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Abstract
A network of prefrontal and parietal regions has been implicated in executive control processes.
However, the extent to which individual regions within this network are engaged in component
control processes, such as inhibition of task-irrelevant stimulus attributes or shifting (switching)
between attentional foci, remains controversial. Participants (N = 17) underwent functional magnetic
resonance imaging while performing a global-local task in which the global and local levels could
facilitate or interfere with one another. Stimuli were presented in blocks in which participants either
constantly shifted between the global and local levels, or consistently responded to one level only.
Activations related to inhibition and shifting processes were observed in a large network of bilateral
prefrontal, parietal, and basal ganglia regions. Region of interest analyses were used to classify each
region within this network as being common to inhibition and shifting, or preferential to one
component process. Several regions were classified as being preferential to inhibition, including
regions within the dorsolateral and ventrolateral prefrontal cortex, the parietal lobes, and the
temporal-parietal junction. A limited set of regions in the parietal lobes and left dorsolateral prefrontal
cortex were classified as preferential to shifting. There was a very large set of regions displaying
activation common to both inhibition and shifting processes, including regions within the dorsolateral
prefrontal cortex, anterior cingulate, and basal ganglia. Several of these common regions were also
involved during facilitation, suggesting that they are responsive to the number of task-salient channels
of information, rather than purely to demands on control processes.

Several current conceptions of executive control, broadly defined as the organization and
manipulation of information in service of goal-oriented behavior, envision multiple component
processes, although the parsing of components and their hierarchical organization in the human
brain remains controversial (Banich, 2009; Koechlin et al., 2003; Milham et al., 2003; Miyake
et al., 2000; Salthouse et al., 2003). Two prominent hypothesized components of executive
control are (1) inhibiting currently irrelevant information and (2) shifting (or switching)
between multiple rule sets or information sources. A fundamental question is whether
inhibition and shifting are truly distinct psychological processes, or alternative
conceptualizations of a single underlying process. Inhibition could be seen as requiring a shift
from a dominant stimulus-response mapping to a non-dominant one. Shifting could be
reconceptualized as inhibition of prior stimulus dimensions, task sets, or stimulus-response
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mappings (Aron et al., 2004a; Dreher and Berman, 2002). Behavioral studies of individual
differences tend to find evidence that inhibition and shifting are separate, although correlated,
processes, but interpretation of the behavioral studies hinges upon the interpretation of the
magnitudes of correlations across studies (Hedden and Yoon, 2006). The goal of the present
study was to examine whether inhibition and shifting are mediated by common or separable
neural mechanisms in the human brain. If inhibition and shifting activate diverse neural
networks, these processes are more likely distinct. If, however, they activate a highly similar
network, they are more likely unitary. This dichotomy of outcomes is a somewhat simplified
view, as activation in similar regions could be associated with both inhibition and shifting
processes if those regions interact differently while carrying out specific control functions.

Candidate regions for executive control functions are primarily localized to the lateral and
medial prefrontal cortex (PFC), the inferior parietal lobule (IPL), and the basal ganglia. The
region most consistently associated with inhibition is a region of the right inferior frontal gyrus
in ventrolateral PFC (VLPFC; Aron et al., 2004b; Robbins, 2007), although it has also been
implicated in at least some forms of task-shifting (Aron et al., 2004a; Pessoa et al., 2009;
Robbins, 2007). The homologous region in the left VLPFC is often associated with interference
resolution or selection demands (Badre and Wagner, 2007; Bode and Haynes, 2009; D’Esposito
et al., 1999; Forstmann et al., 2006; Forstmann et al., 2008; Leber et al., 2008; Nelson et al.,
2009; Rossi et al., 2009; Slagter et al., 2006; Thompson-Schill et al., 2002). Many studies of
shifting have observed a region in the left IPL (and sometimes the right homologue) that appears
to be primarily engaged during trials on which participants are cued to shift from one stimulus-
response mapping to another or to direct their attention toward a different stimulus dimension
(Badre and Wagner, 2006; Wager, et al., 2005; Yeung et al., 2006). The presupplementary
motor area extending into the dorsal anterior cingulate cortex (ACC) and regions of the middle
frontal gyrus are often observed during shifting conditions, but are not observed as consistently
across studies as is the left IPL region (Badre and Wagner, 2006; Bode and Haynes, 2009;
Forstmann et al., 2006; Leber et al., 2008; Rossi et al., 2009; Slagter et al., 2006; Yeung et al.,
2006). The basal ganglia, as a major component of the frontal-striatal circuit, displays
coordinated activation with prefrontal and parietal regions at rest and during shifting tasks
(Cools et al., 2006;. Di Martino et al., 2008). The importance of the basal ganglia for shifting
is indicated by disruption of shifting following dopaminergic depletion, striatal lesions, and in
Parkinson’s disease (Cools and Robbins, 2004; Cools et al., 2009; Monchi et al., 2004; Monchi
et al., 2007; Nagano-Saito et al., 2008).

