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Abstract

This review presents neuroimaging studies that have explored the cerebral substrates of executive
functioning. These studies have demonstrated that different executive functions not only recruit various
frontal areas but also depend upon posterior (mainly parietal) regions. These results are in accordance with
the hypothesis that executive functioning relies on a distributed cerebral network that is not restricted to
anterior cerebral areas. However, there exists an important heterogeneity in the cerebral areas associated
with these different processes, and also between different tasks assessing the same process. Since these
discrepant results could be due to the paradigms used (subtraction designs), recent results obtained with
conjunction and interaction analyses are presented, which confirm the role of parietal areas in executive
functioning and also demonstrate the existence of some specificity in the neural substrates of the executive
processes of updating, shifting and inhibition. Finally, fMRI studies show that the activity in cerebral
areas involved in executive tasks can be transient or sustained. Consequently, to better characterise the
functional role of areas associated with executive functioning, it is important to take into account not only
the localisation of cerebral activity but also the temporal pattern of this activity.
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1. Introduction

Executive functioning encompasses a series of high-level processes, the main function of which is
to facilitate adaptation to new or complex situations, when highly practiced cognitive abilities or behavior
no longer suffice. Indeed, even though most of our daily tasks can be performed in a routine way, some
situations require the intervention of control mechanisms to produce appropriate and efficient
performance. A great number of separate functions have been attributed to control (or executive)
processes, such as inhibition of prepotent responses, initiation of behaviour, planning of action, hypothesis
generation, cognitive flexibility, judgement and decision making, and feedback management.

The identification of the cognitive processes that can be attributed to executive functioning comes
from various domains. Thus, single-case analyses of brain-damaged patients demonstrated the existence of
double dissociations between tasks assessing different executive functions, which supports the hypothesis
that independent functions exist (Burgess & Shallice, 1994; Shallice & Burgess, 1991). For example,
Shallice and Burgess (Burgess & Shallice, 1994; Shallice & Burgess, 1993) described frontal patients who
performed well on a task assessing inhibitory processes (the Hayling task) but whose performance on
another task evaluating rules detection was impaired (the Brixton test); other patients demonstrated the
reverse profile. Another line of evidence for the existence of several distinct executive functions comes
from group studies which examined these processes in several target populations, including normal young
adults (Letho, 1996), normal elderly adults (Lowe & Rabbit, 1997; Robbins et al., 1998) and brain-
damaged patients (Burgess, 1997; Burgess et al., 1998; Duncan et al., 1997). All these studies employed a
large battery of widely used executive tasks' and examined how well these tasks correlated with one
another. One highly consistent pattern of results across these studies is that the intercorrelations among the
different executive tasks are low and are often not statistically significant. Thus, the results of these group
studies are often used to argue that the functions of the central executive are not unitary and hence need to
be fractionated. In that context, Baddeley (1996) proposed, on the basis of a review of the literature, that
the central executive be separated into four different functions: the capacity to allocate resources during
the simultaneous execution of two tasks (dual-task coordination), the capacity to switch retrieval strategies
(such as those used in a random generation task), the capacity to selectively attend to one stimulus and
inhibit the disrupting effect of others, and the capacity to hold and manipulate information stored in long-
term memory.

Finally, Miyake, Friedman, Emerson, Witzki and Howerter (2000) used latent variable analysis to
determine to what extent different executive functions can be considered to be unitary (in the sense that
they are a reflection of the same underlying mechanism or ability). The principle of latent variable
analysis is to extract statistically what is common among several tasks selected to tap into a putative
cognitive function, and then to use that purer latent variable factor to examine how different cognitive
functions relate to one another. Thus, the authors administered a set of tasks requiring executive processes
to a large group of young participants in order to examine the separability of three often-postulated
executive functions (shifting, updating and inhibition). Confirmatory factor analysis indicated that these
three executive functions are moderately correlated with one another, but are clearly separable, thus
indicating both unity and diversity of executive functions. Moreover, structural equation modelling
suggests that the tasks often used in cognitive and neuropsychological studies to explore executive
functioning are not completely homogeneous in the sense that the three executive functions isolated
contribute differentially to performance on complex executive tasks. For example, performance on the
Wisconsin Card Sorting Test was related most strongly to the shifting function, while performance on the
Tower of Hanoi task depends on inhibition processes. The only complex executive task that did not relate
clearly to the three target executive functions was the dual task (requiring the simultaneous performance
of a spatial maze task and a verbal word generation task). This suggests the possibility that the

! Executive tasks are experimental or clinical neuropsychological measures of executive functions, measured either
with paper and pencil tests, or computer based methods.
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simultaneous coordination of multiple tasks is an ability that is somewhat distinct from the three executive
functions explored in this study. According to Miyake et al, at least two explanations may be proposed to
take into account the intercorrelations between the three target executive functions. One is that all the
tasks used in the study require the maintenance of goal and context information in working memory. In
other words, they require ‘controlled attention’ capacity, which is a domain-free attentional capacity to
actively maintain or suppress working memory representations according to the objectives of the task
(Engle et al., 1999). The other interpretation is that all three executive functions involve an inhibitory
capacity, which is considered by certain authors as a basic unit of working memory or executive
functioning (e.g., Dempster & Corkill, 1999; Zacks et al., 1996). Taken as a whole, the results of this
study suggest that executive functioning is characterised by both unity and diversity of processes. Indeed,
the three target executive functions are clearly distinguishable even though these functions are not
completely independent and do seem to share some underlying commonality. More recently, Friedman
and Miyake (2004) used the same procedure to demonstrate that the executive process of inhibition was
indeed composed of a series of subprocesses. More specifically, resistance to proactive interference was
clearly dissociated from prepotent response inhibition and resistance to distractor interference. From a
clinical viewpoint, the existence of dissociations between different executive processes, as well as the
existence of distinct subprocesses within a same executive process, is consistent with the observation that
brain-damaged patients can exhibit deficits in one executive process but not in others (e.g. Burgess &
Shallice, 1994; Shallice & Burgess, 1991, 1993).

