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Abstract 

Two substantive challenges face any attempt to study task switching with neuroimaging 

methods. The first challenge is practical: Task switching is by essence a rapid and dynamic 

process, but neuroimaging methods almost exclusively rely on slowly-evolving hemodynamic 

measures of activity in static brain regions. The second challenge is conceptual: It is not 

always obvious how to translate the claims and terminology of cognitive and computational 

theories into clear and testable predictions about brain activity. In this chapter, we review 

methods and findings of studies that have attempted to address these important challenges. 

We conclude, with some optimism, that neuroimaging studies have provided valuable 

evidence on three core issues in task switching research: the cause of the behavioural cost 

associated with task switching, the degree to which task switching represents a coherent 

domain of study, and the extent to which different forms of task switching involve dissociable 

mechanisms. Looking to the future, we suggest that neuroimaging has substantial promise in 

linking task switching research to broader themes and issues in cognitive neuroscience. In 

this spirit, we identify shared methods and findings in task switching research and in the 

study of ‘retrieval sets’ in long-term memory, which collectively indicate the value of adopting 

a broader conception of task sets to incorporate the control of long-term memory processes. 

 

1. Introduction 

Discussions of the contributions of neuroimaging research to psychology have 

emphasised two distinct but related aims: to identify the neural basis of cognitive processes 

and, conversely, to use emerging neuroimaging data to inform cognitive theories (Coltheart, 

2004; Henson, 2005; Poldrack, 2006). In this chapter we review progress toward these aims 

in functional magnetic resonance imaging (fMRI) studies of task switching. In common with 

most cognitive neuroscience research, we take localization of function in the brain to be a 

necessary foundational step, but our real focus is the use of neuroimaging data to shed new 

light on the cognitive mechanisms of task switching. We therefore begin with a brief overview 

of brain regions that are consistently activated during task switching—presenting a new 

meta-analysis of 34 published fMRI studies—but devote the bulk of the chapter to an 
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exploration of the implications of these neuroimaging findings for current theories of 

cognitive control in task switching. 

Our discussion addresses four questions. The first is whether neuroimaging evidence 

supports theories emerging from behavioural studies of task switching. We focus in 

particular on the developing consensus that the switch cost—the drop in performance seen 

when people switch tasks as compared to repeatedly perform the same task—reflects a 

complex interplay between top-down cognitive control and competitive interactions between 

tasks (Kiesel et al., 2010; Monsell, 2003; Vandierendonck, Liefooghe, & Verbruggen, 2010). 

The second question is whether neuroimaging evidence provides support for the often-

implicit assumption that “task switching” represents a coherent area of study—i.e., that 

common mechanisms or common organisational principles govern task switching regardless 

of the particular tasks involved. The third question, in contrast, is whether consistent 

dissociations are observed among different forms of task switching, for example switching 

between perceptual attributes versus switching between different sets of potential 

responses. The fourth, more exploratory, question is whether switching of “retrieval set” in 

long-term memory—for example, when switching from remembering the name of a recent 

acquaintance to trying to remember where you first met them—shares principles and 

mechanisms with task switching as more traditionally studied. The goal of this section is to 

draw parallels between two research fields—on memory and cognitive control—that are 

typically treated separately but that promise to be mutually very informative. 

A note on methodology 

Before embarking on our main discussion, we first note that there are important 

challenges in translating theories and methods developed from reaction time (RT) studies 

into workable hypotheses and experiments for neuroimaging research. Our concerns are 

practical rather than existential: We disagree with those who claim that neuroimaging is of 

limited relevance to cognitive psychology (Coltheart, 2006; Page, 2006), and are broadly 

optimistic about the value of fMRI in providing an additional dependent measure to 

experimental psychologists (Henson, 2005), in particular one that can directly index 

behaviorally silent processes of task preparation that are the hallmark of top-down 

intentional control (cf. Ruge, Jamadar, Zimmermann, & Karayanidis, 2011).  

Nonetheless, fMRI is not naturally suited to measuring rapid and flexible behavioral 

switching, given its poor temporal resolution: fMRI experiments almost exclusively measure 

the blood oxygenation level dependent (BOLD) response, which can pinpoint the location of 

activity to within a few millimeters but which unfolds sluggishly over several seconds as 

blood flow increases to active neural tissue. As such, these experiments typically use inter-

event intervals of several seconds—to allow separation of successive BOLD responses—
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rather than a few hundred milliseconds as is common in RT studies. This difference 

complicates any attempt to relate behavioral and neuroimaging findings: Effects observed in 

fMRI data may be peculiar to the design of the studies, for example reflecting increased 

working memory demands when subjects must remember for a few seconds on each trial 

which task they were instructed to perform. More troubling still, the very nature of a ‘task 

set’—the configuration of mental resources needed to process information and respond 

according to current task goals—may be significantly altered in slow-paced designs: 

Subjects might have little incentive to create a stable task set if they will only perform one 

trial of that task in the next several seconds. They might instead treat each trial as a distinct 

event, so that all trials effectively become switch trials (or, more accurately, restart trials; 

Allport & Wylie, 2000, see also Chapter ALTMANN, this volume), thus diminishing the 

contrast between task switch and repeat trials that is the essence of most task switching 

experiments. 

Neuroimaging studies of task switching must therefore compromise between slow 

pacing to allow separation of BOLD responses and fast pacing to capture the rapid switching 

processes of theoretical interest. With this tension in mind, we now turn to a meta-analysis of 

methods and results of studies that have attempted to solve this conundrum. 

2. Meta-analysis of methods and results 

Figure X.1 presents the results of an activation likelihood estimation (ALE) meta-

analysis of 34 fMRI task switching studies (see bibliography for details). The analysis made 

use of the GingerALE algorithm, which identifies overlap between foci reported across 

studies by modelling each as a 3-dimensional Gaussian probability distribution (Eickhoff et 

al., 2009). In all of the studies included in the meta-analysis, healthy young-adult subjects 

were presented with a series of stimuli and were asked to switch back and forth between two 

or more pre-defined tasks across trials. This design creates a within-block contrast between 

switch trials (in which the task differs from the one performed on the previous trial) and 

repeat trials (in which the same task is performed on successive trials). Thus, with one or 

two exceptions noted below, these studies focused exclusively on event-related fMRI 

correlates of ‘local’ task switching rather than the block-wise ‘mixing cost’ contrast that 

compares neural activity during task switching against activity observed in contexts in which 

only one task is ever required (see Chapter MARI-BEFFA, this volume). 

 

 -- Insert Figure X.1 about here -- 

 

Almost all studies in our meta-analysis used designs in which each trial began with 

an instructional cue indicating the task to be performed, followed by the imperative stimulus 
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(see Chapter MEIRAN, this volume). Mostly these cues indicated which task should be 

performed, but in some studies they directly indicated whether a task switch or repetition 

was required (Forstmann, Brass, Koch, & von Cramon, 2005; Rushworth, Hadland, Paus, & 

Sipila, 2002). Commonly, subjects performed just one trial of the cued task, but some 

studies used longer runs of trials (see also Chapter ALTMANN, this volume) at least in part 

to encourage subjects to establish stable task sets even with long inter-event intervals 

(Yeung, Nystrom, Aronson, & Cohen, 2006). Less common methodological variants included 

designs in which task order was predictable (Dreher, Koechlin, Ali, & Grafman, 2002; 

Kimberg, Aguirre, & D'Esposito, 2000) or depended on subjects’ voluntary choices 

(Forstmann, Brass, Koch, & von Cramon, 2006; Walton, Devlin, & Rushworth, 2004; see 

also Chapter ARRINGTON, this volume). Among the included studies, various methods 

were used to decorrelate BOLD responses to successive experimental events: using very 

long inter-event intervals (e.g., 11 s between cue and stimulus in MacDonald, Cohen, 

Stenger, & Carter, 2000), introducing temporal jitter—across-trial timing variation—between 

events (Bunge, Kahn, Wallis, Miller, & Wagner, 2003; Crone, Wendelken, Donohue, & 

Bunge, 2006; De Baene & Brass, 2011; Luks, Simpson, Feiwell, & Miller, 2002), or 

presenting occasional trials with a cue but no imperative stimulus (Brass & von Cramon, 

2002). The studies also varied substantially in the particular tasks used: Some required 

subjects to switch between classifications of distinct stimulus types (Wylie, Javitt, & Foxe, 

2006; Yeung, et al., 2006), others between different categorizations of the same stimulus 

type (Forstmann, et al., 2005; Kimberg, et al., 2000; Liston, Matalon, Hare, Davidson, & 

Casey, 2006; Luks, et al., 2002), others between different responses used to signal the 

same overall categorization (Crone, et al., 2006; Dove, Pollman, Schubert, Wiggins, & von 

Cramon, 2000; Pollmann, Dove, von Cramon, & Wiggins, 2000). For now we gloss over 

these and other methodological differences, and similarly ignore the distinction between cue- 

and stimulus-related activity (discussed in more detail below): The meta-analytic results in 

Figure X.1 simply present the broad contrast between switch and repeat trials across all of 

these studies. 