Direct comparisons between inhibition and shifting depend on designs in which these processes
are free from task and difficulty confounds. Several imaging studies have examined both
inhibition and shifting, but have used separate task domains to measure different processes or
manipulated task demands such that they become fundamentally different across processes
(Barber and Carter, 2005; Brass and von Cramon, 2004; Collette et al., 2005; Derrfuss et al.,
2005; Derrfuss et al., 2004; Konishi et al., 1999). Thus, process demands (inhibition or shifting)
and task demands cannot be dissociated. For example, one study contrasted inhibition and
shifting, but measured inhibition via responses to compatible/incompatible stimulus-response
mappings and measured shifting via a counting task that did or did not involve shifting between
counters to be updated (Sylvester et al., 2003). Furthermore, interpretation was complicated
by reaction time differences up to twelve times greater during shifting than inhibition. Given
such complications, findings to date are mixed, with some studies supporting the separate
localization of inhibition or shifting processes to particular regions (Aron et al., 2004a; Dreher
and Berman, 2002; Robbins, 2007; Sylvester et al., 2003; Wager, et al., 2005; Yeung et al.,
2006), and others suggesting a unitary prefrontal-parietal network that undergirds inhibition,
shifting, and other control functions (Collette and Van der Linden, 2002; Miller and Cohen,
2001; Nee et al., 2007; Wager et al., 2004).
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The current study provides a novel comparison of inhibition and shifting, with two primary
contributions. First, task demands and difficulty during inhibition and shifting were controlled;
any differences observed should be attributable to the processes themselves. Within a common
global-local paradigm (Navon, 1977), participants (1) inhibited one irrelevant stimulus
dimension, or (2) shifted between two stimulus dimensions across trials, or (3) simultaneously
engaged in inhibition and shifting, or (4) engaged in neither inhibition nor shifting. Thus,
shifting and inhibition demands were manipulated independently within a common task,
allowing for a direct comparison between shifting and inhibition. Using a specific set of criteria,
we set out to identify regions that are selective to one process, preferential to one process, or
common to both inhibition and shifting. Regions selective to one process are engaged by that
process to the exclusion of the alternative process. A less stringent set of criteria can be applied
to identify regions that are preferential to one process; such regions, although associated to
some extent with both processes, are more engaged by one process over the other.

Second, we investigated activation during a facilitation condition, in which both stimulus
dimensions led to one response. Hence, facilitation could be compared to both a neutral baseline
condition and also the conflicting (inhibition and shifting) conditions, with the expectation that
regions preferential to shifting or inhibition would not display activation above baseline in the
facilitation conditions. Neural correlates of facilitation have been rarely studied, but activation
during facilitation could impose firm constraints on theoretical accounts of control processes
thought to be subserved by specific brain regions (Badre et al., 2005; Carter et al., 1995; Cohen
Kadosh et al., 2008; Weissman et al., 2005). In particular, regions thought to be selective to
inhibition should not display activation during facilitation. Although less informative with
regard to shifting in isolation, to the extent that regions preferential to shifting or involved in
both shifting and inhibition also display activation during facilitation, it is difficult to infer that
such regions are involved solely in these processes. Rather, regions involved in facilitation as
well as in shifting and/or inhibition are more likely to be involved in more general processes
such as the selective allocation of attention to the amount of task–relevant information coming
from multiple information sources (or channels).

METHODS
Participants

Eighteen college-aged adults (aged 18-28 years, mean age 21.6 years) participated in the study.
All participants gave informed consent and the study was approved by the Stanford University
Internal Review Board. One participant’s data were lost due to technical difficulties during the
scan session.

Task materials and procedure
The behavioral task consisted of hierarchical letter stimuli of the type described by Navon
(Navon, 1977) presented using the E-prime 1.1 SP2 software (Psychology Software Tools,
Pittsburgh, PA). Stimuli consisted of large letters (H, S, and O) made up of smaller letters (H,
S, and O) (Figure 1). During scanning, participants viewed the stimuli through a mirror directed
at a projection screen. Small letters subtended a visual angle of approximately 0.6° × 0.4°;
large letters subtended 3.5° × 2.4°. Stimuli were presented in either green or blue on a black
background. Participants were instructed to identify either the global (large letter) or local
(small letter) level on each trial, as cued by the color, and to respond with the appropriate
response (either H or S). The letter O was never mapped to a response and was used in neutral
conditions in which the non-attended level did not have an associated response. Stimuli were
combined so as to create 6 experimental conditions in a 3 (congruency) x 2 (shifting) factorial
design. Congruent stimuli contained the same letter (either H or S) in both the global and local
levels. Neutral stimuli contained an O, which was never associated with a response, at one
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level, and an H or S at the other level. Incongruent stimuli contained incompatible letters (H
and S) at opposing levels. Stimuli were organized into blocks of 12 trials, which could either
involve shifting or not. In shifting blocks, participants were cued by the stimulus color to
predictably shift between attending to the global and local levels. In non-shifting blocks,
participants were cued to constantly attend to either the global or local level. Combining the
congruent, neutral, and incongruent stimuli with the non-shifting and shifting blocks resulted
in the six possible block types: congruent non-shifting (CN), congruent shifting (CS), neutral
non-shifting (NN), neutral shifting (NS), incongruent non-shifting (IN), and incongruent
shifting (IS). On each trial, a fixation cross appeared for 100ms, followed by stimulus
presentation for 400ms, followed by an ITI of 1350ms during which a fixation cross was
displayed. Responses were collected during all phases of the trial using an MRI-compatible
button box. Participants received extensive instruction and 96 practice trials before beginning
the task in the scanner, which consisted of 8 blocks of trials from each condition.