The neural substrates of executive functioning were originally assumed to be located in the frontal
lobes, since patients with lesions in the anterior part of the brain frequently demonstrated impaired
performance on a wide range of tasks assessing executive functioning such as planning abilities, inhibition
processes and rules detection (e.g., Burgess & Shallice, 1996a,b; Owen et al., 1990; Shallice, 1982),
although a normal executive performance was also reported in some cases. For example, studies using
tasks requiring similar cognitive processes (such as dual task coordination or verbal fluency) have
demonstrated either preserved (for example Ahola et al., 1996; Baddeley et al., 1997) or impaired
performance in frontal-lobe patients (Cowey & Green, 1996; Perret, 1974). Moreover, executive deficits
are found more frequently following diffuse (Cowey & Green, 1996; Simkins-Bullock et al., 1994) than
focalised frontal lesions (Andrés & Van der Linden, 2001; Andrés & Van der Linden, 1998; Vilkki et al.,
1996). On the other hand, there is also evidence suggesting that patients with nonfrontal lesions can show
executive deficits similar to frontal patients (e.g., Andrés & Van der Linden, 2000; Mountain & Snow-
Williams, 1993). Taken as a whole, these data seem to indicate that the presence of frontal lesions does
not necessarily involve executive dysfunction and that executive processes are not exclusively based upon
a network of prefrontal regions.

In conclusion, the results of cognitive and neuropsychological studies have not completely
resolved a number of important questions about the nature and cerebral substrates of executive processes
(Burgess, 1997; Rabbit, 1997). A wide range of cognitive functions are included under the label
‘executive’ and the exact nature and relationships of these functions are not yet completely understood
(see, however, Friedman & Miyake, 2004; Miyake et al., 2000). A second problem is that measures for
executive tasks are less pure than those for non-executive ones (in the sense that they may also make
demands on a variety of other cognitive skills or functions), and consequently participants’ performance
on these tasks may be contaminated by their performance of the non-executive requirements of the task. In
that context, functional neuroimaging techniques (PET and fMRI) appear complementary to the cognitive
study of brain-damaged patients and normal subjects. These techniques should allow a more precise
identification of the cerebral areas involved in specific executive tasks (since the relationships between
brain activity and behaviour will be directly observed and not inferred from cognitive impairments in
brain-damaged patients) and should also be useful in examining the unitary or non-unitary nature of the
central executive.
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2. The exploration of the neural substrates of executive functioning with functional
neuroimaging

2.1. Subtraction cognitive studies

A large number of studies exploring the neural substrates of executive functioning in normal
subjects used task-specific analyses (or a ‘subtraction design paradigm’). In this paradigm, changes in
cerebral activity are compared in two tasks: (1) when subjects perform the executive task (‘experimental
task’); (2) when they perform a task that is similar to the experimental one in terms of the perceptual,
motor and memory processes, but that does not require any executive processes to intervene (‘control
task’). This comparison should allow one to identify the cerebral areas associated with executive processes
involved in the experimental task.

In a first series of studies, the neural substrates of executive functioning were explored with
cognitive tasks roughly similar to those used in the clinical examination of brain-damaged patients. Thus,
these studies used the Wisconsin Card Sorting Test (WCST, Berman et al., 1995; Nahagama et al., 1996;
Ragland et al., 1997), the Tower of London (Backer et al., 1996; Dhager et al., 1999; Morris et al., 1993),
random generation tasks (Jahanshashi et al., 2000) and verbal fluency tasks (Frith et al., 1991; Paulesu et
al., 1997; Phelps et al., 1997). The WCST was associated with bilateral increases in cerebral activity in the
dorsolateral, inferior parietal and occipital regions and, to a lesser extent, in the frontopolar, orbital and
medial regions, as well as in the temporal areas. The Tower of London was initially designed to assess the
planning abilities of frontally brain-damaged patients (Shallice, 1982). When this task was compared to
tasks requiring the same sensorimotor components, increases in cerebral activity were found in the left
prefrontal dorsolateral cortex, superior frontal cortex, (pre)motor cortex, and anterior cingulate and the
right frontopolar region (Backer et al., 1996; Dagher et al., 1999; Morris et al., 1993). Increases in activity
were also found (but to a lesser extent) in posterior cerebral areas: the precuneus, the left inferior parietal
cortex, the superior parietal cortex bilaterally, as well as the occipital regions bilaterally (Backer et al.,
1996; Dagher et al., 1999). Finally, Newman et al. (2003) demonstrated with functional connectivity
analyses that, among these regions, the right prefrontal area may be more involved in the generation of a
plan, whereas the left prefrontal area may be more involved in its execution. In addition, the right superior
parietal region is more involved in attention processes while the left homologue is seen as visuospatial
workspace. The random number generation task assesses the ability to give up an overlearned habit
(counting in order from 1 to 9) in order to develop less usual strategies to generate the numbers. Relative
to a counting task, random number generation was associated with significant activation of the left
dorsolateral prefrontal cortex, the anterior cingulate, the superior parietal cortex bilaterally, the right
inferior frontal cortex, and the left and right cerebellar hemispheres (Jahanshashi et al., 2000). Verbal
fluency was consistently associated with the left inferior frontal gyrus (BA 45), the anterior cingulate and,
to a lesser extent, the dorsolateral prefrontal cortex (BA 9/46), the right parahippocampal gyrus, the
inferior parietal, and the left middle and superior frontal gyrus (BA 8) (Frith et al., 1991; Phelps et al.,
1997). Verbal fluency tasks require information to be acceded and manipulated in long-term memory.

The results of these studies demonstrated that many cerebral areas (including both anterior and
posterior regions) were highlighted when activity in the control task was subtracted from that in the
executive task, making it quite difficult to attribute a functional role to these regions (see, however,
Newman et al., 2003). One explanation of this widespread activity might be that these tasks involve more
than one executive process. For example, random number generation depends on updating and inhibitory
processes (Miyake et al., 2000). Moreover, given the number of executive and non-executive processes
involved in these tasks, the development of reference tasks that control for all these aspects is not easy. So,
the hypothesis that some of the activations related to the executive process of interest are actually due to
other executive functions or to high-level non-executive functions (such as attentional or memory
processes) cannot be ruled out.