The results reveal that task switching is associated primarily with activity in parietal 

and frontal regions, with a degree of left-lateralization (cf. Kim, Cilles, Johnson, & Gold, 

2011; Wager, Jonides, & Reading, 2004). Parietal and frontal regions have a long-

established association with attention and executive function (Miller & Cohen, 2001; 

Petersen & Posner, 2012) and this large-scale fronto-parietal network very commonly 

activates in situations of high cognitive demand, leading to its labelling as an “executive” or 

“multiple demand” network (e.g., Duncan, 2010). The large activation cluster in left parietal 

cortex stretches from the junction with the temporal lobe (BA39) on the lateral surface, 

through the inferior and superior temporal lobules (BA40 and 7), to the precuneus (BA7) on 
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the medial surface. This left-lateralized activity is mirrored in part by right hemisphere 

clusters in the precuneus (extending inferior and posterior into BA31 and BA19) and superior 

parietal lobule. In frontal cortex, an activation focus extends from the left middle frontal gyrus 

(BA46) through the precentral gyrus (BA6) to the medial surface including dorsal anterior 

cingulate cortex (BA32). Corresponding but somewhat weaker foci are observed in each of 

these regions in the right hemisphere. Smaller frontal activation foci are observed bilaterally 

in the insula (BA13/47), a region often co-activated with anterior cingulate cortex and other 

regions in dorsomedial PFC. Outside of fronto-parietal cortex, activation clusters are evident 

bilaterally in occipitotemporal cortex (BA18/19), likely reflecting the use of visual stimuli in all 

but one of the studies included in the meta-analysis, and in the right cerebellum.  

Collectively these results are consistent with previous meta-analyses that have 

focused on PET as well as fMRI studies (Wager, et al., 2004) and that have included a 

broader range of designs than ‘pure’ task switching (e.g., Wisconsin Card Sorting Task 

studies in Kim, Cilles, et al., 2011, or working memory tasks in Wager et al., 2004). Having 

set the scene with this descriptive summary of typical neuroimaging findings, we now turn to 

interpretation and finer dissection of these results. 

3. Neural correlates of switch costs 

The main behavioural index of task switching is the switch cost: increased RTs and 

error rates accompanying a change of task. In two influential papers, Rogers and Monsell 

(1995) and Allport et al. (1994) put forward distinct explanations of this cost. According to 

Rogers and Monsell (1995), the switch cost reflects ‘reconfiguration’ of cognitive resources 

into a new task set. As formalized by Rubinstein et al. (2001), for example, task processing 

on switch trials is postponed while control processes of shifting the task goal and activating 

new stimulus-response associations are completed. On this account, the RT switch cost 

directly reflects the time taken to complete these reconfiguration processes. Allport et al. 

(1994) claimed otherwise, arguing that task performance is prolonged rather than postponed 

by task switching. Specifically, they claimed that task processes are performed less 

efficiently on switch trials because of competitive interactions between the new task and 

tasks just performed: ‘Inertia’ of the previous task set interferes with the formation of a new 

one. On this view, the switch cost indexes a failure to form an effective task set, rather than 

indexing the successful completion of that process. Many theorists now propose that task 

switching reflects both reconfiguration and between-task competition (Kiesel, et al., 2010; 

Vandierendonck, et al., 2010). Of interest here is whether neuroimaging evidence supports 

this conclusion. 
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Switch vs. repeat contrasts 

A minimal neuroimaging prediction of all current theories is that neural activity should 

differ between switch and repeat trials, reflecting the need for reconfiguration and/or 

increased between-task competition when switching tasks. The meta-analysis results 

presented above certainly support this first-order prediction, but closer inspection reveals 

that pooling data in this way tends to mask inconsistency across individual studies. Thus, 

despite the robustness of the behavioural switch cost, and the fact that EEG studies 

consistently find switch-related effects (see Chapter KARYANIDIS, this volume), a notable 

minority of fMRI studies have failed to find differences between activity on switch and repeat 

trials (Brass & von Cramon, 2002, 2004; Bunge, et al., 2003; Luks, et al., 2002; Ruge et al., 

2005). Indeed, according to a recent review, only half of fMRI studies looking at cue-related 

neural activity—when subjects are presumed to engage in active task-set reconfiguration—

find greater activity in switch compared to repeat trials (Ruge, et al., 2011). 

Various factors might contribute to these surprising null results. FMRI as a measure 

might simply lack sensitivity to the effects of interest. More likely, the slow-pacing of fMRI 

designs may reduce the psychological distinction between switch and repeat trials. First, as 

noted above, the presence of long inter-event intervals might discourage subjects from 

forming stable task sets. Second, compounding this effect, many studies have included a 

high frequency of switch trials which, paradoxically, may reduce the ability to find switch-

related activity: Under these conditions, subjects come to expect and differentially prepare 

for task switches, reducing the difference between switch and repeat trials (Monsell & Mizon, 

2006). Consistent with this analysis, many of the studies failing to find switch-related activity 

have included switches on ≥50% of trials (e.g., Brass & von Cramon, 2004; Crone, et al., 

2006), while studies reporting robust differences had few switches (e.g., 20 switch and 125 

repeat trials in a study by Dove, et al., 2000). Finally, the use of long cue-stimulus intervals 

(CSIs) may allow subjects to prepare so well for task switches that these trials become 

indistinguishable from repeat trials (Ruge, et al., 2011). However, although it is true that 

some studies find switch-repeat differences when CSI is short but not when it is long (Brass 

& von Cramon, 2004; Ruge, et al., 2005), switch-repeat contrasts have produced null results 

even in studies using very short or zero CSIs, and even when a lenient statistical criterion is 

used (Gruber, Karch, Schlueter, Falkai, & Goschke, 2006). Therefore, while the general rule 

is that task switching is associated with activation in frontal and parietal cortex, there are 

many exceptions to the rule—and perhaps predictably so given the design constraints of 

fMRI task switching research. 
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Task-set reconfiguration 

Reconfiguration theories explain switch costs as the time needed to complete switch-

specific control processes (Rubinstein, et al., 2001). A basic prediction of these theories is 

that switching should activate regions associated with attention and executive functions, 

such as frontal and parietal cortex. Although straightforward, this prediction is not trivial 

given the suggestion that cued switching designs allow for a compound-stimulus strategy 

that obviates the need for task sets and task switching (Logan & Bundesen, 2003; see also 

Chapter MEIRAN, this volume). It is therefore reassuring that this basic prediction receives 

clear support from our meta-analysis results. 

However, these observations do not provide unambiguous support for the 

reconfiguration theory. First, the prediction of switch-related activity differences is not unique 

to the reconfiguration view; for example, this activity might reflect the increased need to 

prepare for, or react to, increased between-task competition on switch trials. Second, switch-

repeat differences in fMRI data might reflect neural adaptation effects in repeat trials rather 

than additional processes in switch trials (De Baene, Kuhn, & Brass, 2011). Adaptation, or 

repetition suppression, is commonly observed when neural representations are repeatedly 

activated—a physiological-level effect that need not bear any simple relationship to 

concurrent behavioural changes (Grill-Spector, Henson, & Martin, 2006). Thus, perhaps 

counterintuitively, switch-repeat differences could arise because of similarities, rather than 

contrasts, in the patterns of neural activity associated with switching and repeating tasks. 

Consistent with this interpretation, activity in frontal and parietal cortex has been shown to 

reduce gradually with consecutive task repetitions, as if reflecting the gradual accretion of 

adaptation, rather than showing the step-function decrease one would expect if successful 

reconfiguration at a task switch established an effective task set for all subsequent task 

repetitions (De Baene, et al., 2011). 

