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Executive functions are higher-order mental processes that support goal-directed behavior. Among these pro- 

cesses, Inhibition, Updating, and Shifting have been considered core executive domains. In this meta-analysis, 

we comprehensively investigate the neural networks of these executive domains and we synthesize for the first 

time the neural convergences and divergences among the most frequently used executive paradigms within those 

domains. A systematic search yielded 1055 published neuroimaging studies (including 26,191 participants in 

total). Our study revealed that a fronto-parietal network was shared by the three main domains. Furthermore, 

we executed conjunction analyses among the paradigms of the same domain to extract the core distinctive com- 

ponents of the main executive domains. This approach showed that Inhibition and Shifting are characterized by 

a strongly lateralized neural activation in the right and left hemisphere, respectively. In addition, both networks 

overlapped with the Updating network but not with each other. Remarkably, our study detected heterogeneity 

among the paradigms from the same domain. More specifically, analysis of Inhibition tasks revealed differing 

activations for Response Inhibition compared to Interference Control paradigms, suggesting that Inhibition en- 

compasses relatively heterogeneous sub-functions. Shifting analyses revealed a bilateral overlap of the Wisconsin 

Card Sorting Task with the Updating network, but this pattern was absent for Rule Switching and Dual Task 

paradigms. Moreover, our Updating meta-analyses revealed the neural signatures associated with the specific 

modules of the Working Memory model from Baddeley and Hitch. To our knowledge, this is the most compre- 

hensive meta-analysis of executive functions to date. Its paradigm-driven analyses provide a unique contribution 

to a better understanding of the neural convergences and divergences among executive processes that are relevant 

for clinical applications, such as cognitive enhancement and neurorehabilitation interventions. 
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. Introduction 

Executive functions are a set of higher-level mental processes that are

hought to control lower-level mental operations, allowing for successful

oal-directed behavior ( Diamond, 2013 ; Friedman and Miyake, 2017 ).

he expression “executive functions ” is an umbrella term to describe a

ariety of related, but dissimilar cognitive functions. This perspective is

eflected in the renowned framework of unity and diversity of executive

unctions ( Friedman and Miyake, 2017 ; Miyake et al., 2000 ; Miyake and

riedman, 2012 ). The unity and diversity model distinguishes between
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nhibition (i.e., suppressing unwanted or inappropriate actions), Shift-

ng (i.e., mentally switching between different cognitive operations),

nd Updating (i.e., managing working memory content). While these

hree facets do not necessarily capture executive functioning in its en-

irety, they do represent key domains that have been commonly ex-

mined across a number of different paradigms ( Miyake et al., 2000 ;

iyake and Friedman, 2012 ). Typical paradigms to assess Inhibition re-

uire the individual to withhold a prepotent or automatic response (Re-

ponse Inhibition) or to ignore information that is irrelevant for the task

t hand (Interference Control) ( Friedman and Miyake, 2004 ). Shifting
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s often evaluated using task-switching paradigms, where an individual

s asked to switch back and forth between two or more tasks (e.g., cat-

gorizing a visual stimulus either according to its color or according

o its shape), or dual-tasking paradigms, where an individual performs

wo tasks simultaneously ( Koch et al., 2018 ). Updating tasks require the

ndividual to store and manage task-relevant information in working

emory over a delay for later recall or recognition, and to update this

nformation according to the task context, sometimes after manipulat-

ng the information as part of the task ( Baddeley, 2012 ; Baddeley and

itch, 1994 ). For instance, an individual may be asked to attend to a

umber of sequentially presented items and to indicate whether the cur-

ent item is the same as the item presented a defined number of trials

go (n-back paradigm). 

The three “core ” executive functions (Inhibition, Shifting, and Updat-

ng) have been proposed to give rise to “higher-order ” executive func-

ions, such as Planning, whereby an individual needs to rely on multiple

xecutive capacities to successfully simulate and evaluate a sequence of

vents prior to their execution ( Diamond, 2013 ). Planning is often as-

essed using a Tower-of-Hanoi paradigm where the individual is asked

o re-arrange stacks of plates according to a defined set of rules in as

ew moves as possible ( Sullivan et al., 2009 ). Moreover, Fluency has

een identified as a separable aspect of executive functioning, with re-

ations to more specific executive functioning facets ( Gustavson et al.,

019 ). Fluency is often assessed as verbal fluency, where the examinee

s asked to name as many items of a particular category (e.g., animals,

egetables) as possible in a defined time (semantic fluency), or to name

s many words as possible that start with a given letter (phonemic flu-

ncy). 