Consequently, studies were undertaken to explore executive functioning using cognitive tasks
considered to involve only one specific executive process. In the following paragraphs, we will present
functional neuroimaging studies in normal subjects which explored the neural substrates of updating,




Published in : Neuroscience (2006), 139 (1), 209-221
Status : Postprint (Author’s version)

shifting, inhibition and dual task coordination. The neural substrates of these executive processes are of
interest because Miyake et al. (2000) demonstrated that the first three processes are clearly separable at a
cognitive level, although they have some common features. Moreover, these authors consider dual-task
coordination to be a fourth potentially distinct executive process. In that context, we are interested in
determining whether the distinctions found at the cognitive level can also be demonstrated with
neuroimaging techniques (for a more detailed presentation of these studies, see Collette & Van der
Linden, 2002).

2.1.1 The neural substrates of updating

The updating process (Miyake et al., 2000; Shimamura, 2000) consists in continuously modifying
the contents of working memory based on newer incoming information. Memory updating is involved in
many everyday activities, such as learning and organising recently acquired information. The updating
process was explored using the running span task for verbal material (Salmon et al., 1996; Van der Linden
et al., 1999) and n-back tasks for letters, spatial positions or non-verbal material (Braver et al., 1997,
Jonides et al., 1997; Schumacher et al., 1996; Smith et al., 1996). In the running span task, participants are
required to watch strings of consonants of unknown length, and then to remember a specific number of
recent items in the serial order. In n-back tasks, items are sequentially presented and subjects have to
decide whether a given item is similar to the one presented n items previously. Performance on the n-back
task was associated with cerebral activity not only in the prefrontal dorsolateral cortex (BA 9/46), the
inferior frontal cortex (BA 44), and the anterior cingulate, but also in cerebral posterior areas, such as the
superior and posterior parietal cortex (BA 40/7) (see, for example, Braver et al. 1997; Cohen et al., 1997;
Jonides et al., 1997; Schumacher et al., 1996; Smith et al., 1996). Moreover, the letter version of this task
is associated with left (or bilateral) activations whereas spatial or object versions tend to activate right-
hemisphere regions (Owen et al., 1998; Smith et al., 1996); and this network of structures increases its
overall level of activation with increases in task load rather than recruiting new areas to the task (Jonides
et al., 1997). We conducted two PET studies using the running span task to explore the cerebral areas
associated with the updating process. In the first study (Salmon et al., 1996), a large cerebral network
involving anterior (right mid-dorsal prefrontal, left middle frontal and right frontal pole) and posterior
(right inferior parietal and angular gyru and the left supramarginal gyrus) cerebral areas was associated
with the updating process. However, a high memory load (six items) and a recognition procedure were
used that could have induced cognitive strategies other than serial encoding and recall, as described in the
original running span task (Morris & Jones, 1990; Pollack et al., 1959). So we re-examined the cerebral
areas associated with updating using a running span task with a memory load of four items and a serial
recall procedure (Van der Linden et al., 1999). This time, the most significant increase in rCBF occurred
quite specifically in the left frontopolar cortex (BA 10). Activation spread to the left middle frontal cortex
(BA 46) and was also observed in the right frontopolar cortex. Taken as a whole, results obtained in these
studies vary depending on the exact material and procedure used but show that the updating process is
associated not only with various prefrontal areas (dorsolateral, inferior and cingulate) but also with
parietal areas (posterior and superior). Among these areas, Van der Linden et al. (1999) highlighted the
predominant role of the frontopolar cortex, which is associated with the evaluation and selection of
internally generated information (Christoff & Gabrielli, 2000).

2.1.2 The neural substrates of shifting

Efficient reactions to environmental stimuli require rapid and frequent shifts between the different
aspects of the stimuli to be processed and also between several cognitive operations. Consequently,
shifting ability is considered to be an important aspect of executive control (Norman & Shallice, 1986).
This executive function has classically been studied using task-shifting paradigms, in which participants
rapidly repeat the same task or alternate between different tasks. A consistent finding with these
paradigms is that response latencies are longer when subjects have to perform a switched task than when
they have to perform a repeated task, and this decrease is called the switch cost. Neuroimaging studies
using the subtraction design paradigm have shown that the shifting process depends on prefrontal, parietal
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and subcortical areas (Fink et al., 1997; Gurd et al., 2002; Rogers et al., 2000; Wilkinson et al., 2001). In a
recent meta-analysis, Wager et al. (2004) demonstrated that seven separate regions were reliably activated
across a series of studies of attention shifting of various types, providing evidence for a unitary set of
mechanisms underlying shifting. These regions included both posterior (parietal and occipital) and
anterior areas (including the dorsolateral prefrontal cortex and anterior insula). With regard to the
functional role of these regions, the superior parietal cortex is generally considered as a supramodal area
involved in task switching, since this region is found to be activated not only when visual or spatial
components are involved in the task (Vandenberghe et al., 2001) but also when verbal information is
processed (Gurd et al., 2002). Sohn et al. (2000) attributed activity of the superior and posterior parietal
cortex to endogenous goal-directed preparation for a subtask, while the inferior parietal cortex is claimed
to be responsible for stimulus-driven completion during a specific subtask (Corbetta & Shulman, 2002).

2.1.3 The neural substrates of inhibition

Inhibition is the third executive process identified by Miyake et al. (2000). It is generally
considered that inhibitory control constitutes an important executive function and executive dysfunction
represents one of the most frequent consequences of brain damage (Baddeley, 1986; Norman & Shallice,
1986). Neuroimaging studies exploring inhibition processes with perceptual, motor or semantic paradigms
have demonstrated the involvement of various regions located in the cingulate, prefrontal, parietal and
temporal areas (Bench et al., 1993; Bush et al., 1998; Chee et al., 2000; Collette et al., 2001; Garavan &
Stein, 1999; Georges et al., 1994; Larrue et al., 1994; Pardo et al., 1990; Taylor et al., 1997). However, at
this time, the exact role of the regions associated with inhibitory processes is not fully understood.
Moreover, these regions are quite heterogeneous. Recently, for example, Nelson et al. (2003)
demonstrated a dissociation in the cerebral areas associated with performance on different inhibitory tasks:
the inferior frontal gyrus is activated when a subject needs to resolve interference among potentially
conflicting attributes of a stimulus, whereas the anterior cingulate cortex is involved when conflicting
stimulus-response associations are presented. Moreover, even though inhibition is frequently associated
with the right inferior frontal gyrus (Aron et al., 2004), activity was found in the left inferior frontal gyrus
when subjects had to resolve interference in verbal working memory tasks (D’Esposito et al., 1999;
Jonides et al., 1998). As mentioned above, several authors consider that the term ‘inhibition” has been
overextended and that this concept in fact refers to several different processes (Friedman & Miyake, 2004;
Nigg, 2000). Thus, the tasks used in these studies may differ in their exact inhibitory requirements and
consequently the cerebral areas involved may differ as well.