Current neuroimaging data provide even less support for the strongest and most 

distinctive prediction of reconfiguration theories: that if qualitatively different processes take 

place during switch trials, there should be corresponding switch-specific brain activations 

(i.e., brain regions that are activated on switch trials but, crucially, not on repeat trials). This 

prediction has rarely been borne out empirically: Areas activated during task switching are 

almost always active on task repeat trials as well, just less so. This repeat-trial activation is 

apparent both during task preparation (e.g., Brass & von Cramon, 2004) and task 

performance (e.g., Braver, Reynolds, & Donaldson, 2003; Dove, et al., 2000), throughout the 

entire network of frontal and parietal regions activated during switching (Dove, et al., 2000), 

and even when the probability of task switching is very low (Slagter et al., 2006). It has 

therefore been suggested that similar processes take place in switch and repeat trials, with 

only quantitative differences in the amount or strength of processing required (Kiesel, et al., 
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2010; Ruge, et al., 2011; Shi, Zhou, Muller, & Schubert, 2010). There are some reports of 

exceptions to this general rule, with parietal lobe regions in particular showing some 

evidence of activation that might be limited to switch trials (Barber & Carter, 2005; Chiu & 

Yantis, 2009; Kimberg, et al., 2000), but systematic replication and exploration of these 

scattered findings is currently lacking. 

Between-task competition 

There is much stronger neuroimaging support for the view that switch costs reflect 

task-set inertia, the tendency to continue to activate tasks performed on previous trials 

(Allport, et al., 1994). This hypothesis has been tested by asking subject to switch between 

tasks associated with dissociable brain regions, such as classifications of motion versus 

colour (Wylie, et al., 2006) or of faces versus words (Yeung, et al., 2006). Activity in task-

selective regions can then be used to measure subjects’ attention to each of the tasks as 

they switch between them. Consistent with the task-set inertia hypothesis, switch trials are 

associated with persistent activity in regions selective for previously required but now 

irrelevant tasks, and the strength of this persistent activity predicts the size of the 

behavioural switch cost (Wylie, et al., 2006; Yeung, et al., 2006). This increase in between-

task competition on switch trials is accompanied by activity in the usual network of frontal 

and parietal regions (Yeung, et al., 2006), suggesting that successful switching depends 

crucially on effective monitoring and regulation of between-task competition (Desimone & 

Duncan, 1995; Miller & Cohen, 2001). 

One mechanism for regulating between-task competition is the inhibition of irrelevant 

task sets (Koch, Gade, Schuch, & Philipp, 2010; see also Chapter MAYR, this volume). 

Persuasive evidence of inhibition comes from n-2 repetition effects observed in paradigms in 

which subjects switch between three different tasks (A, B, and C). When comparing ABA 

with CBA trial sequences, subjects perform worse in the final A trial in ABA sequences, even 

though both sequences include equivalent B-to-A task switches (Mayr & Keele, 2000). This 

finding has been interpreted as evidence of “backward inhibition” during switching, such that 

in the ABA sequence, task A is inhibited as part of the initial switch to task B, making it more 

difficult to reactivate task A subsequently. In fMRI, activity in right ventrolateral prefrontal 

cortex is increased on the critical ABA trials (Dreher & Berman, 2002). This area is of 

particular interest given its association elsewhere with situations assumed to involve 

inhibition, such as go/no-go and stop signal tasks in which a prepotent response must be 

withheld (Aron, Robbins, & Poldrack, 2004). The region lies close to, but does not overlap 

with, the right insula activation focus identified in our meta-analysis, such that the 

contribution of inhibitory processes to task switching more generally remains unclear. 

Moreover, the fMRI findings leave open whether the activity identified reflects the application 
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of inhibition or the need to deal with inhibition previously applied. Perhaps consistent with the 

latter interpretation, a recent study found that individual differences in the behavioural 

backward inhibition effect correlated with greater switching-related activity in dorsal premotor 

cortex (BA6) and the basal ganglia, but not in ventrolateral frontal cortex (Whitmer & Banich, 

2012). 

Conclusions 

FMRI correlates of behavioural switch costs are not apparent in all studies, reflecting 

the challenge of studying dynamic switching with the sluggish BOLD signal. Where switch-

repeat differences are apparent, they are widespread across frontal and parietal regions, 

stretching from the mid-lateral to medial cortical surfaces. These differences are typically 

quantitative rather than qualitative in nature—regional activity is increased, but not 

selectively observed, on switch trials—providing little evidence for switch-specific 

reconfiguration processes. Instead, task-set control processes appear to operate on both 

switch and repeat trials, regulating between-task competition that increases during switching 

because of persisting activation and inhibition of recently-performed tasks.  

4. Shared activation patterns 

The preceding section considered whether fMRI evidence complements theories and 

findings emerging from behavioural studies of task switching. The remainder of the chapter 

focuses on questions for which neuroimaging offers a more distinct perspective. The first of 

these is whether any brain regions are active during task switching regardless of the specific 

tasks involved, a question that bears on the broader issue of whether task switching 

represents a coherent domain of study in which common mechanisms and principles 

operate across domains. 

Types of switching 

Current evidence suggests a positive answer to this question. Although no single 

region exhibits switch-related activity in every published task switching study—an 

unreasonably strict criterion given the limitations of fMRI discussed above, together with 

inevitable measurement noise and variability in experimental design and analysis across 

studies—two key regions are consistently activated across studies with very differing 

designs: the inferior frontal junction (IFJ, Brass, Derrfuss, Forstmann, & von Cramon, 2005; 

Brass & von Cramon, 2004) and the superior parietal lobe (SPL, Serences, Schwartzbach, 

Courtney, Golay, & Yantis, 2004; Yantis et al., 2002). These regions fall within the large 

frontal and parietal clusters identified in our meta-analysis: The IFJ lies at the intersection of 

the inferior frontal sulcus and inferior precentral sulcus (BA6/8/44); within the SPL, switch-
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related activity is commonly observed in dorsal-lying regions, stretching towards the 

precuneus along the medial surface (BA7). 

In recent work, Kim and colleagues (Kim, Cilles, et al., 2011; Kim, Johnson, Cilles, & 

Gold, 2011) have identified three distinct classes of task switching: 

• Perceptual switching: when tasks differ in the relevant stimulus or stimulus 

attribute—e.g., if subjects are required to switch between classifying the colour versus 

motion direction of a stimulus (Liston, et al., 2006). 

• Response switching: when tasks differ in their response set or mapping from stimuli 

to responses—e.g., if stimulus location is always the relevant attribute, but subjects switch 

between compatible and crossed stimulus-response mappings (Barber & Carter, 2005). 

• Set switching: when tasks differ in their task rules—e.g., if subjects switch between 

different classification rules applied to different stimulus attributes (Monchi, Petrides, Petre, 

Worsley, & Dagher, 2001). 

In an ALE meta-analysis of fMRI studies grouped according to these broad 

classifications, IFJ and SPL were the only regions identified as showing significant switch-

related activity across all three types of switching (Kim, Cilles, et al., 2011). A subsequent 

fMRI study provided converging support (Kim, Johnson, et al., 2011): In a single design that 

allowed direct comparison between perceptual switching (between left vs. right stimulus 

locations), response switching (between selecting the smaller vs. larger of two digit values), 

and set switching (between different digit comparisons), the IFJ and SPL were identified as 

exhibiting activity regardless of switch type (together with the precuneus). In what follows, 

we consider the possible functional roles of these two key regions.  

 

 -- Insert Figure X.2 about here -- 

 

Inferior frontal junction 

Anatomically, the IFJ lies between the prefrontal (PFC) and premotor cortices (Figure 

X.2, left panel). As such, it is uniquely well-positioned to mediate between anterior PFC 

regions implicated in working memory and high-level cognitive control (Miller & Cohen, 2001) 

and more posterior premotor regions involved in conditional action selection (Passingham, 

1993) (cf. Brass & von Cramon, 2002). In fact, functional connectivity studies—which use 

inter-region activity correlations activity as an index of neural interactions—suggest that IFJ 

displays differential connectivity according to the particular task required (Stelzel, Basten, & 

Fiebach, 2011): IFJ-anterior PFC connectivity increases when subjects switch between 

abstract rules (e.g., between odd/even and magnitude number judgments), whereas IFJ-

motor cortex connectivity increases when subjects switch between response hands. The IFJ 
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also lies close to language-related areas in inferior frontal cortex (cf. Amunts & von Cramon, 

2006); indeed, activation is commonly observed in and around IFJ itself during phonological 

or semantic encoding of word stimuli (Bookheimer, 2002; Fiebach, Friederici, Smith, & 

Swinney, 2007). Anatomical proximity and functional overlap between regions involved in 

language and task switching is intriguing given evidence of the role of verbal self-instruction 

in switching (Miyake, Emerson, Padilla, & Ahn, 2004) and given the importance of 

hierarchical sequential structure in both language processing and movement control 

(Schubotz & Fiebach, 2006). 