Image acquisition
Functional magnetic resonance imaging (fMRI) data were acquired using a 1.5-Tesla General
Electric Signa MR scanner (General Electric Medical Systems Signa, Rev. 5.5, Waukesha,
Wisconsin) paired with a whole-head coil. Functional data were obtained in 4 runs, each
consisting of 150 volumes, using a sequential spiral in-out acquisition sequence for
measurement of blood oxygen level-dependent (BOLD) effects (TR = 1850ms, TE = 40ms,
flip angle = 70°, 64 × 64 matrix, FOV = 240mm). Twenty-three oblique slices of 5mm thickness
were acquired parallel to the plane defined by the anterior and posterior commissures.
Anatomical images were obtained using a Spoiled GRASS sequence consisting of 124 sagittal
slices of 1.5mm thickness.

Statistical analysis
Behavioral data were analyzed using SPSS software (SPSS Inc., Chicago Illinois). Significant
behavioral results are reported using α = .05. Imaging data were analyzed using SPM8 software
(Wellcome Department of Imaging Neuroscience, London, UK) and associated scripts. Before
analysis, the first 6 volumes of each run were discarded to allow for T1 equilibration effects,
leaving 144 volumes per run. Functional volumes were screened for outliers, defined as
volumes with a mean global signal greater than 3 SDs from the global mean of the 4 runs
combined, which were replaced with an average of the immediately preceding and succeeding
volumes. Most participants had no such outliers, and a maximum of 1% of volumes were
replaced for any participant. Functional volumes were then corrected for slice time acquisition
and motion-corrected by realignment to the first functional volume. The anatomical image was
coregistered to the first functional volume and normalized to Montreal Neurological Institute
(MNI) space using a standard T1 template image with 2mm3 voxels. The normalization
parameters determined from the anatomical image were applied to the functional volumes,
which were then smoothed with a 6mm isotropic Gaussian kernel. Condition effects for the 6
stimulus conditions were estimated using box-car regressors convolved with a canonical
hemodynamic response function. Unless otherwise specified, all results reported at the whole-
brain level are from group-level, random-effects analyses using a False Discovery Rate (FDR)
corrected threshold (Genovese, et al., 2002) of p = .05 with a cluster size greater than k = 9.
This cluster size was chosen to exclude clusters smaller than 1 voxel in acquired space. FDR
correction was chosen in order to maximize the potential for detecting regions potentially
related to either shifting or inhibition to be carried forward into region of interest (ROI)
analyses, while still controlling the rate of false positive activations. Because the ROI analyses
involve comparisons across all conditions (not only those used in defining the ROI), these
follow-up analyses additionally reduce the potential for false positives to be interpreted as
meaningful. It should be noted that not all of the ROI comparison criteria applied are
independent of the contrasts used to identify the ROIs (Kriegskorte, et al., 2009); we have noted
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such cases when they occur and the contrasts used to identify each ROI are provided in Table
1. ROI analyses were conducted with an alpha level of .05; where we refer to equivalence
between two conditions in an ROI, the conditions did not differ at this statistical threshold.
Conjunction analyses were performed using the conjunction null hypothesis (Nichols, et al.,
2005). Large clusters of activation from the whole-brain analyses were decomposed into
regions of interest for further analysis by identifying the intersection of the functional cluster
and anatomical subregions (Brodmann areas) within the cluster extent. Anatomical regions
were identified using the WFU PickAtlas tool (Maldjian et al., 2004; Maldjian et al., 2003)
with a 3-dimensional dilation of 1 voxel. Regions of interest were identified as a 6mm-radius
sphere surrounding the voxel of peak activation within each anatomical area. Each ROI
encompassed approximately 113 voxels, with some ROIs truncated by boundaries of the brain.
Gray matter regions are reported with MNI coordinates and Brodmann areas (BA) for
reference.

RESULTS
Behavioral Results

Accuracy and median reaction times (RTs) for performance in each condition of the global-
local task are reported in Figure 2. Accuracy and median RTs for performance in each condition
of the global-local task were examined via separate repeated-measures ANOVAs using
congruency (3) x shifting (2) as factors. Significant main effects of congruency showed that
performance was faster, F(2, 32) = 66.80, MSE = 2941, p < .001, η2 = .81, and more accurate,
F(2, 32) = 43.81, MSE = .002, p < .001, η2 = .73, during congruent trials than incongruent
trials. Significant main effects of shifting showed that performance was faster, F(1, 16) = 90.48,
MSE = 3852, p < .001, η2 = .85, and more accurate, F(1, 16) = 28.26, MSE = .002, p < .001,
η2 = .64, for non-shifting trials than for shifting trials. These main effects were modified by
Congruency x Shifting interactions, such that trials involving both shifting and incongruent
stimuli were the slowest, F(2, 32) = 31.88, MSE = 1434, p < .001, η2 = .67, and least accurate,
F(2, 32) = 12.68, MSE = .002, p < .001, η2 = .44.