While executive functions are often associated with the frontal lobe,

euroimaging research has also revealed the involvement of a multiplic-

ty of other brain regions ( Stuss, 2011 ). Specifically, meta-analytic work

eported executive functioning tasks to recruit a widespread generalized

rain network, including prefrontal and parietal areas ( Niendam et al.,

012 ). While such generalized executive functioning networks seem

o be commonly activated across a variety of executive function-

ng paradigms, more specific subnetworks of consistent brain activa-

ion have been identified for dissimilar facets of executive function-

ng ( Niendam et al., 2012 ; Rae et al., 2014 ; Rottschy et al., 2012 ;

orringer et al., 2019 ; Zhang et al., 2017 , 2021 ). 

Meta-analytic endeavors are especially useful in the context of exec-

tive functioning research. First, they allow for the evaluation of system-

tic commonalities between different executive functioning paradigms

hat supposedly reflect the same underlying capacity. In practice, mul-

iple different variants of similar paradigms are employed to assess the

ame executive function across studies and research facilities. For in-

tance, dissimilar versions of n-back tasks may be used to assess Updat-

ng, and these task versions may differ on several dimensions as a func-

ion of the precise research question that they are designed to address

e.g., presentation of verbal vs. non-verbal material, stimulus modal-

ty). Aggregating findings over a number of studies based on different

ask implementations may help abstracting from inferences based on sin-

le paradigms. Second, single neuroimaging studies often have to rely

n relatively low numbers of participants for economic reasons, which

imits their interpretability. Meta-analyses across multiple studies ag-

regate the information contained in such smaller datasets to enhance

tatistical power, thereby helping to advance reliable knowledge about

uman brain functioning. Third, the amount of published literature re-

arding functional brain activations during executive task performance

s continuing to increase, and a comprehensive integration of the cur-

ent knowledge is warranted. Accordingly, a number of high-quality

eta-analyses have been published that shed light on neuroimaging

orrelates of specific executive functions, namely Inhibition ( Nee et al.,

007 ; Rae et al., 2014 ; Zhang et al., 2017 ), Shifting ( Wager et al., 2004 ;

orringer et al., 2019 ), and Updating ( Rottschy et al., 2012 ; Wager and

mith, 2003 ). In addition, two meta-analyses have integrated the lit-

rature across these facets ( Niendam et al., 2012 ; Zhang et al., 2021 ).
2 
hereas the first one was published nearly a decade ago, the second

ne focused on developmental aspects of executive functions from child-

ood into mid-adulthood, including individuals aged 10–40 years. In

ummary, previous work from the past ten years has focused on devel-

pment or has been restricted to a single domain of executive function.

mportantly, to the best of our knowledge, there is no meta-analysis that

as comprehensively evaluated executive functions networks across the

ntire span of adulthood while at the same time comparing the neural di-

ergences and convergences among the most frequently used paradigms

rom the three main domains (Inhibition, Shifting and Updating). The

atter point is of considerable relevance, as it is often assumed that

aradigms from the same domain are comparable and consistently mea-

ure the same psychological process. Therefore, networks previously re-

orted as being distinctive for each domain (Inhibition, Shifting or Up-

ating) carry the bias of being more representative of the paradigm more

ften included in that particular analysis rather than the full domain

e.g., a meta-analysis being representative of the N-back task but not of

he Updating domain). In the current meta-analysis, we aim to alleviate

his problem via inclusion of task-specific analyses for the most com-

only used paradigms from each of the three main executive domains.

hereby, this enables us to investigate the neural inhomogeneities across

hem while also extracting the core common neural substrates among

hem. To the best of our knowledge, this work provides the most exten-

ive and comprehensive synthesis of the executive neural networks to

ate. 

In order to delineate commonalities and differences between brain

reas that are activated during the performance of executive functioning

aradigms, we rely on the Activation Likelihood Estimation (ALE) algo-

ithm (Eickhoff et al., 2012; Turkeltaub et al., 2012 ). The ALE approach

dentifies regions that are consistently activated based on the spatial

onvergence of peak coordinates from previous studies. These data are

ompared against a null distribution to identify regions where the clus-

ering of coordinates is statistically above that expected by chance, pro-

iding a quantitative synthesis of previous results. 