Task switching studies focusing on IFJ suggest a role in activating task rules (Brass 

& von Cramon, 2004). Thus, IFJ activity is observed when instructional task cues precede 

the imperative stimulus, allowing subjects to prepare the relevant task in advance (Brass & 

von Cramon, 2002, 2004). This preparatory activity increases with the specificity of the cue, 

for example being greater when cues indicate the required stimulus-response mapping than 

when cues solely indicate the relevant stimulus attribute to attend (Shi, et al., 2010). 

Similarly, IFJ is more active when stimulus identity is revealed in advance of the task cue 

than vice versa, presumably because the former ordering permits more specific preparation 

(Ruge, Braver, & Meiran, 2009). 

An inverse relationship is observed between IFJ activity during preparation and task 

performance: When advance cues are used, and preparatory IFJ activity is high, little activity 

is observed during task performance; when advance cues are absent, and preparation is 

correspondingly limited, robust IFJ activity is observed after stimulus onset (Brass & von 

Cramon, 2004; Ruge, et al., 2005; Shi, et al., 2010). Collectively these findings suggest that 

IFJ supports obligatory processes in task switching that either occur during preparation, if 

cues are provided, or during task performance, if not. Switch-related IFJ activity is also 

increased when stimuli are bivalent, affording responses in both possible tasks, compared to 

when stimuli are univalent, being uniquely associated with the required task (Crone, et al., 

2006). Again this result is consistent with a role in activating task rules: When stimuli are 

univalent, multiple task sets can be maintained simultaneously without interference, reducing 

the need to re-activate task rules at each switch; with bivalent stimuli, task sets must be 

sequentially activated to prevent cross-talk (Rogers & Monsell, 1995). 

Superior parietal lobe 

The SPL (Figure X.2, right panel) forms part of the dorsal visual stream that runs 

from occipital cortex through the parietal lobe and onwards to premotor cortex, supporting 

the visual control of action (Milner & Goodale, 2008). A reciprocal set of connections is 

widely held to carry attentional signals from frontal cortex to bias visual processing in favour 

of currently relevant objects (Desimone & Duncan, 1995). An influential hypothesis (Corbetta 
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& Shulman, 2002) holds that the inferior and superior parietal lobes play complementary 

roles in this attentional biasing, with inferior regions involved in bottom-up attentional capture 

by salient stimuli (e.g., when flashed stimuli in the periphery draw attention exogenously to 

their location, Corbetta, Kincade, & Shulman, 2002) and the SPL involved in top-down 

attentional modulation according to current goals (e.g., when an arrow at fixation guides 

attention to the likely location of a target stimulus, Corbetta, Kincade, Ollinger, McAvoy, & 

Shulman, 2000).  

Given this association between the SPL and top-down attentional control, it is 

unsurprising that the region is commonly activated during task switching (e.g., Wager, et al., 

2004). Activity in the SPL is found, for example, when switching between different spatial 

categorisation tasks (Ruge, et al., 2005) and when switching between counting arrows 

pointing to the right versus the left (Sylvester et al., 2003). SPL activity is not limited to 

location-based selection and switching, but is also observed when switching attention 

between stimulus attributes (e.g., colour and motion; Liston, et al., 2006; Liu, Slotnick, 

Serences, & Yantis, 2003) and between objects (Serences, et al., 2004), when switching 

between categorization rules with no change in the relevant stimuli (Braver et al., 2003; 

Crone et al., 2006), when switching between more abstract sets like verbal categories (Gurd 

et al., 2002), and when shifting attention within working memory (Esterman, Chiu, Tamber-

Rosenau, & Yantis, 2009), amongst many others (e.g., Wager, et al., 2004; Wylie, Javitt, & 

Foxe, 2004; Yantis, et al., 2002). Direct comparison indicates that common regions within 

SPL are activated by different types of switching—e.g., shifting attention across spatial 

locations and switching between abstract task rules—with cross-adaptation effects 

suggesting that representational overlap extends to the level of individual neurons (Chiu & 

Yantis, 2009). Collectively these findings suggest that the SPL plays a broader role in task 

switching than stimulus-oriented attentional control. 

Indeed, the SPL co-activates very reliably with the IFJ in task switching studies, 

suggesting a high degree of overlap or interaction in function. One suggested division of 

labour between parietal and frontal regions is that the former are involved in implementing 

switches and maintaining task rules after they are retrieved, while the latter are additionally 

and more directly involved in preparatory processes such as rule retrieval (Bunge, 2004; 

Bunge, et al., 2003). However, SPL activity is reliably seen during task preparation following 

instructional cues (e.g., Chiu & Yantis, 2009), and in these cases typically tracks the 

activation profile of IFJ across experimental conditions (e.g., Brass & von Cramon, 2004; 

Ruge, et al., 2009; Shi, et al., 2010), questioning any clear functional division between the 

two. Thus, while future comparisons between the SPL and IFJ may reveal dissociations in 

their respective functions in task switching, convincing direct contrasts are currently lacking. 

Moreover, given the strong anatomical connectivity between topographically mapped 



 13 

regions in the parietal lobe and premotor areas of frontal cortex (Rizzolatti & Luppino, 2001), 

one might expect any dissociations discovered to be subtle and quantitative rather than 

qualitative in nature. 

Conclusions 

Task switching research often proceeds on the assumption that common principles 

and mechanisms operate across different domains of switching. Neuroimaging evidence 

provides valuable reassurance on this point: Common regions in frontal and parietal cortex—

particularly the IFJ and SPL—are active during switching with very different demands, from 

low-level spatial attention shifts to switching between abstract task rules. Substantive 

challenges nonetheless remain for future research, both in clarifying the respective roles of 

the IFJ and SPL, and in specifying these roles in more precise computational terms. Without 

this specification, accounts of IFJ-SPL activity couched in terms of activating and updating 

current task rules risk becoming circular re-descriptions of the process of task switching. 

5. Dissociable activation patterns 

We now turn to the question of whether neuroimaging findings suggest consistent 

dissociations among different switching domains. Several approaches have been proposed 

as to how to group different kinds of switching (e.g., Ravizza & Carter, 2008; Wager, et al., 

2004). However, one intuitive and very commonly made distinction, already been mentioned 

above, is between perceptual and response switching (Meiran, 2000; Rushworth, Paus, & 

Sipila, 2001). We first consider the evidence on this point. We then turn to evidence that 

separable regions are active specifically during switching between high-level, more abstract 

tasks (set switching), and finally consider whether dissociations are observed between 

regions active during task preparation and task performance. 

Perceptual vs. response switching 

Perceptual switching covers a range of situations: shifting attention between 

locations (e.g., Chiu & Yantis, 2009; Yantis, et al., 2002), between objects in a shared 

location (e.g., Cools, Clark, & Robbins, 2004; Ravizza & Carter, 2008; Yeung, et al., 2006), 

and between different attributes of a single target (e.g., Liston, et al., 2006; Wylie, et al., 

2006). In many studies, shifts of attention are accompanied by a change in the relevant 

classification (e.g., colour blue or red vs. movement leftwards or rightwards), but pure 

perceptual shifting is possible (e.g., applying the same classification rule to objects in 

different locations; Yantis, et al., 2002). Response switching is a similarly broad category 

that includes switching from one effector to another with the same classification rule (Philipp, 

Weidner, Koch, & Fink, 2012), keeping the response set constant but reversing the mapping 
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of stimuli to those responses (e.g., Barber & Carter, 2005; Crone, et al., 2006; Dove, et al., 

2000; Pollmann, et al., 2000; Shi, et al., 2010), and switching between different 

categorization rules applied to a constant stimulus set (e.g., Brass & von Cramon, 2004; 

Luks, et al., 2002). 