Inhibition, shifting, and facilitation effects were calculated by comparing the median RT for
the appropriate baseline (either NN or NS) to each condition of interest. The inhibition effect
(IN – NN: M = 68, SD = 50) was smaller than the shifting effect during neutral trials (NS –
NN: M = 105, SD = 43), t(16) = 3.46, p = .003. Furthermore, the inhibition effect was
statistically equivalent when measured relative to the neutral non-shifting baseline (IN – NN:
M = 68, SD = 50) and the congruent non-shifting baseline (IN – CN: M = 72, SD = 53), t(16)
= 0.42, p = .68. The shifting effect was present during congruent trials (CS – CN: M = 50,
SD = 60), t(16) = 3.45, p = .003, but was smaller than during neutral trials (NS – NN: M = 105,
SD = 43), t(16) = −4.41, p < .001. As indicated by the above interaction, the combined effect
of inhibition and shifting (IS – NN: M = 263, SD = 105) was over-additive. A facilitation effect,
in which congruent trials were faster than neutral trials, was observed in the shifting conditions
(NS – CS: M = 59, SD = 54), t(16) = 4.53, p < .001, but not in the non-shifting conditions (NN
– CN: M = 4, SD = 40), t(16) =0.42, p = .68. Although not a focus of the study, there was a
reliable global precedence effect in median reaction times (global: M = 689, SD = 127, local:
M = 715, SD = 113), t(16) = 4.11, p = .001, which was about one-third the size of the inhibition
effect and one-fourth the size of the shifting effect.

Imaging Results
Regions common to inhibition and shifting—In order to identify regions that may be
active in both inhibition and shifting processes, main effects of shifting and inhibition were
examined (Table 1). Both analyses resulted in highly similar maps. The conjunction of these
main effects can be observed in Table 1 by examining those areas that express main effects of
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both inhibition and shifting. Main effects of shifting were calculated across all shifting
conditions (CS, NS, and IS) versus all non-shifting conditions (CN, NN, and IN). Because the
inhibition conditions involved comparisons across three levels, the main effect is reported as
two simple effects, representing activations greater in the incongruent conditions (IN and IS)
than in the neutral conditions (NN and NS) or the congruent conditions (CN and CS). At the
whole-brain level (thresholded at FDR = .05), no voxels exhibited an interaction between
inhibition and shifting in the full factorial model, nor were any voxels above-threshold in the
direct contrast of simultaneous inhibition and shifting (IS) with the additive effect of inhibition
only and shifting only (IN and NS). However, because the main effects of both inhibition and
shifting are driven in part by the inclusion of the simultaneous inhibition and shifting (IS)
condition, results from this condition compared to the neutral non-shifting condition (IS > NN)
were also examined (Table 1; Figure 3A). Regions of activation in this contrast and in the
conjunction of the main effects included bilateral activations in the ACC (BA 32), dorsolateral
prefrontal cortex (DLPFC, BA 9 and 46), medial regions of the inferior frontal gyrus (BA
45/47) extending into the insula, and the IPL (BA 7 and 40).

Regions preferential for inhibition or shifting—In order to identify regions that
displayed preferential activation during inhibition compared to shifting, and vice versa, the
inhibition only (IN) and shifting only (NS) conditions were directly compared to one another
(Table 1 and Figure 3B). In the inhibition preferential contrast (IN > NS), several regions of
activation were observed, including regions of the right VLPFC (BA 45/47) and bilateral
temporal-parietal junction (TPJ, BA 22 and 39). For the shifting preferential contrast (NS >
IN), a single region of activation was observed in the left IPL (BA 7). When a less stringent
threshold was applied (uncorrected p = .005, k = 9), the spatial extent of this left parietal region
increased and activations were observed in the right IPL (BA 7) and in left DLPFC (BA 46).

Region of interest analyses—The above whole-brain analyses revealed regions that were
active during inhibition, shifting, or both. However, each contrast or main effect, when viewed
independently, may obscure important information about the processes subserved by the active
regions. Regions identified in the above comparisons may include regions that are primarily
sensitive to task difficulty. Furthermore, the main effects and the inhibition plus shifting (IS >
NN) contrast may include regions that are preferential to inhibition or to shifting (because of
the inclusion of the simultaneous inhibition and shifting condition in both main effects). The
peak voxels identified in all of the above contrasts (listed in Table 1) were therefore used to
define regions of interest (ROIs) to be further interrogated. Within each ROI, the beta values
associated with each condition were extracted for each participant and the mean beta value per
condition was calculated (Figure 4). These mean beta values were subjected to paired t-tests
(α = .05), comparing the NN, IN, NS, and IS conditions (Table 1). If the mean beta value was
significantly greater for inhibition only (IN) than for shifting only (NS), the ROI was labeled
as being preferential for inhibition; if greater for shifting only than for inhibition only, the ROI
was labeled as preferential for shifting. Regions that did not differ significantly (at α = .05) for
inhibition only and shifting only were labeled as being equivalently involved in inhibition and
shifting. A summary of these ROI results is displayed in Figure 5. Because this comparison is
not independent of the contrasts used to identify some ROIs (IN > NS and NS > IN, see Table
1), it is important to examine multiple criteria in determining whether a region is preferential
for a given process (Kriegeskorte, et al., 2009).

