactivation to novel distractors. Brain Imaging Behav. 2008; 2:132–145. [PubMed:
19756228]

182. Yoshiura T, et al. Functional MRI study of auditory and visual oddball tasks. Neuroreport. 1999;
10:1683–1688. [PubMed: 10501557]

Levy and Wagner Page 22

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Anatomical divisions within the ventrolateral prefrontal cortex (VLPFC). VLPFC, or
inferior frontal gyrus, is bounded superiorly by the inferior frontal sulcus (green) and
inferiorly by the lateral sulcus (blue). Cytoarchitectonic and connectivity patterns11–13 as
well as neuroimaging dissociations within the left hemisphere21,22,34–40 suggest
functional distinctions between three distinct subregions within VLPFC. The most caudal
extent (A), which we refer to as posterior-VLPFC, is bounded by the precentral sulcus (red)
and the ascending ramus of the lateral sulcus (orange). This region corresponds roughly to
the region referred to as pars opercularis or Brodmann area (BA).44 Rostral to the ascending
ramus (orange) is mid-VLPFC (B), which corresponds roughly to pars triangularis or area
45. The horizontal ramus of the lateral sulcus (yellow) separates mid-VLPFC from anterior-
VLPFC (C), which roughly corresponds to pars orbitalis or area.47 In addition to these three
VLPFC subregions, recent evidence also suggests that there may be another distinct
functional subregion87–89 that falls at the most posterior and superior region of VLPFC,
where VLPFC intersects with the middle frontal gyrus dorsally and the premotor cortex
caudally. This region (D) is referred to as the inferior frontal junction (IFJ) and is situated at
the intersection of the posterior end of the inferior frontal sulcus (green) and the precentral
sulcus (red).
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Figure 2.
Behavioral tasks used to study Motor Inhibition and Reflexive Reorienting. (A) Motor
inhibition is typically studied using either the Go/No-Go or Stop Signal task. In the Go/No-
Go task, subjects see a stream of centrally presented stimuli and must make a button-press
for every stimulus except one, the no-go stimulus (here shown as an “X”). Behavioral
performance is measured by the subject's ability to withhold their response on the no-go
trials. In the Stop Signal task, subjects also see a stream of centrally presented stimuli and
typically must make a decision about each stimulus (e.g., is the arrow pointing right or
left?). On a minority of trials a stop signal (e.g., a tone) is presented, indicating that the
subject should withhold their response on that trial. Behavioral performance is assessed by
computing a stop signal reaction time (SSRT), which provides an estimate of how long it
takes to cancel an initiated movement. In both motor inhibition tasks, brain activity
putatively associated with motor inhibition is measured by contrasting activity during the
inhibition trials (no-go and stop signal) with activity during go trials. (B) Reflexive
Reorienting is typically studied using either the Posner Cueing or Oddball task. In the
Posner Cueing task, a cue orients subjects to attend to one of two spatial positions. Then the
subject is asked to make a judgment about a stimulus when it appears (e.g., is the letter a “L”
or an “X”?). On valid trials subjects are correctly cued to the spatial position where the
target will appear, but on infrequent invalid trials they are instructed to attend to the wrong
position. The behavioral index of attentional engagement in this paradigm is that subjects
are typically slower to respond on invalidly cued trials than during validly cued trials. Brain
activity putatively associated with attentional capture is assessed by contrasting activity
during invalid trials with activity during valid trials. In the Oddball task, subjects are asked
to attend to a stream of stimuli. Most trials present the same “standard” stimulus, but
infrequently an oddball appears and this requires subjects to press a button to note its
occurrence. Behavioral performance is measured by the subject's ability to detect these
oddballs and brain activity putatively associated with attentional capture is measured by
contrasting activity in response to the oddballs compared to when the standards are
presented.
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Figure 3.
Meta-analysis of Motor Inhibition and Reflexive Reorienting tasks. The top two rows
display the Activation Likelihood Estimate (ALE) maps for motor inhibition tasks,
collapsing across Go/No-Go and Stop Signal tasks, and reflexive reorienting tasks,
collapsing across Posner Cueing and Oddball tasks (thresholded at P < 0.05, cluster
corrected for multiple comparisons). At the bottom is a voxel-wise map of the difference
score between the two unthresholded ALE maps. This image is arbitrarily thresholded (at
0.0125) to show voxels where there are large differences in the two ALE maps; accordingly,
this map provides qualitative leverage on possible differences between conditions, but does
not constitute a formal statistical comparison. On the axial slices, specific VLPFC
subregions are labeled: anterior insula (A), posterior-VLPFC (B), mid-VLPFC (C), inferior
frontal junction (D), middle frontal gyrus (E), and pre-supplementary motor area (F).
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Figure 4.
Meta-analysis of two different types of Motor Inhibition tasks. The top row displays the
ALE map for tasks that involve response override. These Stop Signal and Go/No-Go tasks
encourage subjects to prepare a motor response before the stop cue appears, such that the
cue triggers the need to cancel a specific prepared motor action. The second row displays the
ALE map for tasks that involve response uncertainty. These are Go/No-Go tasks where the
two trial types are equiprobable, such that subjects are unlikely to prepare a motor response
before the trial begins. Accordingly, to the extent that they do not preparing a response, then
there is no need to override a specific response. Instead these tasks create a situation of high
decision uncertainty. The bottom row displays a voxel-wise map of the difference score
between the two unthresholded ALE maps. This image is arbitrarily thresholded (at 0.0125)
to show voxels where there are large differences in the two ALE maps; accordingly, this
map provides qualitative leverage on possible differences between conditions, but does not
constitute a formal statistical comparison. On the axial slices, specific VLPFC subregions
are labeled: anterior insula (A), posterior-VLPFC (B), mid-VLPF (C), inferior frontal
junction (D), and pre-supplementary motor area (E).
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Figure 5.
Encoding visuo-spatial information activates similar VLPFC regions as motor inhibition.
Here the activations from the motor inhibition meta-analysis are re-plotted in red, and
overlaid in blue is an ALE meta-analysis of three episodic memory encoding studies.
113,116,119 Each of these latter studies contrasted encoding phases with difficult-to-
verbalize visuo-spatial stimuli (e.g., textures) to ones with verbal stimuli. While several
other studies reported similar patterns both at encoding114,117,120 and during retrieval,
113–114 many of these studies did not report peak coordinates. This sample was too small
to justify a formal meta-analytic treatment; nevertheless, the apparent overlap suggests that
similar right VLPFC regions are engaged during motor inhibition and during non-verbal
episodic encoding tasks. This overlap would appear difficult to explain in terms of either
motor inhibition or reflexive reorienting.
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TABLE 1
Studies Included in the Motor Inhibition Meta-Analysis