In addition to their shared activation of the IFJ and SPL discussed above, perceptual 

and response switching have been found to activate dissociable regions within both frontal 

and parietal cortex. In frontal cortex, dorsolateral PFC (DLPFC, BA9/46) is consistently 

found to be more active during response switching than perceptual switching (Kim, Cilles, et 

al., 2011; Kim, Johnson, et al., 2011; Ravizza & Carter, 2008; Rogers, Andrews, Grasby, 

Brooks, & Robbins, 2000). The relative selectivity of DLPFC to response switching is only 

partly consistent with theories that place this region at the centre of the cortical network 

responsible for flexible behavioural control and switching (Miller & Cohen, 2001): Task 

switching research suggests a more specific role, for example in selecting stimulus-response 

sets (Hyafil, Summerfield, & Koechlin, 2009), preparing to implement specific rules (Ruge, et 

al., 2011), or signalling to other regions to implement switches (Jamadar, Michie, & 

Karayanidis, 2010). Meanwhile, somewhat less consistently observed, but nevertheless 

evident in formal meta-analysis (Kim, Cilles, et al., 2011), is a dissociation between lateral 

and medial premotor areas: Whereas dorsal premotor cortex (BA6) on the lateral surface 

exhibits greater activity during perceptual switching, the pre-supplementary motor area and 

dorsal anterior cingulate cortex (pre-SMA/ACC, BA6/32) on the medial surface show the 

opposite pattern (Kim, Johnson, et al., 2011; Liston, et al., 2006; Rushworth, et al., 2002). 

The relative selectivity of dorsal premotor cortex to perceptual switching is perhaps 

surprising, but might reflect reconfiguration (or adaptation, De Baene, et al., 2011) of 

stimulus-response associations represented in this region. Pre-SMA/ACC activity during 

response switching is less surprising given the presumed involvement of these regions in 

initiating, sequencing, and monitoring of actions (cf. Holroyd & Yeung, 2012). Activation in 

this region during task preparation, before any specific responses can be selected, suggests 

that pre-SMA/ACC performs these sequencing and monitoring functions at the level of whole 

tasks, not just individual actions (Brass & von Cramon, 2004; Weissman, Gopalakrishnan, 

Hazlett, & Woldorff, 2005; but see MacDonald, et al., 2000). 

Contrasts between perceptual and response switching have also been consistently 

observed in parietal cortex (Kim, Johnson, et al., 2011; Liston, et al., 2006; Ravizza & Carter, 

2008; Rushworth, et al., 2001). However, though dissociation is consistent, precise 

localization is not: For example, whereas formal meta-analysis suggests that perceptual 

switching results in greater activation in medial SPL and response switching more laterally 

(Kim, Cilles, et al., 2011), the opposite effect is sometimes reported (Rushworth, et al., 

2001). This inconsistency presumably relates to design idiosyncrasies of individual studies, 



 15 

but in any case mitigates against strong conclusions about the nature of specialization within 

the parietal lobe. One intriguing possibility is that parietal regions exhibit finer functional 

specialization than is captured by a crude distinction between perceptual and response 

switching (Silver & Kastner, 2009), in contrast to frontal regions that are characterized by a 

higher degree of functional homogeneity (Duncan, 2010). 

Two final caveats should be noted. First, specialization tends to be relative rather 

than absolute: Where studies present regional activation time-courses (not only statistical 

maps of between-condition differences) it is immediately clear that effects observed reflect 

quantitative preference rather than qualitative selectivity. For example, though DLPFC 

exhibits greater activity during response switching, the region is also activated to a 

significant degree during perceptual switching (Kim, Johnson, et al., 2011; Ravizza & Carter, 

2008). The second caveat is that activity in a region does not prove functional significance: 

Rushworth et al. (2002) found significant pre-SMA activity in both perceptual and response 

switching, but only the latter was disrupted by the application of transcranial magnetic 

stimulation to the region. 

Set switching 

Set switching is once again a broad category: It has been applied to cases in which 

subjects switch between tasks that differ in both stimulus and response attributes (e.g., 

orthogonal classifications of colour and of shape), cases in which a contrast is drawn 

between single task performance and task switching blocks (Braver, et al., 2003; see also 

Chapter MARI-BEFFA, this volume), and cases in which a partially completed task must be 

held in abeyance over a long period while another task is attempted (Koechlin, Basso, 

Pietrini, Panzer, & Grafman, 1999). The family resemblance across these situations is that 

switching cannot be achieved by modulating low-level perceptual or response processes, or 

by swapping sets of stimulus-response mappings; rather, the switch entails a more global 

change in behaviour.  

This high-level control of task set is associated with anterior parts in frontal cortex 

(BA10, e.g., Kim, Johnson, et al., 2011), which are characterized by sustained rather than 

transient activity. Thus, whereas more posterior frontal regions such as DLPFC show cue- 

and stimulus-related activity that is enhanced during task switching, activity in anterior PFC 

is enhanced for the entire block (compared to single-task blocks) but shows little or no event-

related activity (Braver, et al., 2003). Similarly, in a study requiring subjects to switch 

between semantic and phonological classifications of word stimuli, anterior PFC activity was 

sustained throughout a long cue-stimulus interval, irrespective of the task to be performed, 

whereas activity in more posterior frontal regions was phasic and task-selective (Sakai & 

Passingham, 2006). This preparatory activity in anterior PFC predicted subsequent 
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behavioural performance and correlated with activity in different task-selective posterior PFC 

regions according to the required task, suggestive of a role for this region in maintaining 

high-level task goals through task-specific interactions with areas related to task 

performance. Perhaps consistent with this conclusion, anterior PFC regions show greater 

activity when abstract “transition cues” inform subjects whether the task is to be switched or 

repeated than when standard instructional cues indicate the particular task required 

(Forstmann, et al., 2005). 

An influential hypothesis holds that anterior PFC forms part of an integrated hierarchy 

of cognitive control. This hypothesis incorporates the long-held view that behaviour can be 

characterized at different levels of abstraction (Lashley, 1951), from simple actions (e.g., a 

twitch of the finger) that are associated with particular motor goals (pressing a button), to 

conditional associations (indicating that a stimulus is green) that relate to higher-level tasks 

(classifying stimulus colour), to abstract behaviours (completing a psychology experiment) 

with correspondingly abstract goals (collecting course credits). According to several recent 

theories, this hierarchy maps explicitly onto the rostro-caudal axis of frontal cortex, with 

successively more anterior regions containing increasingly abstract representations of 

actions (Badre & D'Esposito, 2007; Koechlin & Summerfield, 2007; Yoshida, Funakoshi, & 

Ishii, 2010). In support of this view, switching at different levels of hierarchical structure has 

been shown to activate regions selectively along this axis (Badre & D'Esposito, 2007; 

Koechlin, Ody, & Kouneiher, 2003). However, higher levels of abstraction tend to be 

associated with increased demands on working memory (cf. Wager, et al., 2004), and recent 

evidence suggests that functional dissociations between anterior and posterior PFC regions 

may disappear if switching conditions are carefully matched for their demands on working 

memory maintenance and updating (Reynolds, O'Reilly, Cohen, & Braver, 2012). Thus, 

although an association between anterior PFC and set switching is consistently observed, 

the correct functional interpretation is yet to be conclusively determined. 

Preparation vs. task performance 

As noted above, it is technically challenging to separate neural activity associated 

with preparation versus task performance using fMRI because of the slow time-course of the 

BOLD response: If experimental events are presented close in time, BOLD activity related to 

preparation and performance will temporally overlap; if events are spaced across several 

seconds to reduce temporal overlap, the very nature of preparation and task performance 

will likely change (e.g., via increased working memory demand). Nevertheless, several 

studies have attempted to compare brain activity during task preparation and task 

performance, reflecting the importance of this contrast for theories of task switching. In 

particular, many influential theories predict that similar activity patterns should be observed 
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during preparation and performance, for example because the same obligatory processes 

must be carried out in either advance of an imperative stimulus—if the task to be performed 

is predictable or cued in advance—or after stimulus onset—if no preparation time is allowed, 

or preparation not attempted (Rogers & Monsell, 1995; Rubinstein, et al., 2001) al., 2001). In 

contrast, a recent theory proposes a distinction between proactive and reactive modes of 

control—with the former characterized by advance preparation, and the latter by 

compensatory reactions when difficult conditions are experienced—which are thought to 

depend on at least partly distinct neural mechanisms (Braver, 2012).  