Two criteria may be applied in determining whether activation within a given region was
preferential to inhibition or to shifting. The strong criterion requires that all of the following
conditions be met for a region to be considered selective to inhibition: a) activation in the
inhibition only condition (IN) must be significantly greater than activation in the shifting only
condition (NS), b) activation in the inhibition only (IN) condition must be significantly greater
than in the neutral non-shifting baseline (NN), c) activation in the shifting only (NS) condition
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must not be significantly greater than in the non-shifting baseline (NN), and d) activation in
the condition involving simultaneous inhibition and shifting (IS) must not be significantly
greater than that for inhibition alone (IN). Comparisons involving no significant difference are
limited by the power of our study. For a region to be selective to shifting, the corollaries to the
above conditions must all be met. A second, weak, criterion may also be applied, requiring
only that the first of the above four conditions be met. However, note that this first criterion is
not independent of the method used to identify all ROIs (see Table 1). According to the strong
criterion, only five regions were selective to inhibition, namely two distinct regions within the
right middle frontal gyrus (BA 6/8 and 9), and regions in the right superior frontal gyrus (BA
10), right inferior parietal lobule (BA 40), and the left cerebellum. However, the regions that
met the strong criterion did not include the right inferior frontal gyrus, a region implicated in
inhibition by many prior studies (Aron et al., 2004b). Several foci within the right inferior
frontal gyrus did meet three out of four conditions, lacking only significantly greater activation
in inhibition alone (IN) compared to baseline (NN). Studies of inhibition often compare
activation in this region to a congruent condition rather than to a neutral baseline; indeed, when
compared to the congruent non-shifting condition (CN), activation during inhibition (IN) was
greater in all of the foci within the right inferior frontal gyrus. The neutral baseline potentially
invokes perceptual inhibition despite the lack of response inhibition; hence, the congruent non-
shifting condition may provide a reference by which both perceptual and response inhibition
can be ruled out. As indicated in Table 1 and Figure 5, a large number of other regions within
the prefrontal cortex, the parietal lobe, and the temporal-parietal junction displayed preferential
activation during inhibition according to the weak criteria. Although a few inhibition-related
activations were observed in the left hemisphere, inhibitory processing was biased toward
right-lateralized regions. No regions displayed a pattern of activation that met the strong
criterion for being selective to shifting. However, four regions, three of which were in the left
hemisphere, did meet the weak criteria, and were therefore labeled as being preferential to
shifting. All of these regions exhibited greater activation in the simultaneous inhibition and
shifting (IS) than in the neutral shifting (NS) conditions, but met the other three criteria for
being selective to shifting. These regions were in the left (two separate clusters) and right
inferior parietal lobe (BA 7, including the precuneus) and in left DLPFC (BA 46).

Facilitation effects—To investigate the effects of facilitation within the ROIs identified as
part of the executive control network, results from the congruent non-shifting versus neutral
non-shifting (CN > NN and NN > CN) and congruent shifting versus neutral shifting (CS >
NS and NS > CS) contrasts were examined (Table 2). Facilitation effects were observed in
both directions, with congruent conditions showing greater activation than neutral baselines in
some cases, and less activation than neutral baselines in others. Notably, prefrontal regions,
including right VLPFC (BA 47), right DLPFC (BA 46), and MFC (right BA 8 and left BA 6),
only displayed the pattern of congruent activation being greater than the neutral baseline.
Parietal regions, including the precuneus (BA 7) and inferior parietal cortex (BA 40), displayed
both patterns of activation. When restricted to ROIs (p = .001), there were no above-threshold
voxels for neutral non-shifting greater than congruent non-shifting (NN > CN). These results
were observed only when restricting the analyses to the ROIs identified in the inhibition and
shifting analyses; when the main effect of facilitation (congruent conditions versus neutral
conditions) was examined at the whole-brain level, no voxels survived the FDR-corrected p
= .05 threshold.

DISCUSSION
The present study was designed to provide a well-controlled direct comparison between
inhibition and shifting component processes of executive control, with the aim of determining
the extent to which the neural underpinnings of these control processes are shared or selective.
We identified criteria sets by which regions of activation could be labeled as selective

Hedden and Gabrieli Page 7

Neuroimage. Author manuscript; available in PMC 2011 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(exclusively engaged by either inhibition or shifting), preferential (engaged by both inhibition
and shifting but significantly more so by either inhibition or shifting), or common to inhibition
and shifting (engaged by both processes and not significantly differentially engaged). We found
(1) five regions that were exclusively recruited during inhibition and not at all during shifting;
(2) additional regions preferentially recruited during inhibition, but also recruited during
shifting; (3) a few regions preferentially recruited during shifting, but also recruited to during
inhibition; (4) many regions recruited to a similar extent during both inhibition and shifting;
and (5) regions that, despite showing increased activation for inhibition and/or shifting, also
showed increased activation during facilitation.