In summary, we aim to identify functional activation that is shared

cross all commonly used executive functioning paradigms (global anal-

sis). Second, we analyze functional activation that is associated with

asks assessing the three key domains of Inhibition, Shifting, and Updat-

ng, respectively (domain-specific analysis). Third, we run fine grained

nalyses in order to identify typical patterns of neural activation asso-

iated with the most frequently used paradigms per domain (paradigm-

pecific analyses) and we also perform conjunction analyses to identify

heir commonalities (intra-domain conjunction analyses), revealing the

ore network of each domain. Fourth, we perform contrast analyses in

rder to complement the specificity of activation patterns linked to sin-

le domains of executive functioning. Finally, we assess which brain

egions are recruited across the three key domains (conjunction analy-

is). 

. Methods 

.1. Literature search 

We searched for relevant neuroimaging studies in MEDLINE us-

ng PubMed ( https://pubmed.ncbi.nlm.nih.gov/ ) through the following

earch string: (fMRI OR PET) AND ("attention control" OR "attention

egulation" OR "attention shift" OR "attention shifts" OR "attention shift-

ng" OR "attention switch" OR "attention switches" OR "attention switch-

ng" OR "attentional control" OR "attentional regulation" OR "attentional

hift" OR "attentional shifts" OR "attentional shifting" OR "attentional

witch" OR "attentional switches" OR "attentional switching" OR "cog-

itive control" OR "cognitive flexibility" OR "conflict monitoring" OR

conflict resolution" OR "effortful control" OR "executive attention" OR

executive control" OR "executive function" OR "executive functioning"

R "executive functions" OR "goal directed behavior" OR "goal directed

ehavior" OR "goal directed control" OR "goal directed response" OR

https://pubmed.ncbi.nlm.nih.gov/
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inhibition" OR "interference resolution" OR "performance monitoring"

R "proactive control" OR "reactive control" OR "self-regulation" OR "set

hift" OR "set shifting" OR "set shifts" OR "set switch" OR "set switches"

R "set switching" OR "task shift" OR "task shifting" OR "task shifts" OR

task switch" OR "task switches" OR "task switching" OR "top down con-

rol" OR "working memory"). The search yielded 18,370 results pub-

ished prior to December 31st, 2019. The abstracts of these publications

ere scanned and pre-selected according to the following criteria: (a)

riginal studies (i.e. review, meta-analysis and case studies were ex-

luded), (b) studies with a sample of healthy individuals of ≥ 18 years

ld (in case of clinical studies, these were only selected if the results

rom healthy participants were reported separately), (c) studies using

hole-brain analyses, (d) studies that used a standard brain atlas refer-

nce (Montreal Neurological Institute or Talairach), (e) results derived

rom general linear model analyses (e.g., Multivariate pattern analysis,

ndependent component analysis, probabilistic and connectivity analy-

es were excluded) and (f) studies targeting executive functions. While

ur main focus was to examine the three key domains of Inhibition,

hifting, and Updating, we also included paradigms regarding higher

evel executive functions (e.g., Fluency and Planning) for global analyses

cross executive functioning domains. Note that the first pre-selection

f studies was designed to be very inclusive as to ensure that we would

ot miss any relevant entries. In a second round, all pre-selected studies

ere checked again by one of the main authors. Whenever data collec-

ors were not sure about whether a specific study did or did not meet

he criteria to be included in further analysis, the record was discussed

n more detail among the authors. The selection of the contrasts to be

ncluded and the assignment of contrast definitions to specific studies

see below) was deliberated extensively among the authors whenever

his was not straightforward to decide. 

From the selected studies, results reporting the effect from ex-

erimental manipulations (e.g., pharmacological interventions, non-

nvasive brain stimulation), comparisons with clinical samples, feature

omparisons (e.g., age or psychological traits), or contrasts from execu-

ive functions paradigms that targeted non-executive components (e.g.,

aliency, reward, emotion) were excluded, leaving only analyses that

argeted the effect of the executive process of interest per se. Likewise,

eactivations, correlations, regressions, and connectivity analyses were

xcluded. Custom code was also implemented to check for and exclude

uplicate entries from the same authors (e.g., when data from a previous

ublication was presented in a newer one for comparative purposes).

he final selection of studies comprised a total of 1055 publications,

etailing 1633 contrast analyses. 