2.1.4 The neural substrates of dual-task coordination

Finally, there is still debate concerning the neural substrates of dual-task coordination, namely the
concurrent processing of two behavioural tasks requiring disparate sensory and cognitive processes.
Indeed, data from some studies supports the hypothesis that the dorsolateral prefrontal cortex and anterior
cingulate are involved in the allocation and coordination of attentional resources (D’Esposito et al., 1995;
Herath et al., 2001). However, other studies have not demonstrated any additional prefrontal activity
during dual-task performance (Adcock et al., 2000; Bunge et al., 2000; Klingberg, 1998; Smith et al.,
2001). Overall, results of these studies seem to indicate that no specific cortical area is associated with any
specific cognitive process for dual-task performance and that the simultaneous execution of two tasks
depends mainly upon greater activity of (Adcock et al., 2000; Klingberg, 1998) or interaction between
(Bunge et al., 2000; Smith et al., 2001) the cerebral areas already activated for the single tasks.

One possible explanation of these discrepancies may be the use of single tasks that already
involved executive functioning, leading to activity in the frontal areas during single-task performance in
most of these studies. Consequently, we recently explored dual-task management using simple verbal and
auditory discrimination tasks that elicit no prefrontal activation (at the very lenient statistical threshold
used) when performed in isolation (Collette et al., 2005a). In that way, we formally determined whether
dual-task management involves additional activity at the level of the prefrontal cortex or greater activity
only in the posterior cerebral areas already activated by the single tasks. The comparison of dual-task
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management (namely, the simultaneous performance of auditory and visual discrimination tasks) to the
single tasks (namely, the performance of the auditory and visual discrimination tasks in isolation)
evidenced a left-sided fronto-parietal network. This network is composed of the inferior frontal sulcus
(BA 9/46 and BA 44/45), anterior prefrontal cortex (BA 10/47), posterior middle frontal gyrus (BA 6) and
left inferior parietal gyrus (BA 40). Increased activity was also observed in the cerebellum. With reference
to the neuroimaging literature, the following roles can be proposed for these regions. Activity in the left
inferior frontal sulcus, extending to the middle frontal gyrus (BA 9/46) has previously been correlated
with dual-task management (D’Esposito et al., 1995). More generally, Koechlin et al. (2003) consider that
BA 46 selects appropriate representations for action after the occurrence of behaviourally significant
events. Another role recently attributed to that region is response selection, and more precisely motor
processes that arise during the transition of perceptual mnemonic information into motor plans (Curtis &
D’Esposito, 2003; Pochon et al., 2001). The activation of the left posterior part of the inferior frontal
sulcus may be associated with the coordinated manipulation of different stimuli, since activity in this
region was also found in a task requiring subjects to construct an integrated representation of two stimuli
presented simultaneously (Collette et al., 2005a). Anterior ventrolateral activation has been reported to
subserve selection in relatively complex situations, an important process in dual tasks (Collette et al.,
2001). With regard to left posterior middle frontal activation (BA 6), the role of this area has been
interpreted in terms of rehearsal processes (Awh et al., 1996; Paulesu et al., 1993). The left inferior
parietal gyrus (BA 40) may be involved in the attentional shifting necessary to simultaneously maintain
activated auditory and visual information, since this regions was frequently associated with various
switching tasks (Garavan et al., 2000; Kdibler et al., 2003).

2.1.5 Conclusions on cognitive subtraction studies

In summary, studies exploring the neural substrates of executive functioning using cognitive
subtraction designs have demonstrated that many cerebral areas are associated with the different executive
processes. Heterogeneous regions were found to be activated, not only by the four executive processes
reviewed here but also by a single process, depending on the exact requirements of the tasks administered.
Taken as a whole, these studies clearly demonstrate that the different executive functions depend upon the
intervention of both prefrontal and posterior (mainly parietal) regions during the performance of various
executive tasks. This is in accordance with the hypothesis that executive functioning is based on a network
of anterior and posterior cerebral areas and is not localised only within the frontal lobes (D’Esposito &
Grossman, 1996; Fuster, 1993; Morris, 1994; Weinberger, 1993).

More specifically, Duncan and Owen (2000) proposed that a specific frontal lobe network
including the mid-dorsolateral, mid-ventrolateral and dorsal anterior cingulate cortex is consistently
associated with a broad range of tasks requiring, among other processes, response selection, working
memory maintenance and stimulus retrieval, while much of the remainder of the frontal cortex, including
most of the medial and orbital regions, is largely insensitive to these task demands. In support of this
hypothesis, Collette and Van der Linden (2002) showed that some prefrontal areas (BA 9/46, BA 10 and
anterior cingulate gyrus) are systematically activated by a wide range of executive tasks, suggesting that
they are involved in general executive processes. However, other frontal areas (BA 6, 8, 44, 45, 47) and
parietal regions (BA 7 and BA 40) are also activated during the performance of executive tasks. Since
these regions are involved less systematically in the different executive processes explored in that review,
it was hypothesised that they have more specific functions. Finally, in a recent meta-analysis, Wager and
Smith (2003) showed that different executive processes (continuous updating, memory for temporal order,
manipulation of information in working memory and selective attention) are associated with specific
cerebral areas. For example, manipulation of information (including dual-task requirements or mental
operations of switching and inhibition) most frequently activates the right inferior prefrontal cortex (BA
10 and 47). The superior frontal cortex (BA 6, 8 and 9) responds most when working memory must be
continuously updated and when memory for temporal order must be maintained. Selective attention to
features of a stimulus to be stored in working memory activates the medial prefrontal cortex (BA 32) in
storage tasks. The posterior parietal cortex (BA 7) is involved in all three of these executive processes and
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is also associated with basic control over the focus of attention. These results show that executive
functions may be fractionated into different component processes and that these components are
associated with specific cerebral areas.