Behavioral results and potential impact of task demands
The reaction time data showed an increasing level of difficulty as inhibitory and shifting
demands were required and combined. The behavioral shifting effect was somewhat larger
than the inhibition effect, but this does not present a confound for the neural results where
inhibition-related processing resulted in greater activation in more regions than did shifting-
related processing. Behavioral facilitation effects were present only under circumstances when
shifting was required.

Comparison of the neural circuitry of inhibitory and shifting control processes depends upon
how precisely task and behavioral factors are controlled. Prior studies making this comparison
either (1) used different tasks for the two kinds of control processes, making it difficult to know
if the observed brain differences reflected differences in control processes per se or instead
reflected multiple other differences in task demands or (2) had large performance differences
between the two kinds of control processes, making it difficult to know if brain differences
reflected differences in control processes per se or instead differences in task difficulty (Barber
and Carter, 2005; Brass and von Cramon, 2004; Collette et al., 2005; Derrfuss et al., 2005;
Derrfuss et al., 2004; Konishi et al., 1999; Sylvester et al., 2003). In the current study, we used
a task paradigm with common features across conditions. From the participants’ perspective,
they were performing a single task with one compound rule: identify the letter presented in the
selected stimulus dimension (global or local), with the selected dimension being determined
by the color of the stimulus. Although shifting costs were larger than inhibition costs
behaviorally (RTs), these differences went against the strongest dissociations we found (i.e.,
the most compelling dissociations involved regions selective or preferential for inhibition).
This apparent dissociation between behavioral and activation data suggests that the
involvement or recruitment of additional brain regions may, in some cases, support efficient
processing as well as representing the engagement of additional cognitive processes.

Neural systems common to inhibition and shifting
One of the most striking results from this comparison of the control processes invoked by
inhibition and shifting is the large amount of overlap between the networks involved in these
two component processes (as seen in the conjunction of the main effects of shifting and
inhibition). These common regions encompassed an extensive and robust network of prefrontal
(including DLPFC, VLPFC, and the ACC), parietal, and basal ganglia regions. In other studies
of attention using the global-local paradigm, the role of the ACC (BA 32) in conflict monitoring
during incongruent trials has been emphasized (Weissman et al., 2003; Weissman et al.,
2005; Weissman et al., 2006). The current results suggest that the ACC is equivalently engaged
by conflicts that occur during inhibition and shifting processes. Even for those regions labeled
as being preferential to inhibition or shifting, some activation related to the other process was
observed in the vast majority of regions. Rather than relying on distinct brain regions, it appears
that these control processes are primarily subserved by the same network of regions. This
substantial overlap places the current results within a larger context of recent reviews, meta-
analyses, and theoretical accounts that have implicated a prefrontal-parietal network in process-
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general accounts of executive control, despite generalizations across task domains.
Furthermore, the lack of any above-threshold voxels in the interaction of inhibition and shifting
indicates that although these common regions are involved in both inhibition and shifting, they
do not exhibit over-additive activation during simultaneous shifting and inhibition. This stands
in contrast to the behavioral results, in which an over-additive effect of reaction time was
observed. These results may indicate that although the same regions are involved in both
inhibition and shifting, the absolute level of activation is less informative than their interaction
with regions that are selective to or preferential for each process. That is, the behavioral
interaction may be observed in part because the common regions must share information
processing with multiple sets of regions when inhibition and shifting are simultaneously
required.

Neural systems for inhibition
Applying a set of strong criteria, the results provide robust evidence for five regions that were
selectively recruited during inhibitory processing in right middle frontal gyrus (BA 6/8 and 9;
two clusters), right superior frontal gyrus (BA 10), right inferior parietal lobule (BA 40), and
the left cerebellum. Notably, all the prefrontal and parietal regions that met the strong criterion
were right-lateralized (and the left cerebellum through crossing fibers, is connected to the right
cortical hemisphere), suggesting a right-hemisphere bias for inhibitory processing (even for
the verbal stimuli used in this study). Other inhibitory-preferential regions identified using less
stringent criteria included the right inferior frontal gyrus and the striatum. Although several of
these regions have been previously implicated as preferential for inhibition (e.g., Sylvester et
al., 2003) the present results are able to distinguish between selective and preferential regions
free from task and difficulty confounds and also provide a more comprehensive set of
inhibition-related regions. It should be noted, however, that some of the regions meeting only
the weak criterion for being preferential to inhibition (or to shifting) were identified on the
basis of contrasts that were not independent from the classification criterion (Kriegeskorte, et
al., 2009); hence, the role of these regions in the preferential process should be considered in
the context of prior results and confirmed in independent datasets.