One way to contrast preparation and task performance is to dissociate cue- and 

stimulus-related activity, either in time using long or jittered CSIs (MacDonald, et al., 2000; 

Sakai & Passingham, 2003; Sohn, Ursu, Anderson, Stenger, & Carter, 2000) or across trials 

by independently manipulating the presence or absence of task cues and imperative stimuli 

(Brass & von Cramon, 2002, 2004). For example, Brass and von Cramon (2002, 2004) used 

“cue-only” trials, with no imperative stimulus, so that preparation could be studied in relative 

isolation from task performance, and opposite “no cue” trials so that task performance could 

be studied without preceding task preparation. A second approach has been to compare 

activity at short versus long CSIs, without necessarily attempting to dissociate BOLD 

responses to cue and stimulus events (e.g., Gruber, et al., 2006; Ruge, et al., 2005; Wylie, et 

al., 2006): Regions exhibiting greater activity when the CSI is long are presumed to be 

involved in preparation (although any differences observed might also reflect the 

consequences of effective preparation on later task performance). 

Together these studies have failed to find any consistent dissociations between 

preparatory and performance-related activation patterns. Many studies observe common 

areas of activity during preparation and task performance, in the frontal and parietal network 

described extensively above (e.g., Brass & von Cramon, 2002, 2004; Gruber, et al., 2006; 

Ruge, et al., 2009) as well as in task-selective parts of visual cortex (Wylie, et al., 2006), 

2006). Meanwhile, although some differences have been reported in individual studies, the 

results are inconsistent when taken collectively. For example, whereas Ruge et al. (2005) 

found no switch-specific preparatory activity but widespread frontal and parietal activity 

during task performance, Jamadar et al. (2010) observed the opposite pattern. Similarly, 

whereas Sohn et al. (2000) observed a dissociation between ventral PFC, more active 

during task preparation, and dorsal PFC, more active during task performance in the 

absence of preparation, the opposite pattern has also been observed (e.g., Badre & 

Wagner, 2006; Wylie, et al., 2006). Many researchers have therefore concluded that task 

preparation involves strategic pre-activation of the same network of regions—instantiating 

the same task set—that is required during task performance (Gruber, et al., 2006; Ruge, et 

al., 2005; Wylie, et al., 2006; but see Karayanidis et al., 2010, for a contrasting 
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interpretation). Thus, to the extent that there are distinct proactive and reactive modes of 

control in task switching (Braver, 2012), these two modes would appear to rely on the 

flexible operation of a single network rather than qualitatively distinct neural mechanisms. 

However, this conclusion must be drawn with appropriate caution given the difficulty of 

teasing apart dynamically evolving processes of preparation and task performance using the 

temporally-blunt fMRI BOLD response. 

Conclusions 

Neuroimaging methods are well suited to identifying dissociations between cognitive 

processes (Henson, 2005), and carving task switching at its joints in this way has been a 

major focus of research to date. This work has established that a coherent distinction exists 

between perceptual and response switching, that higher-level set switching has a consistent 

neural basis in anterior PFC, and that largely overlapping networks of regions seem to be 

activated during task preparation and task performance. The differences observed are 

almost exclusively quantitative rather than qualitative in nature—reflecting numerical 

differences in activity rather than full selectivity—a point not always explicitly acknowledged. 

This blurring might reflect the diversity of strategies adopted by experimental subjects, but 

perhaps also indicates that functional distinctions drawn to date (e.g., between perceptual 

and response switching) are only approximate characterizations of the underlying functional 

specialization of the brain regions in question. 

6. Task switching in memory retrieval 

Cognitive control and long-term memory have separately received substantial 

scrutiny, but their interactions have only recently become a major focus of research (Chun & 

Johnson, 2011; Richter & Yeung, 2012). Interest in these interactions has arisen at least in 

part because of overlap in activity seen in neuroimaging studies of attention and memory, in 

both frontal (Buckner, 2003) and parietal regions (Cabeza, Ciaramelli, Olson, & Moscovitch, 

2008). Particularly relevant to the present focus, concepts similar to that of task set have 

been defined in research on retrieval of episodic memories of specific personal events: those 

of retrieval mode (Tulving, 1983) and retrieval orientation (Rugg & Wilding, 2000). Retrieval 

mode refers to the state or set that a person enters in order to retrieve episodic events (e.g., 

last year’s visit to Paris) as opposed to general semantic knowledge (e.g., that Paris is the 

capital of France). Retrieval orientation refers to the specific focus of an episodic retrieval 

attempt, for example, attempting to recall who you met on that trip to Paris versus recalling 

the food you ate. In this section, we argue that the concepts of retrieval mode and retrieval 

orientation (which we refer to together as retrieval set) share substantive overlap with the 

concept of task set as studied in task switching research. 
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-- Insert Figure X.3 about here -- 

 

As an example of retrieval set, suppose that subjects first learned a list of pictures 

and auditorily presented words (Figure X.3), and are then presented with a series of retrieval 

cues (written words), some of which refer back to items experienced in the earlier list and 

some of which are new. Subjects are asked to perform one of two retrieval tasks: In one they 

indicate whether or not they have previously seen the item as a picture (vs. the word being 

new or previously heard auditorily); in the other they indicate whether or not they have 

previously heard the item as an auditory word (vs. the word being new or previously seen as 

a picture). Performing these two tasks entails distinct retrieval orientations—emphasizing 

visual and auditory aspects of episodic memory, respectively—that, by hypothesis, rely on 

distinct mind sets. Crucially, these mind sets share clear parallels with the concept of task 

sets in task switching: Just as a retrieval set must be established when engaging in episodic 

retrieval, a task set must be established to perform a specific task (cf., Sakai, 2008). 

More formally, in task switching research, task sets are typically defined operationally 

as allowing people to make distinct responses to the same stimulus according to their goals 

or intentions. For example, subjects can respond differently to the same coloured shape 

depending on whether they are classifying it according to its colour or its shape. Their ability 

to do so, and the observation that switching between classifications is associated with a 

behavioural cost, is taken as foundational evidence for the existence of task sets. Crucially, 

the structure of retrieval set studies is formally identical: Subjects are presented with a 

consistent stimulus type on each trial (the retrieval cue; e.g., a written word), and are 

required to make distinct responses according to their instructed goal (the retrieval set; e.g., 

judging whether the item was previously encountered as a picture). Indeed, many studies of 

retrieval set have required subjects to switch between different retrieval tasks, therefore 

resembling task switching studies in their experimental design. Thus, studies of task 

switching and retrieval set are structurally equivalent, with both requiring subjects to 

establish mental sets that can guide their responses to otherwise ambiguous external 

stimuli. 

Neuroimaging of retrieval set 

A number of studies have required subjects to switch between retrieval sets: for 

example, between episodic vs. semantic memory tasks (Kompus, Olsson, Larsson, & 

Nyberg, 2009; Phillips, Velanova, Wolk, & Wheeler, 2009), between judging whether an item 

was seen recently vs. was seen in the context of a particular task (Dobbins, Rice, Wagner, & 

Schacter, 2003; Dobbins & Wagner, 2005), between making old/new judgments vs. 
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detecting perceptual changes in the stimuli presented (Ranganath, Johnson, & D'Esposito, 

2000), and between judging whether an item was seen in the context of a particular task vs. 

judging whether an item is old or new (Dobbins & Han, 2006). However, disappointingly few 

of these studies report analyses of switch-related activity, instead focusing primarily on 

dissociations among the different retrieval tasks. The study by Phillips et al. (2009, 

Supplementary materials) is an important exception. In this study, switching between an 

episodic old/new judgement and a living/nonliving semantic task was associated with slowed 

RTs, increased activity in the SPL and medial frontal cortex, and modulation of memory-

related activity in the region of the IFJ. Thus, switch-related activity in this study overlapped 

with core regions implicated in task switching as described above, lending preliminary 

support to the hypothesis that these processes rely on similar neural mechanisms. 

Converging evidence comes from studies that have not studied switching specifically, 

but which have assessed memory tasks that require a specific retrieval orientation—such as 

recalling whether test items were seen previously in the context of a particular task—against 

a baseline of memory tasks without this requirement—such as performing non-specific 

old/new judgements (Hayes, Buchler, Stokes, Kragel, & Cabeza, 2011; Dobbins & Han, 

2006; Dobbins & Wagner, 2005). A familiar network of regions exhibits greater activity in the 

former case: areas of lateral frontal cortex stretching from ventrolateral regions, through IFJ, 

to DLPFC; foci in anterior PFC; and inferior lateral and superior medial regions of parietal 

cortex. Two further retrieval set effects are similarly reminiscent of task switching findings: 

First, many frontal and parietal regions show corresponding activity during retrieval set 

preparation and actual retrieval attempts (Dobbins & Han, 2006; Phillips, et al., 2009), just as 

they do during preparation and performance in task switching (e.g., Gruber, et al., 2006; 

Ruge, et al., 2005). Second, anterior PFC exhibits sustained activity across extended blocks 

of retrieval orientation (Woodruff, Uncapher, & Rugg, 2006), mirroring block-wise differences 

observed during task switching (Braver, et al., 2003). 