However, these neuroimaging studies using task-specific analyses (or cognitive subtraction
design) suffer from some limitations. Indeed, the specificity of active vs. baseline differences for the
executive function under study is often questionable (Friston et al., 1996; Sidtis et al., 1999). The multi-
compound aspect of executive tasks leads to major difficulties in finding experimental and control tasks
that enable one to isolate one specific executive process. Another problem is that each executive function
can be assessed by several cognitive tasks. For example, inhibition has been evaluated by the Stroop test
(Stroop, 1935), the Hayling task (Burgess & Shallice, 1996b), the stop-signal paradigm (Logan, 1994), the
antisaccade task (Roberts, 1994), the negative priming (Tipper, 1991) and the directed forgetting paradigm
(Zacks et al., 1996). Finally, as indicated previously, subjects’ performance on executive tasks is also
determined by their ability to process the non-executive aspects of the tasks. Consequently, the pattern of
cerebral activity associated with the executive process of interest could be modulated by the non-executive
requirements of the task. Arguments for this hypothesis come from the studies of Salmon et al. (1996) and
Van der Linden et al. (1999), which demonstrated that the neural substrates of updating varied depending
on the memory load and the procedure used (serial recall versus recognition).

2.2. Conjunction analysis paradigms

2.2.1 Conjunction tasks

The use of subtractive paradigms does not appear to be the most appropriate method of studying
executive functioning. Moreover, up till now, functional neuroimaging studies have explored executive
tasks in isolation, without taking into account the fact that the same process can be assessed by various
tasks and that the non-executive requirements of a task modulate the cerebral areas involved in the
running of the executive processes. In that context, we recently re-examined the neural substrates of the
executive processes of updating, shifting and inhibition (Collette et al., 2005c). Each process was explored
with three different tasks, and conjunction designs were used instead of substraction designs. The
principle of conjunction design is the search for convergence between cerebral areas activated by different
tasks. More specifically, in a conjunction analysis, a series of tasks having a cognitive process in common
(and differing according to whether they use other processes) are administered, as well as control tasks
matched to each experimental task. The analysis determines cerebral areas common to the multiple
comparisons of matched experimental and control tasks. This approach allows for better control over the
multi-compound aspect of executive tasks and the difficulty of finding control tasks that are matched for
the ‘non-interesting’ cognitive processes. To determine the cerebral areas associated with these three
executive processes, the tasks used by Miyake et al. (2000) were adapted to the PET methodology and
matched control tasks were developed. The neural substrates common to various tasks assessing updating,
shifting and inhibition were explored separately in three experiments. Moreover, a conjunction analysis
was also performed on all executive tasks in order to identify the cerebral areas activated by all three
executive functions. Interaction analyses were used to highlight the brain regions specifically associated
with each executive process, whichever the exact task administered. Such an analysis determines cerebral
areas that present a differential activation between two experimental and two matched control tasks.

The eight tasks administered were the following.? The neural substrates of updating in working
memory were explored using running span tasks for consonants, words and sounds. In the consonant
updating task, lists of items were presented. Subjects were not informed of the length of the list before
presentation and they were asked to rehearse only the last four items silently and to remember them in
order. In the control task, only sequences of four items were presented. With regard to word updating,
exemplars of different semantic categories were presented. In the control task, the participants memorised
only the exemplars belonging to a specified semantic category, while in the updating task, participants had

2 A stop-signal task was also included in the initial study by Miyake et al. (2000). However, this task was not found
to be clearly associated with their inhibitory factor and consequently was not used in our study.
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to retain only the last exemplar presented of each category and then recall them freely at the end of the
series. Finally, sound updating consisted of the presentation of three kinds of sounds. In the control task,
subjects had to detect each occurrence of a predetermined sequence of three sounds while the updating
task involved detecting the fourth occurrence of each kind of tone.

With regard to the shifting function, the three experimental tasks required subjects to continuously
alternate between two cognitive processes. The matched control tasks required them to perform each of
the two processes of interest in isolation. In the first shifting task, subjects had to perform arithmetic
operations, namely to alternately add and subtract three to each number presented. In the second shifting
task, number-letter pairs were visually presented and subjects had to process either the number (odd/even
judgement) or the letter (consonant/vowel judgement) according to the position of the pair on the screen.
Finally, the third condition consisted of the presentation of Navon Figures (Navon, 1977) in which the
lines of a large ‘global’ figure (e.g., a triangle) are composed of much smaller ‘local figures (e.g.,
squares). In the shifting task, Navon figures with plain or dotted lines were randomly presented.
Depending on the lines in which the figure was printed (plain or dotted), participants were instructed to
say out loud the number of lines in the global, overall figure (plain) or the local, smaller figures (dotted
line). Thus, when the lines of the stimuli changed across successive trials, the participants had to shift
from examining the local features to the global features or vice versa. In the control task, only figures with
one kind of line were presented and subjects did not have to shift from one level of processing to the other.

To explore inhibitory processes, the Stroop task (Stroop, 1935) and the antisaccade task (Roberts
et al., 1994) were administered. In the experimental condition of the Stroop task, the words displayed
represented a colour name and were written in a randomly selected mismatching colour (e.g., red written
in green). Participants were instructed to verbally name the colour of each stimulus as fast as possible. In
the control condition, randomised sequences of concrete words were displayed and subjects were
instructed to read the items as quickly as possible. In the antisaccade task, a visual cue (black square) was
presented at the farthest point to the left or right of the screen, followed by the presentation of the target
stimulus (arrow) for 150 milliseconds. In the control tasks, the target stimulus was presented on the same
side as the visual cue, while in the inhibition tasks it was presented on the opposite side. The participants’
task was to indicate the direction of the arrow (left, up or right) with a key-press response. Given that the
arrow appeared very briefly before being masked, participants were required to inhibit their reflexive
response to the initial cue in the experimental task, because this response would make it difficult to
correctly identify the position of the arrow.