The inhibitory processing required in the current paradigm involved inhibition of competing
stimulus dimensions and their associated responses. There may be several possible types of
inhibition, each of which may rely on a slightly different set of neural regions (Friedman and
Miyake, 2004; Nee et al., 2007). For example, a study investigating inhibition of prepotent
responses (Go/No-Go task), inhibition of competing perceptual properties (Flanker task), and
inhibition of stimulus-response mappings (stimulus-response compatibility task), found that
although all tasks produced activation in several regions (including ACC, caudate, DLPFC,
and parietal cortex), each task also activated unique regions in frontal, striatal, and parietal
regions (Nee et al., 2007). Such findings suggest that there is a core system responsible for
inhibitory processing, but that some regions may interact differentially depending upon the
specific inhibitory requirements. To the extent that inhibition involves multiple sub-processes,
it may be more likely that inhibition-selective regions will be identified in comparisons with
other types of executive processes.

Neural systems for shifting
No brain region was activated exclusively for shifting relative to inhibition, but applying the
less stringent criteria, four brain regions were identified as preferential during shifting relative
to inhibition. The strongest evidence for a shifting preferential region implicated the left IPL
(BA 7), a region repeatedly implicated in studies of task-shifting (Badre and Wagner, 2006;
Bode and Haynes, 2009; Forstmann et al., 2006; Leber et al., 2008; Rossi et al., 2009; Slagter
et al., 2006; Wager et al., 2004, 2005; Yeung et al., 2006). However, because all of the shifting-
preferential regions, including left IPL, were also engaged during inhibition alone (IN)
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compared to the neutral baseline (NN), these results suggest that shifting may not be a process
entirely separable from inhibition. Inhibition may be a lower-level component process that is
required to carry out the deactivation of the no-longer-relevant rule set during the higher-level
process of shifting (Dreher and Berman, 2002; Robbins, 2007). This possibility has been
supported by results from a comparison of response inhibition during a Go/No-Go task and
during set shifting in the Wisconsin Card Sorting Task, in which a similar region of activation
in the right VLPFC (BA 44/45) was observed during both task domains (Konishi et al.,
1999). It is also possible that because participants were shifting between attentional foci, rather
than between rule sets, the shifting involved in this task fundamentally differs from that in
studies of task switching (Ravizza and Carter, 2008). However, the similarity of the neural
regions observed here to those seen in prior studies and the greater shift cost than inhibitory
cost indicate that this attentional shifting manipulation required substantial mental effort of the
sort also required in shifting between goals. In a study that compared shifting between task
goals and shifting between stimulus features, minor differences were found, indicating that
although it may not be possible to fully generalize across the two types of shifting, there is
substantial overlap in the neural substrates of shifting processes (Ravizza and Carter, 2008).
In another study comparing external to internal shifts of attention and shifts between objects
and between attributes of the same object (Wager, et al., 2005), substantial overlap between
types of shifting was also observed (particularly in the left parietal lobe), although the different
types of shifting were preferentially associated with different areas in the prefrontal cortex.
These results suggest that shifting may to some extent be a heterogeneous process, requiring
more detailed study to determine how various types of shifting may relate to the neural bases
of inhibition.

Facilitation
The results from the facilitation conditions in this study provide constraints on theories
regarding the role of various regions during inhibitory processing. That is, if neural activation
mirrors behavior, as in studies of repetition priming (Henson, 2003), a region thought to be
selectively involved in inhibitory processing should not display increased activation during
facilitation conditions, as facilitation may be viewed behaviorally as an inverse of inhibitory
processes and would be expected to involve reduced activations relative to baseline in control-
related regions. However, findings regarding facilitative stimuli have rarely been reported, with
some studies finding decreased activation and others reporting increased activation during
facilitation (Carter et al., 1995; Cohen Kadosh et al., 2008; Weissman et al., 2005). In the
present study, ROIs in the right VLPFC (BA 44, 45, and 47), a region often implicated in
inhibitory control (Aron et al., 2004b), displayed greater activation when processing facilitative
stimuli under some conditions (specifically, CS > NS). This result is not compatible with an
interpretation that right VLPFC is selective to inhibitory control, and instead suggests that
VLPFC may be engaged whenever multiple information channels contain potentially relevant
information that must be selected for continued processing. In the present study, each stimulus
dimension (global and local) represents a potentially relevant information channel. In the
neutral conditions (e.g., a large S made of small Os), no relevant “signal” (in the sense of
possessing a response mapping) is carried by one channel; while in the facilitation conditions
(e.g., a large H made of small Hs), both channels carry a relevant signal, albeit the same signal
is carried over both channels. In keeping with this possibility, a homologous region in left
VLPFC (BA 44) that has been implicated in selection processes also displayed activation
during both inhibitory and facilitative processing (Badre et al., 2005; Thompson-Schill et al.,
2005; Thompson-Schill et al., 1997). A number of other ROIs in the prefrontal-parietal network
(BA 6, 8, 40) displayed activation during facilitative processing as well as during inhibition,
suggesting that selection processes may be subserved by multiple regions within this network.
No ROIs displayed a significant pattern of monotonically increasing activation from congruent
to incongruent trials (CN < NN < IN or CS < NS < IS), ruling out explanations that activation
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within these regions simply tracks behavioral reaction times or task difficulty. One limitation
of the current results is that the facilitation effects were observed only within ROIs identified
by the inhibition and shifting analyses and were not obtained at the whole-brain level.