In addition to analysis of regions that are generically activated as retrieval sets are 

established and maintained, a substantial focus of memory research has been analysis of 

regions that exhibit selectivity for particular retrieval modes or orientations. In this context, a 

key feature of most fMRI designs is that common retrieval cues are used throughout (e.g., 

visually presented words), with only the to-be-retrieved information (e.g., episodic vs. 

semantic information, or pictures vs. auditory words) varying across trials. Set-specific 

activity has indeed been identified in this way (Dobbins, et al., 2003; Dobbins & Wagner, 

2005; Woodruff, et al., 2006). Selectivity is observed in regions of sensory cortex associated 

with the material originally presented. For example, in a contrast between retrieval 

orientation to pictures versus auditory words (Hornberger, Rugg, & Henson, 2006), picture-

orientation was associated with activity in visual cortex and inferior temporal lobe regions of 
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the ventral visual stream, whereas orientation to auditory words produced activity in auditory 

cortex in the superior temporal lobe. Set-selectivity is also observed in frontal cortex (cf., 

Sakai & Passingham, 2006), with left-lateralized activity during recall of items previously 

categorized semantically and right-lateralized activity during recall of items categorized 

perceptually (Dobbins & Wagner, 2005). 

Taken together, the above findings parallel those from neuroimaging studies of task 

switching in key respects: Frontal and parietal networks are activated during retrieval set 

formation and switching; anterior PFC regions exhibit sustained activity throughout periods 

of retrieval orientation; and preparation of retrieval sets is associated with activation in task-

selective cortical regions as well as frontal-parietal control networks. 

Meta-analysis of task switching and retrieval set 

To place this comparison between task switching and retrieval set on a more formal 

footing, Figure X.4 presents an ALE meta-analysis of regions that are commonly activated in 

fMRI studies of retrieval orientation and retrieval mode (see bibliography for details of the 

studies included). In the figure, blue regions indicate areas of significant co-activation across 

published studies of retrieval set, with purple regions signifying overlap with those activated 

during task switching. Activation foci are consistently smaller in the retrieval set meta-

analysis than in our earlier task switching meta-analysis (contrast Figures 1 and 4), likely 

reflecting the smaller sample of studies included. More crucially, the two ALE maps exhibit 

notable points of overlap in frontal and parietal cortex: Conjunction foci are evident in the 

core IFJ (BA6/9) and SPL (BA7) regions discussed extensively above, but also in DLPFC 

(BA9/46), insula (BA13), pre-SMA (BA6) and, perhaps reflecting the common use of visual 

stimuli in the studies of interest, in the inferior temporal lobe (BA37). These findings provide 

preliminary evidence of quantitative similarity between regions activated during task 

switching and retrieval set formation.  

 

-- Insert Figure X.4 about here -- 

 

The meta-analytic contrast also identifies a few regions exhibiting significantly 

different activity in task switching and memory retrieval. Only one of these regions, a small 

area in the right precuneus (BA7), was reliably more active during task switching than 

retrieval orientation (yellow area in Figure X.4). Several regions exhibited more consistent 

activity in memory than in task switching: a region in the middle frontal gyrus (BA6), as well 

as a region in more inferior middle frontal gyrus (BA11) extending into inferior frontal gyrus 

(BA47) and anterior PFC (BA10), with the activation in anterior PFC mirrored in the right 

hemisphere (green areas in Figure X.4). In studies of episodic memory, the former region 
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(BA6) has been found to be more active for old (remembered) than new items (Takahashi, 

Ohki, & Kim, 2008), for correct than incorrect judgments of familiarity (Iidaka, Matsumoto, 

Nogawa, Yamamoto, & Sadato, 2006), and for recognition of the context in which an item 

was seen than for simple recognition that the item is familiar (Dobbins, Foley, Schacter, & 

Wagner, 2002). These findings have implicated the region in monitoring and evaluating 

retrieved information (Dobbins, et al., 2002) a function that is presumably less important 

when selecting among well-practiced stimulus-response mappings in task switching. 

Meanwhile, the anterior part of the inferior frontal gyrus (BA10/11/47) has been implicated in 

memory selection and control (Badre & Wagner, 2007; Young & Shapiro, 2011), for 

example, because it is more active when subjects attempt to retrieve memories that are only 

weakly associated with retrieval cues presented (Badre, Poldrack, Pare-Blagoev, Insler, & 

Wagner, 2005). This effect is particularly apparent in tasks involving semantic judgments 

(Badre & Wagner, 2007) and recency judgements (Duarte, Ranganath, & Knight, 2005), a 

feature that is relevant here given that such judgements are common in studies of retrieval 

set, but much rarer in task switching experiments. 

Conclusions 

There is substantial overlap in the neural mechanisms involved in the control of task 

sets and of retrieval sets in long-term memory. Taken with the conceptual and 

methodological similarities that are also apparent, there would appear to be much to gain 

from further integration of research in the two fields. Some of these gains will come from 

replication of key findings across domains: For example, switching-related activity in the IFJ 

and SPL is commonly interpreted as evidence that these regions are involved in selecting 

and maintaining task rules. Activity in these regions during long-term memory retrieval 

suggests that this conception of “task rule” cannot be restricted to the sorts of well-practiced 

response mappings typically used in task switching research, but must extend to rules 

relating to retrieval mode and orientation in long-term memory. Further gains from integrating 

research on task switching and long-term memory will come from exploring contrasts 

between the two fields. For example, one striking contrast is that task switching research has 

mostly ignored task-specific activations, focusing instead on generic mechanisms of 

cognitive control that are common across tasks, while the opposite is true in studies of 

retrieval set in long-term memory. It is somewhat odd that so much is now known about the 

mechanisms of task control, but so little about the nature of task sets thereby created, and 

there is clear scope for future research to investigate this issue. 
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7. Themes and future directions 

Neuroimaging findings bear on several key issues in task switching research: the 

nature of task-set reconfiguration and between-task competition in task switching, the 

degree to which different domains of switching engage common or dissociable mechanisms, 

and the extent to which principles discovered in task switching research generalize beyond 

simple stimulus-response tasks to other domains such as long-term memory retrieval. In 

relation to the four questions we posed at the outset, our take-home summaries are as 

follows: 

1) Does neuroimaging evidence supports theories emerging from behavioural studies 

of task switching? FMRI studies have provided very little evidence of switch-specific 

reconfiguration processes: Task switching is associated with activity in a widespread 

network of frontal and parietal regions that are implicated in attention and cognitive control, 

but this network also exhibits robust activity on task repetition trials. These findings are more 

consistent with theories proposing that behavioural performance in task switching reflects 

the outcome of competitive interactions between task sets that are modulated, but not 

discretely controlled, by top-down biases. 

2) Does neuroimaging evidence support the notion that “task switching” represents a 

coherent area of study? Task switching studies with very diverse demands very consistently 

report activity in common regions—the IFJ and SPL in particular—suggesting that core 

processes are shared across distinct switching domains. However, the precise functions of 

these core regions, and the division of labour between them, remain unclear in the absence 

of direct and focused contrasts. 

3) Are dissociations observed among different forms of task switching? Consistent 

dissociations are indeed observed, for example between perceptual and response switching. 

However, these dissociations are almost exclusively relative rather than absolute: There is 

little or no convincing evidence of strict specialization of function in any region, at least in 

relation to current theories of the relevant functional divisions to test. 

4) Do common principles govern switching of task sets and switching of retrieval sets 

in long-term memory? There is substantive overlap in theoretical ideas, methodological 

approaches, and neuroimaging findings in these two research fields. There are also 

important points of contrast: Studies of retrieval set have rarely investigated the dynamic 

process of set formation and switching, but have more thoroughly investigated how neural 

activity varies with the specific retrieval sets required. 