With regard to statistical analyses, we were first interested in using conjunction analyses to
determine the cerebral areas common to various tasks assessing the same executive process. We consider
that areas evidenced in that way should be independent of the exact non-executive requirements of the
tasks, and thus only associated with the executive process of interest. Next, a conjunction analysis on all
tasks administered was performed in order to determine if there were any cerebral areas common to the
three executive processes investigated. Finally, interaction analyses were also computed between the
different executive processes, this time to show the specificity of each process in comparison to the two
others.

The conjunction analysis on the updating tasks, compared to their respective control tasks, showed
increased activity in the left frontopolar cortex (BA 10), in the left (BA 9) and right middle frontal gyrus
(9/46) and bilaterally in the superior frontal sulcus (BA 6). Foci of cerebral activation were also found in
the left inferior frontal gyrus (BA 44/45), the right lateral orbitofrontal area (BA 11), in the intraparietal
sulcus bilaterally, in the right inferior parietal gyrus (BA 40) and in the cerebellum. A similar analysis
applied to shifting tasks demonstrated the existence of significant foci of activation in the right
supramarginal gyrus (BA 40), the left precuneus and the left superior parietal cortex (BA 7). Finally, when
the two inhibitory tasks were jointly compared to their respective control tasks, no statistically significant
foci of increased cerebral activity were found. However, a slight change in activity was detected in the
right inferior frontal cortex, a region frequently considered to be associated with inhibitory processes (e.g.,
Aron et al., 2004).



Published in : Neuroscience (2006), 139 (1), 209-221
Status : Postprint (Author’s version)

We were also interested to see whether any cerebral areas are common to these three executive
processes. So a conjunction analysis was performed to compare the eight experimental tasks to the eight
control tasks. This analysis demonstrated that the common cerebral areas activated by the executive
processes of updating, shifting and inhibition are posterior regions located in the left superior parietal
gyrus (BA 7), the right intraparietal sulcus and, at a lower statistical threshold, in the left middle (BA 9
and BA 10/46) and inferior frontal gyri (BA 45).

Finally, interaction analyses demonstrated that updating was specifically associated with the right
superior frontal sulcus (BA 6), the left frontopolar cortex (BA 10) and the right inferior frontal sulcus (BA
10) (in comparison to shifting), and with the left intraparietal sulcus and frontopolar gyrus (in comparison
to inhibition). Cerebral areas specifically associated with the shifting process were found only in the
comparison with inhibition. These areas are located in the left intraparietal sulcus. Finally, when inhibition
processes were contrasted to updating, they were found to be associated with activation in the right
orbitofrontal gyrus (BA 11). The comparison of inhibition and shifting demonstrated increased activity in
the right middle/superior frontal gyrus (BA 10) for inhibition.

Taken as a whole, these results demonstrated (1) that different tasks assessing the same executive
process (as evidenced at the cognitive level) are associated with common cerebral areas; and (2) that the
three executive processes explored in this study are in fact subserved by different cerebral areas, but that
certain cerebral areas are involved no matter what executive process is performed. These neuroimaging
data provide some important information concerning the unity and diversity of executive functioning. The
unity is attested by the existence of cerebral areas commonly involved in the running of several different
executive processes. On the other hand, the description of areas activated by one of the processes, but not
the other two, is in agreement with the hypothesis that there is some degree of specificity in executive
functioning.

The results obtained with conjunction analyses on tasks assessing a single executive process and
with interaction analyses between the three processes are consistent with those of previous cognitive
subtraction studies. With regard to updating, earlier studies had also demonstrated the involvement of a
large antero-posterior cerebral network (for a review, see Collette & Van der Linden, 2002). Given the
large number of regions commonly associated with the three updating tasks, we may suppose that various
high-level processes intervene during the performance of these tasks. In particular, the updating function
depends on a series of processes such as shifting from internal to external information, discarding
irrelevant items, tracking serial order, and repositioning items. More specifically, the frontopolar cortex
had previously been found to be associated with the evaluation and selection of internally generated
information (Christoff & Gabrielli, 2000). This is a key process for updating, since subjects must
continuously compare new information with items that have already been encoded so that they can keep
only a specific set of the last items presented in working memory. The shifting function is mainly
associated with posterior parietal areas (right supramarginal gyrus, left precuneus, left superior parietal
gyrus and left intraparietal sulcus). Again, more activity was found in parietal than in prefrontal areas
during shifting tasks. In agreement with the meta-analysis of Wager et al. (2004) and with
neuropsychological studies (Gehring & Knight, 2002), these data suggest that parietal areas play a more
basic functional role in shifting processes than prefrontal areas or, in other words, that parietal areas
underlie cognitive processes that are less strategic or less linked to individual strategies than those underlie
by prefrontal regions. Finally, only weak common activity was found for the inhibitory tasks, while
interaction analyses demonstrated some specificity in the right orbitofrontal gyrus and the right
middle/superior frontal gyrus. Again, these results support those of previous inhibitory studies using
subtraction design paradigms: regions evidenced in the interaction analyses were frequently found to be
activated in studies using the Stroop task (Bench et al., 1993; Bush et al., 1998; George et al., 1994;
Larrue et al., 1994; Pardo et al., 1990; Taylor et al., 1997), and Aron et al. (2004) proposed that the right
inferior frontal region is involved in the suppression of irrelevant responses.