.2. Data extraction 

Data extracted for each experiment included the number of partici-

ants and the coordinates of peak activations in stereotaxic (MNI or Ta-

airach) space. Coordinates reported in Talairach space were converted

o MNI space using the Lancaster transform ( Lancaster et al., 2007 ). A

ummary of the data included in each analysis is presented in Table 1 . 

.3. Data categorization 

The paradigms included in this study were categorized into Inhibi-

ion, Updating, Shifting, Fluency and Planning domains. Whereas the

luency and Planning paradigms were included for the global execu-

ive functions analysis, for sub-analyses we only considered Inhibition,

hifting and Updating, for being the most commonly studied domains

f executive functioning ( Friedman and Miyake, 2017 ). 

Inhibition paradigms required the individual to suppress/inhibit an

ction or interfering stimuli. Shifting paradigms comprised tasks in

hich the individual had to switch rules, responses, or tasks. The Up-

ating category included working memory paradigms in which the indi-

idual was instructed to either store, manipulate or recall particular in-

ormation. Within each main domain we identified the most frequently
3 
sed paradigms for sub-analyses ( Table 1 ). In the case of Updating, we

imed to distinguish between paradigms that require the storage of in-

ormation in the short-term memory for later recognition (e.g., Stern-

erg task and Delayed Matching to Sample) and tasks that require par-

icipants to store and manipulate the information (e.g., Backward Digit

pan). We named the former group ‘Recognition’ and the latter group

Manipulation’. Although the N-back task would conceptually be part of

he Manipulation group, given the large number of studies (192) using

his task, we decided to set it in a separate group (N-back). 

Given the large variability in task protocols, even for the same task,

reat care had to be taken to accurately determine the contrasts for fur-

her analysis. Typically, multiple versions exist of any laboratory task,

ith dissimilar settings depending on specific research questions, id-

osyncratic lab protocols, technical considerations, among other factors.

or instance, these protocol differences can pertain to stimulus dura-

ions, trial numbers, stimulus/response modalities. To ensure that the

ndividual contrasts included in the analyses reflected the cognitive pro-

esses of interest (e.g., the No-Go > Go comparison to assess Response In-

ibition; see below) rather than other processes also covered by a given

rotocol (e.g., frequent No-Go > infrequent No-Go or emotional No-Go

 neutral No-Go, which would reflect saliency or emotional arousal, re-

pectively, rather than Response Inhibition), we carefully extracted the

elevant contrasts for analysis from the original studies and rejected ir-

elevant comparisons. Where necessary, these decisions were discussed

mong the authors. 

.4. Data analysis techniques 

Activation Likelihood Estimation (ALE) meta-analyses were con-

ucted using custom Matlab scripts. The ALE procedure aims to identify

onverging clustering of peak activation coordinates (foci) across multi-

le experiments. Areas in which this convergence is greater than chance

re identified by comparison with an empirically determined null distri-

ution. The inherent uncertainty associated with these peak coordinates

s addressed by treating each peak as the center of a 3D Gaussian dis-

ribution ( Eickhoff et al., 2009 ; Turkeltaub et al., 2002 ). The revised

LE algorithm reflects the increased spatial reliability of studies with

arger sample sizes by modeling them using a narrower Gaussian dis-

ribution (Eickhoff et al., 2009). Within-study and within-group effects

re minimized by pooling coordinates from suitably similar contrasts

ithin the same publication into a single ‘experiment’ for analysis pur-

oses ( Turkeltaub et al., 2012 ). In situations where samples with uneven

ample sizes were pooled (e.g., studies with groups of younger and older

ubjects who performed the same task), the smaller of the sample sizes

as used to determine the width of the 3D Gaussian distribution used to

odel the activations for the study in order to provide a more conser-

ative analysis (Eickhoff, personal correspondence, January 14, 2022). 