Overall, there has been clear progress in the past decade or so of neuroimaging 

research on task switching. Nevertheless, there are similarly clear opportunities for future 

development in this research field. A central aim of this chapter was to introduce one such 
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development: the extension of principles and methods of task switching research to related 

topics of research. Such extensions are likely to be of mutual benefit: Task switching 

theories will benefit from the additional constraints imposed by having to explain, for 

example, why frontal and parietal regions associated with task switching are also active as 

subjects attempt to retrieve specific types of information from long-term memory. Theories of 

long-term memory will similarly benefit from applying current models of task-set control to 

the concept of retrieval set. 

A second important opportunity for future research is the use of formal computational 

theories to generate fine-grained quantitative predictions for use in fMRI analysis (see also 

Chapter KARAYANIDIS, this volume). In model-based fMRI, computational models are used 

to decompose observed behaviour into multiple component processes (or latent variables), 

each of which can then be correlated with observed brain activity. Such approaches have 

been applied successfully in related fields of research in which, just as in task switching, the 

trial-to-trial dynamics of cognitive processes are of critical interest (Forstmann, 

Wagenmakers, Eichele, Brown, & Serences, 2011). This work has occasionally extended 

into the task switching domain, for example in modelling the impact of switching on evidence 

accumulation in perceptual categorization tasks (Madden et al., 2009; Mansfield, 

Karayanidis, Jamadar, Heathcote, & Forstmann, 2011). However, although several formal 

models of task switching have now been proposed (e.g., Altmann & Gray, 2008; Brown, 

Reynolds, & Braver, 2007; Gilbert & Shallice, 2002; Yeung & Monsell, 2003), these models 

have yet to receive systematic attention in neuroimaging research. Model-based fMRI may 

prove invaluable in individuating components of the frontal-parietal network discussed so 

frequently in this chapter. As we have seen, broad contrasts between switch and repeat 

trials, and between preparation and task performance, have typically revealed functional 

homogeneity rather than clear specialization. Quantitative, computationally-specified 

hypotheses may be necessary in the next phase of neuroimaging research on task 

switching, to allow the field to move from broad generalizations about the role of frontal-

parietal regions in task switching to detailed accounts of the functioning of each component 

of that network. 

A final key question for the future is how the different emphases of the two research 

fields of task switching (with its focus on mechanisms of task set control) and retrieval set 

(with its focus on task-specific processes) can be integrated. Control processes appear to be 

essential for the stable development of a memory task set, while task-specific processes 

provide valuable information about the nature of cognitive control. What has not yet been 

clearly established is how control processes and task-specific processes interact. One way 

in which neuroimaging can help clarify the relationship between control- and task-specific 

processes is by characterising the interaction between activity in executive control regions 
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and activity in task-relevant regions. An interesting method in this context is the analysis of 

functional connectivity between brain areas. Such connectivity has been studied in the 

context of connections between control related frontal areas (Sakai & Passingham, 2006; 

Stelzel, et al., 2011). Investigating functional connectivity between control- and task-related 

areas across posterior as well as frontal regions could provide an important step in tying 

together the results of research on the control of task sets in traditional task switching 

studies and task-specific processes in retrieval orientation studies.  
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Figure captions 

Figure X.1. Results of the ALE meta-analysis of 34 fMRI task switching studies. 

Numbers below the images refer to z-coordinate at which each axial slice was taken. The 

likelihood maps were threshold at p <.05 applying false discovery rate to correct for multiple 

comparisons. For visualisation the maps were displayed onto the ‘‘colinbrain’’ Talairach 

template (Kochunov et al., 2002) using the Mango software (http://ric.uthscsa.edu/mango/). 

Letters a-p mark the areas closest to activation peaks described in the main text: (a) BA6, 

Medial Frontal Gyrus; (b) BA40, IPL; (c) BA40/7, SPL; (d) BA7, Precuneus; (e) BA32, 

Cingulate Cortex; (f) BA9/6, Middle Frontal Gyrus; (g) BA19, Precuneus; (h) BA9, Middle 

Frontal Gyrus; (i) BA7/31, Precuneus; (j) BA46, Middle Frontal Gyrus; (k) BA31, Precuneus; 

(l) BA13, Insula; (m) BA13/47, Insula; (n) BA18, Middle Occipital Gyrus; (o) BA19, Inferior 

Occipital Gyrus/Fusiform Gyrus. 

 

Figure X.2. The inferior frontal junction (IFJ) and superior parietal lobe (SPL). These 

ALE maps were threshold at p <.0001 (corrected for multiple comparisons) to separate the 

IFJ and SPL activation foci from neighbouring ones apparent in the overall meta-analysis. 

 

Figure X.3. Schematic illustration of the retrieval orientation methodology. In an initial 

learning phase, subjects are presented with pictures and auditory words. In a later retrieval 

phase, they are presented with visual words referring to old pictures, old auditory words, or 

new items. A cue (here a coloured frame) indicates which of two retrieval tasks they have to 

perform. A red frame instructs them to judge whether or not they have seen the item 

presented before as a picture. A blue frame instructs them to indicate whether or not they 

have been presented with this item as an auditory word.  

 

Figure X.4. Results of ALE meta-analysis of 15 studies of retrieval set, and 

conjunction with activation foci in task switching. Blue regions indicate areas consistently 

activated in published studies of retrieval set, purple regions indicate overlap between these 

regions with those activated during task switching. Yellow regions indicate more consistent 

activity in task switching than retrieval orientation studies. Green regions indicate more 

consistent activity in the retrieval studies than in task switching. Letters describe the closest 

areas to the peaks of activation in the following regions: (a) BA6 (retrieval orientation > task 

switching); (b) BA7 (task switching > retrieval orientation); (c) BA9 (retrieval orientation > 

task switching); (d) BA10 (retrieval orientation > task switching); (e) BA10 (retrieval 

orientation > task switching). 

 



 35 

Figures and figure captions 

  
 

Figure 1. Results of the ALE meta-analysis of 34 fMRI task switching studies. 

Numbers below the images refer to z-coordinate at which each axial slice was taken. The 

likelihood maps were threshold at p <.05 applying false discovery rate to correct for multiple 

comparisons. For visualisation the maps were displayed onto the ‘‘colinbrain’’ Talairach 
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template (Kochunov et al., 2002) using the Mango software (http://ric.uthscsa.edu/mango/). 

Letters a-p mark the areas closest to activation peaks described in the main text: (a) BA6, 

Medial Frontal Gyrus; (b) BA40, IPL; (c) BA40/7, SPL; (d) BA7, Precuneus; (e) BA32, 

Cingulate Cortex; (f) BA9/6, Middle Frontal Gyrus; (g) BA19, Precuneus; (h) BA9, Middle 

Frontal Gyrus; (i) BA7/31, Precuneus; (j) BA46, Middle Frontal Gyrus; (k) BA31, Precuneus; 

(l) BA13, Insula; (m) BA13/47, Insula; (n) BA18, Middle Occipital Gyrus; (o) BA19, Inferior 

Occipital Gyrus/Fusiform Gyrus. 
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Figure 2. The inferior frontal junction (IFJ) and superior parietal lobe (SPL). These 

ALE maps were threshold at p <.0001 (corrected for multiple comparisons) to separate the 

IFJ and SPL activation foci from neighbouring ones apparent in the overall meta-analysis. 
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Figure 3. Schematic illustration of the retrieval orientation methodology. In an initial 

learning phase, subjects are presented with pictures and auditory words. In a later retrieval 

phase, they are presented with visual words referring to old pictures, old auditory words, or 

new items. A cue (here a coloured frame) indicates which of two retrieval tasks they have to 

perform. A red frame instructs them to judge whether or not they have seen the item 

presented before as a picture. A blue frame instructs them to indicate whether or not they 

have been presented with this item as an auditory word.  
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Figure 4. Results of ALE meta-analysis of 15 studies of retrieval set, and conjunction 

with activation foci in task switching. Blue regions indicate areas consistently activated in 

published studies of retrieval set, purple regions indicate overlap between these regions with 

those activated during task switching. Yellow regions indicate more consistent activity in task 

switching than retrieval orientation studies. Green regions indicate more consistent activity in 
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the retrieval studies than in task switching. Letters describe the closest areas to the peaks of 

activation in the following regions: (a) BA6 (retrieval orientation > task switching); (b) BA7 

(task switching > retrieval orientation); (c) BA9 (retrieval orientation > task switching); (d) 

BA10 (retrieval orientation > task switching); (e) BA10 (retrieval orientation > task switching). 

 