The most interesting data obtained in this study concern cerebral areas that are common to the
three executive processes. Previous studies had suggested that executive functioning is based on a network
of anterior and posterior cerebral areas and is not subserved by the frontal lobes alone. Our results are
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compatible with the conceptualisation of executive functioning in terms of interrelationships between
anterior and posterior cerebral areas (Collette & Van der Linden, 2002; D’Esposito & Grossman, 1996;
Fuster, 1993; Morris, 1994; Weinberger, 1993). Moreover, the results obtained in this study emphasise the
critical role of the parietal areas in executive functioning, since the left superior parietal cortex and the
right intraparietal sulcus are activated by all three executive processes in each and every subject. To date,
very few neuroimaging data clearly attribute a role to these areas in connection with executive functioning
and there has been no general agreement concerning their individual function. On the other hand, although
the lateral frontal gyrus has frequently been associated with executive functioning, a wide range of
functions have been attributed to this area: manipulation of information (Collette et al., 1999; D’Esposito
et al., 1999; Postle et al., 1999), dual task coordination (D’Esposito et al., 1995, shifting processes (Kibler
et al., 2003; Nagahama et al., 2001; Rogers et al., 2000), and inhibition (Chee et al., 2000; Collette et al.,
2001). On the basis of a behavioural study using latent variable analyses, Miyake et al. (2000) proposed
that cognitive processes common to updating, shifting and inhibition could relate to either the maintenance
of goal and context information concerning the task to be performed or to inhibitory abilities. In
agreement with Miyake et al.’s cognitive proposal, we suggested that the right intraparietal sulcus is
involved in selective attention to behaviourally relevant stimuli and suppression of task-irrelevant
information (Wojciulik & Kanwisher, 1999). The left superior parietal cortex could be involved in
establishing an attentional set to maintain or actively suppress working-memory representations during the
accomplishment of executive tasks (Corbetta & Shulman, 2002). Finally, the systematic activation of the
middle and inferior lateral prefrontal cortex by a wide range of executive tasks suggests that they are
involved in general executive processes. Recently, Smith et al. (2002; Wager & Smith, 2003) proposed
that one function of the dorsolateral prefrontal cortex could be temporal coding of representations to be
processed. Indeed, all tasks that require the reordering of a temporal sequence or maintaining memory for
temporal order routinely activate this region (for a similar interpretation, see also Fuster, 2001; Koechlin
et al., 2003). Consequently, the prefrontal cortex would be involved in the temporal organisation
necessary to the selection and initiation of the function to be performed in accordance with the task rules
and goals, while parietal areas would be involved, as discussed previously, in the establishment of
attentional sets responsible for the reactivation and suppression of working-memory contents necessary to
perform the executive task (Kibler et al., 2003). This is generally consistent with Miyake et al.’s (2000)
suggestion that commonalities between their nine executive tasks could be due to the selection and control
of goal and context information concerning the current task.

2.2.2 Limitations on the conjunction activation studies

There are still some limits on the use of tasks associated with cognitive factors identified on the
basis of variable latent analyses to explore the neural substrates of executive functioning. Indeed, the use
of this kind of procedure depends on strong theoretical hypotheses about the structure of the factors whose
neural substrates are explored. At present, theoretical models of executive functioning are not well enough
specified at a cognitive level to easily allow the conceptualisation of such working hypotheses. Moreover,
the model obtained with this method remains ‘constrained’ by the choice of tasks, and the possibility
cannot be ruled out that a change in the task battery would modify the structure of the factors obtained.
Finally, it is not certain that there is a strict correspondence between the factors identified at a cognitive
level and changes in regional cerebral blood flow. For example, the running of a specific executive
process might be expressed by the synchronisation of cerebral activation between several cerebral areas
and not by an increase in cerebral activity in one specific brain region.

Thus, in order to obtain a better representation of the cerebral areas underlying executive
functioning, it is important to explore the relationships between the data obtained using various
experimental designs. Although conjunction analyses highlight common cerebral areas involved in the
accomplishment of different tasks, it seems essential to construct more specific experimental designs that
use subtraction and interaction analyses or explore effective and functional connectivity, in order to better
understand the functional role of these regions (for a detailed discussion of the advantages and limitations
of these statistical analyses, see Friston & Price, 2001; Price et al., 1997). Another way of better
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understanding the neural substrates of executive functioning consists of exploring with fMRI the temporal
dynamics of cerebral areas associated with specific executive tasks. This point will be tackled in the next
section.

3. The temporal dynamic of activations in executive functioning

Although the neural substrates of executive functioning are relatively well understood, very few
studies have been interested in demonstrating the functional role of these areas by exploring the presence
of sustained or transient cerebral activity, these two kinds of temporal dynamics being respectively
attributed to state- and item-related processes in episodic memory (i.e., Otten et al., 2002). So far, three
fMRI studies have simultaneously explored sustained and transient activity in the domain of executive
functioning, using an n-back task (Cohen et al., 1997), a running span task (Collette et al., 2005b) and a
shifting task (Braver et al., 2003).

Cohen et al. (1997) used n-back tasks with various memory loads (0-back, 1-back, 2-back, 3-
back). The authors hypothesised that areas involved in working memory would vary as a function of
memory load, with greater activation at higher load levels. Furthermore, regions involved in active
maintenance would exhibit sustained activation throughout the trial, whereas those involved in time-
limited functions (such as updating) would peak higher (or last longer) at higher levels of load.
Continuous activity was found in the dorsolateral prefrontal cortex (BA 46/9), Broca’s area and the
posterior parietal cortex. Transient activity was found in Broca’s area (a region adjacent to that described
as presenting continuous activity) and the supramarginal gyrus. Activity in Broca’s area was explained in
terms of subvocal rehearsal of verbal material rather than updating. Surprisingly, no transient cerebral
activity was found in the dorsolateral prefrontal cortex and the authors suggested that this region played a
role in the active maintenance of information in working memory but not in the updating of memory
contents, as previously stated.

The pattern of temporal dynamics of the neural substrates associated with updating was recently
re-examined using a running span task, which allows for better control over the storage aspects of the task
(Collette et al., 2005b). Sustained activity specifically linked to updating was found in the left precentral
cortex, the inferior (BA 47) and middle (BA 46) frontal gyrus bilaterally, the left inferior and posterior
frontal gyrus (BA 44/45), the frontopolar (BA 10) cortex bilaterally, the medial frontal gyrus (BA 9) and
the anterior cingulate (BA 32). Increases in cerebral activity associated with posterior cerebral areas were
located in the left superior parietal (BA 7) and intraparietal sulcus. Transient cerebral activity associated to
the presentation of items to update was located in the ventral part of the medial frontal gyrus (BA 11).
Among the network of areas demonstrating sustained activity, the left superior parietal region and the
frontopolar cortex were associated to specific updating processes, respectively an ordination process
(Marshuetz et al., 2000; Postle et al., 2001) and the evaluation of internally generated information
(Christoff & Gabrielli, 2000), while transient activity in the medial frontal gyrus was associated with
inhibitory of information that becomes irrelevant in working memory (Collette et al., 2005b; for similar
data on episodic memory, see Schnider et al., 2000).