ALE analyses involved a series of steps. First, a modeled activation

ap was created for each experiment. Modeled activation maps treat

ach focus from the associated experiment as the center position for a

aussian distribution ( Turkeltaub et al., 2002 ), the width of which is

etermined based on the sample size for the experiment ( Eickhoff et al.,

009 ). In a second step, ALE scores were generated to identify the level

f convergence across experiments; these ALE scores were calculated by

ombining the individual modeled activation map for the experiments

ontributing to the analysis. A third step examined whether the conver-

ence in ALE scores at a given voxel was greater than would be expected

y chance. This was achieved by comparing ALE scores to a non-linear

istogram integration reflecting the frequency of distinct modeled acti-

ation maps ( Eickhoff et al., 2012 ). Results were thresholded at p < .05

luster-level family-wise error (cFWE) corrected for multiple compar-

sons, cluster-forming threshold at voxel level ( p < .001) based on em-

irical simulations indicating that this correction is the most appropri-

te approach available for statistical inference using ALE ( Eickhoff et al.,

016 ). Results were calculated at 2 mm 

3 voxel resolution (volumes were

ater transformed to 1 mm 

3 for reporting purposes). As functional acti-
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Table 1 

Summary of experiments. Each publication could include multiple contrasts that were eligible for inclusion, but contrasts from the same publication 

are considered as a single “experiment ” in ALE analysis (see methods section for further details). Analyses are only reported for groupings with at least 

17 experiments (the minimum required to achieve sufficient power to detect moderate effects when conducting an ALE analysis; Eickhoff et al. 2016 ). 

Analysis Publications ( “Experiments ”) Included Contrasts Subjects in analysis 

Global Analysis 1055 1633 26191 

Inhibition 416 557 11438 

Go/No-Go 136 169 3521 

Stroop 106 132 2914 

Stop Signal 67 91 1783 

Flanker 39 47 1547 

Antisaccade 18 25 442 

Simon ∗ 18 21 416 

Shifting 150 214 3421 

Rule / Response Switching 68 80 1841 

Wisconsin Card Sorting Test 29 51 528 

Dual Task 18 28 352 

Updating 492 812 11323 

Recognition 205 372 4432 

N-back 186 238 4982 

Manipulation 82 125 1661 

∗ No converging activation was identified from this task and therefore it is omitted in the next sections. 
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ations occur predominantly in gray-matter areas, ALE values were cal-

ulated only for those voxels with a ≥ 10% probability of containing

ray matter ( Evans et al., 1994 ). 

Contrast analyses examined areas more strongly associated with one

LE analysis in comparison to another. These analyses were conducted

sing the resampling procedures outlined in previous random effects

LE subtraction analyses ( Eickhoff et al., 2012 ). First, the observed

oxel-wise difference between the two ALE analyses was calculated. Sec-

nd, experiments contributing to each of the ALE analyses were ran-

omly shuffled into two samples matching the size of the originally

bserved comparisons. Voxel-wise differences between the ALE score

ased on these two randomly determined samples were then calculated.

epeating this shuffling procedure 10,000 times generated an empir-

cally determined null distribution against which the observed voxel-

ise difference could be compared (note that this label-exchange pro-

edure effectively accounts for comparisons between groups of different

izes). Results were thresholded based on a 95% probability for true dif-

erences, and masked based on the respective main effect ( Chase et al.,

011 ; Rottschy et al., 2012 ). Based on prior work, the minimum volume

or reported clusters was 100 mm 

3 ( Beissner et al., 2013 ; Erickson et al.,

014 ; Turkeltaub et al., 2012 ). 

Conjunction analyses were conducted to identify regions that were

onsistently recruited across different analyses. These conjunctions were

alculated by overlaying the respective thresholded activation maps and

alculating the minimum statistic for each voxel ( Nichols et al., 2005 ).

he minimum cluster volume was set to 100 mm 

3 ( Beissner et al., 2013 ;

rickson et al., 2014 ; Turkeltaub et al., 2012 ). Specifically, we used con-

unction analyses to identify which areas were convergent across the

ost frequently used paradigms from the same domain (intra-domain

onjunctions). Next, with the aim to examine what was specific about

ne domain (Inhibition, Shifting or Updating) in comparison to the other

wo, the results of pairwise contrasts (reported in the supplements) were

ombined using a minimum statistic conjunction approach (domain-

pecific activations; e.g., (Inhibition > Shifting) ∩ (Inhibition > Updat-

ng)). Finally, we also used conjunction analyses to examine the areas

hat were activated across the three domains (Inhibition, Shifting and

pdating). A summary of the conducted analyses is displayed in Table 2 .