Only inclusion of a facilitation condition can reveal whether activation is driven by inhibitory
demands (in which case facilitation would lead to reduced activation) or by the number of
response cues present in a stimulus independent of whether there are inhibitory demands (in
which case both facilitation and inhibition would provoke activation). Thus, activation in some
prefrontal and parietal areas often associated with inhibition may be better interpreted as
indexing to the number of response-salient cues in a stimulus, whether those cues are inhibitory
or facilitating, rather than inhibition per se. Similarly, inclusion of a facilitation condition may
be informative with regard to shifting processes, because regions selective for shifting should
not exhibit activation during facilitative processing unless shifting processes are
simultaneously invoked.

In summary, the results suggest that a largely unified network of prefrontal and parietal regions,
along with areas within the basal ganglia, subserves executive control processes of inhibition
and shifting and are involved whenever potentially relevant information must be selected from
multiple information channels. However, these regions may be preferentially invoked by
inhibition or shifting processes, and a few regions may be invoked selectively by inhibitory
processing. It remains to be seen how these preferential regions fit within proposed schemes
of hierarchical control processes (Banich, 2009; Koechlin et al., 2003) and whether these
regions show their component-specific processing in isolation or in conjunction with other
regions, in other task domains, or in comparisons with other component processes. Additional
research into the activation patterns associated with facilitation may further illuminate the
extent to which specific regions are selective to inhibitory processing or are reactive to selection
among multiple response cues, thereby providing additional constraints on theories involving
component processes of executive control.
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Figure 1.
Examples of stimuli used in each condition. Stimuli were hierarchical colored letters (H, S,
and O) with a larger (global) letter made up of smaller (local) letters. Each stimulus represents
a single trial; groups of stimuli represent block types. Each block consisted of 12 stimuli. Each
block could either involve shifting between the global and local levels, as cued by the stimulus
color, or responding only to one level (non-shifting). Stimuli could be congruent (the global
and local levels prompt the same response), neutral (one level has no associated response), or
incongruent (the two levels prompt opposing responses). Congruent trials involve facilitation,
while incongruent trials involve inhibition of the non-attended level. The six block types were
therefore: congruent non-shifting (CN), congruent shifting (CS), neutral non-shifting (NN),
neutral shifting (NS), incongruent non-shifting (IN), and incongruent shifting (IS).
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Figure 2.
Reaction times for each condition averaged across individuals. Median reaction times were
calculated for each individual after trimming all responses greater than 2.5 SD from the
individual’s mean. Accuracy scores (mean proportion correct) for each condition are indicated
above each bar. Light bars indicate non-shifting conditions, dark bars indicate shifting
conditions. Trial type abbreviations are: congruent non-shifting (CN), congruent shifting (CS),
neutral non-shifting (NN), neutral shifting (NS), incongruent non-shifting (IN), and
incongruent shifting (IS).
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Figure 3.
A) Activations during simultaneous inhibition and shifting. Activations are shown from the IS
> NN contrast. B) Activations preferential to inhibition or shifting. Inhibition-preferential
activations (IN > NS) are displayed in the red-yellow spectrum; shifting-preferential
activations (NS > IN) are in blue. The arrow indicates the one above-threshold cluster that was
preferential to shifting. In both panels, results are displayed with an FDR-corrected threshold
of p = .05, k = 9.
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Figure 4.
Mean beta values in each condition for example ROIs. Top left: Left middle frontal gyrus (BA
6, defined from IS > NN contrast) exhibited a pattern common to both inhibition and shifting,
with additionally increased activation during simultaneous inhibition and shifting (IS). Top
right: Left inferior parietal lobe (BA 7, defined from NS > IN contrast) exhibited a pattern of
activation preferential for shifting. Bottom left: Right inferior frontal gyrus (BA 47, defined
from IN > NS contrast) exhibited a pattern of activation preferential for inhibition. Activation
during the congruent shifting (CS) condition was equivalent to that in the incongruent non-
shifting (IN) condition. Bottom right: Right middle frontal gyrus (BA 9, defined from IN > NS
contrast) exhibited an activation pattern consistent with selectivity for inhibition. Light bars
indicate non-shifting conditions, dark bars indicate shifting conditions. Trial type abbreviations
are: congruent non-shifting (CN), congruent shifting (CS), neutral non-shifting (NN), neutral
shifting (NS), incongruent non-shifting (IN), and incongruent shifting (IS). Error bars represent
average within-subject SE. MNI coordinates (in brackets) indicate the peak voxel of each ROI.
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Figure 5.
Summary of region of interest results. ROIs with equivalent activation for inhibition and
shifting (IN = NS) are shown in green, ROIs preferential for inhibition (IN > NS) are shown
in red, and ROIs preferential for shifting (NS > IN) are shown in blue. Classifications were
derived from paired t-tests within each ROI, as described in Table 1.
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