Finally, Braver et al. (2003) explored neural mechanisms of transient and sustained cognitive
control during task switching. Indeed, the performance costs of task switching can be decomposed into
trial-specific effects (switching costs) and non-specific effects (mixing cost). Switching costs were
evaluated by contrasting, in the same block, trials in which the task was simply repeated (termed task-
repeat trials) and those in which the task was shifted (termed task-switch trials). Mixing cost can be
isolated by comparing performance on task-repeat trials in blocks where a single task was performed
(single-task blocks) against performance in blocks where subjects have to alternate between repeat and
switch tasks (mixed-task blocks). Braver et al. alternated blocks of single tasks and mixed tasks. Within
each block, activity was decomposed into that which was event-related (i.e., due to the performance of the
trial) and that which was state-related (i.e., due to increased activity for the block). Brain regions that
showed sensitivity to transient aspects of the shifting process were identified via the event-related contrast
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of task switch to task repeat. These regions were the left dorsolateral prefrontal cortex (BA 44/9), the left
ventrolateral prefrontal cortex (BA 45/47) and the left superior parietal. Brain regions sensitive to
sustained aspects of shifting were the right ventral anterior cingulate (BA 24), the right medial anterior
prefrontal cortex (BA 9/10), and the right lateral anterior prefrontal cortex (BA 46/10). These regions were
identified via the state-related contrast of mixed tasks and single tasks. Sustained activation of the right
anterior prefrontal cortex was attributed to the maintaining of a heightened level of cognitive control over
an extended period in situations requiring rapid and flexible alternation between multiple different tasks.
Transient activity in the lateral prefrontal cortex may reflect the internal representation and maintenance
of task-set information. Finally, transient superior parietal cortex activation might reflect processes
associated with the online reconfiguration and updating of task-set information immediately following a
switch in the task.

Taken as a whole, these three studies demonstrate that the neural substrates of executive
functioning can also be characterised by the presence of both sustained and transient cerebral activity.
Given the small number of studies that tackled this question with regard to executive functioning, as well
as the methodological differences between these studies, no firm conclusions about the functional role of
these regions can be drawn at present. Nevertheless, in a given executive task, sustained activity can be
related to general cognitive processes (such as maintaining the current state of attention or cognitive
control) as well to more specific executive processes (for example, the ordination process in updating).
Specific executive processes were also found to be associated with transient activation. So the suppression
of information that becomes irrelevant was associated with transient activation in the ventral part of the
medial prefrontal cortex during the updating task (Collette et al., 2005b), and transient activity in the
lateral prefrontal cortex may be related to the maintenance of task-set information during the shifting task
(Braver et al., 2003). Finally, it must be emphasised that different cerebral areas with sustained and
transient activity were observed in the studies by Cohen et al. (1997) and Collette et al. (2005b), both of
which explored the updating process (i.e., transient activity was respectively in Broca’s area and in the
medial frontal gyrus). Although the reasons for these discrepancies are not clear at this time, we recently
obtained PET data indicating that three updating tasks varying according to the material (words,
consonants or sounds) and procedure (recall or recognition) involve different cerebral networks, even if
the three tasks have some cerebral areas in common (Collette et al., 2005c¢). Such a distinction could also
exist at the level of the temporal dynamics of cerebral areas. However, further studies will necessary for a
better comprehension of these dynamic aspects.

4, Conclusions

The exploration of executive functioning using functional neuroimaging techniques is a well-
developed field of research. However, given the characteristics of executive processes, it is quite difficult
to determine their neural substrates. Consequently, the use of task-specific paradigms demonstrated a great
heterogeneity in the cerebral areas involved during the performance of executive tasks. This heterogeneity
was apparent not only between tasks that assessed different processes but also between tasks that were
supposed to explore the same process (e.g., dual-task coordination). However, these studies clearly
demonstrated that the different executive functions are associated with both prefrontal and posterior
(mainly parietal) regions. Conjunction analyses confirm these findings. Moreover, conjunction analyses
allow better control over the multi-compound aspects of executive tasks and the difficulty to find well-
matched control tasks. These analysis emphasised the role of posterior areas in executive functioning.
They also demonstrate that the evidence of specificity and commonality of executive processes found by
Miyake et al. (2000) at the cognitive level also existed at the cerebral level. Finally, recent studies taking
into account the temporal dynamics of the cerebral areas involved in executive tasks have demonstrated
that regions associated with executive processes can be characterised by continuous or transient cerebral
activity, which presupposes that these areas subserve different functional roles.
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However, the considerable heterogeneity of findings highlights the methodological limitations of
functional neuroimaging to explore highly-integrated processes such as executive functioning. So, we
consider that more progress in understanding the neural substrates of these processes will be achieved only
if data obtained from the fields of cognitive psychology, neuropsychology, electrophysiology and
functional neuroimaging are taken into account simultaneously in an integrated way. The contribution of
cognitive psychology should concern not only a better comprehension of the interrelationships (i.e.,
diversity and commonality) of the different executive processes but also a better understanding of the
basic processes involved in executive tasks. For example, the process identified by Miyake et al. (2000) as
updating seems to be composed of a series of subprocesses such as serial order processing, inhibition, and
so on. Furthermore, the identification of changes in cerebral activity in normal subjects during executive
tasks only supports inferences about the engagement of a particular brain system by that process, but does
not entail that the system is necessary for this process. The administration of such tasks to patients with
well-circumscribed frontal or parietal brain lesions should allow one to dissociate those cerebral areas that
are essential to the performance of the task from the other cerebral areas activated in normal subjects.
Similarly, the use of transcranial magnetic stimulation in normal subjects should allow us to simulate
brain lesions in cerebral areas previously associated with the performance of an executive task. The
observation of performance and patterns of errors following magnetic stimulation should also make it
possible to better determine the functional role of this region.
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