First Author Year Task Task Demands

Altshuler131 2005 Go/No-Go Response uncertainty

Asahi132 2004 Go/No-Go Response uncertainty

Blasi50 2006 Go/No-Go Response uncertainty

Booth133 2003 Go/No-Go Response uncertainty

Bunge134 2002 Go/No-Go Response uncertainty

Falconer135 2008 Go/No-Go Response uncertainty

Horn136 2003 Go/No-Go Response uncertainty

Kaladjian*137 2009 Go/No-Go Response uncertainty

Kaladjian138 2009 Go/No-Go Response uncertainty

Konishi139 1998 Go/No-Go Response uncertainty

Konishi140 1999 Go/No-Go Response uncertainty

Laurens141 2005 Go/No-Go Response uncertainty

Lawrence142 2009 Go/No-Go Response uncertainty

Liddle143 2001 Go/No-Go Response uncertainty

Maguire144 2003 Go/No-Go Response uncertainty

Mazzola-Pomietto145 2009 Go/No-Go Response uncertainty

Menon43 2001 Go/No-Go Response uncertainty

Mobbs146 2007 Go/No-Go Response uncertainty

Rubia147 2005 Go/No-Go Response uncertainty

Rubia148 2006 Go/No-Go Response uncertainty

Watanabe149 2002 Go/No-Go Response uncertainty

Brown150 2006 Go/No-Go NA

Brown151 2008 Go/No-Go NA

Roth152 2007 Go/No-Go NA

Wager153 2005 Go/No-Go NA

Chikazoe65 2009 Go/No-Go Response override

de Zubicaray154 2000 Go/No-Go Response override

Durston155 2002 Go/No-Go Response override

Maltby156 2005 Go/No-Go Response override

McNab59 2008 Go/No-Go Response override

Zheng62 2008 Go/No-Go Response override

Aron44 2006 Stop Signal Response override

Aron54 2007 Stop Signal Response override

Cai*63 2009 Stop Signal Response override

Chamberlain157 2009 Stop Signal Response override

Chevrier55 2007 Stop Signal Response override

Chikazoe64 2009 Stop Signal Response override

Cohen158 2010 Stop Signal Response override

Leung159 2007 Stop Signal Response override
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First Author Year Task Task Demands

McNab59 2008 Stop Signal Response override

Ramautar160 2006 Stop Signal Response override

Sharp68 2010 Stop Signal Response override

Vink161 2005 Stop Signal Response override

Xue#61 2008 Stop Signal Response override

Zheng62 2008 Stop Signal Response override

*
Contributed two contrasts.

#
Contributed three contrasts.
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TABLE 2
Studies Included in the Reflexive Reorienting Meta-Analysis

First Author Year Task

Arrington69 2000 Posner cueing

Corbetta162 2002 Posner cueing

Doricchi163 2010 Posner cueing

Giessing164 2006 Posner cueing

Indovina56 2007 Posner cueing

Kincade165 2005 Posner cueing

Macaluso*166 2002 Posner cueing

Macaluso57 2007 Posner cueing

Mayer51 2006 Posner cueing

Thiel48 2004 Posner cueing

Thiel167 2005 Posner cueing

Vossel52 2006 Posner cueing

Bledowski168 2004 Oddball

Brazdil169 2007 Oddball

Bryant170 2005 Oddball

Chikazoe65 2009 Oddball

Clark171 2000 Oddball

Gur172 2007 Oddball

Gur173 2007 Oddball

Kiehl174 2001 Oddball

Kiehl175 2005 Oddball

Lawrence142 2009 Oddball

Liddle176 2006 Oddball

Linden#91 1999 Oddball

Menon177 1997 Oddball

Mulert178 2004 Oddball

Muller179 2003 Oddball

Ngan*180 2003 Oddball

Stevens*58 2000 Oddball

Wolf181 2008 Oddball

Yoshiura*182 1999 Oddball

*
Contributed two contrasts.

#
Contributed four contrasts.
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