.5. Labeling 

All results were labeled using their most probable macro-anatomical

nd cytoarchitectonic/tractographically identified locations according

o the SPM Anatomy Toolbox 2 extension ( Eickhoff et al., 2005 , 2006 ,
4 
007 ). Additional functional labels for motor/premotor regions were

rovided using the HMAT template ( Mayka et al., 2006 ). 

.6. Data and code availability statement 

The individual reports of the studies included in the global analyses

nd in each category (domains and subdomains), the Matlab codes and

esulting NIfTI files can be consulted at: https://osf.io/63pt5/?view_

nly = f0b3fcad577d4ff39cb4e6f3cd34e63f . 

. Results 

.1. Sample description 

A total of 1055 experiments, 1633 contrasts and 26191 healthy par-

icipants ( ≥ 18 years old) were included on this meta-analysis. A detailed

ummary of the samples included per domain and paradigm is displayed

n Table 1 . 

.2. Global analysis 

In a first analysis, we included all studies that we identified to exam-

ne executive functioning, regardless of the domain. Hence, this analysis

overed studies from the Inhibition, Shifting, and Updating domains as

ell as studies assessing Planning or Fluency. In addition, studies rely-

ng on paradigms that could not unambiguously be assigned to one of

hese domains (e.g., hybrid paradigms covering different domains, such

s the paradigm described by Wu et al. (2018) , who used a numerical

ersion of the Stroop paradigm (Inhibition) with a switching component

Shifting)) were included in this global analysis. 

The global analysis ( Fig. 1 A, Table S1) revealed consistent activation

n a fronto-parietal network as well as in the basal ganglia and the cere-

ellum. The largest cluster of activation spanned the bilateral insular

obes as well as bilateral middle and inferior frontal gyri, with addi-

ional peaks in the posterior-medial frontal cortex (pre-supplementary

otor area —preSMA) and precentral gyrus. This cluster of activation

lso spanned the caudate nucleus. A second cluster of activation was

ound in the bilateral inferior parietal lobules, spanning bilateral su-

erior parietal lobules. This activation extended into the precuneus.

wo smaller clusters represented occipito-cerebellar activations in both

emispheres. 

https://osf.io/63pt5/?view_only=f0b3fcad577d4ff39cb4e6f3cd34e63f
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Table 2 

Summary of analyses. 

Name Description Analysis 

Global Analysis Executive paradigms from Inhibition, Shifting, Updating, Verbal 

Fluency and Planning pooled together. 

Goal: To identify a ‘global’ (non-specific) network involved in a 

variety of executive processes 

Pooling of data from: Antisaccade, Flanker, Go/No-go, Stop 

Signal, Stroop, Simon, Dual Task, Rule/Response Switching, Wisconsin Card 

Sorting, Manipulation, Recognition, N-back, Verbal fluency, Use 

fluency, Tower of Hanoi, Tower of London and mixed designs 

Domain-specific analysis Inhibition paradigms pooled together. Pooling of data from: Antisaccade, Flanker, Go/No-go, Stop Signal, Stroop 

and Simon 

Shifting paradigms pooled together. Pooling of data from: Dual Task, Rule/Response Switching and Wisconsin 

Card Sorting 

Updating paradigms pooled together. 

Goal: To identify the networks specific to each of the three main 

domains 

Pooling of data from: Manipulation, Recognition and N-back 

Paradigm-specific 

analysis 

Independent analyses for each of the most frequently used 

paradigms within Inhibition, Shifting and Updating. 

Goal: To reveal the neural circuits specific to each paradigm. 

Inhibition: Antisaccade, Flanker, Go/No-go, Stop Signal and Stroop. 

Shifting: Dual Task, Rule/Response Switching and Wisconsin Card Sorting 

Updating: Manipulation, Recognition and N-back 

Intra-domain 

analysis 

Conjunction of the most frequently used paradigms from the same 

domain. 

Goal: To reveal the neural convergences among the different 

paradigms from the same domain (a ‘core’ domain network). 

Inhibition: Antisaccade ∩ Flanker ∩ Go/No-go ∩ Stop Signal ∩ Stroop 

Shifting: Dual Task ∩ Rule/Response Switching ∩ Wisconsin Card Sorting 

Updating: Manipulation ∩ Recognition ∩ N-back 

Contrast Analysis 

(Domain-specific 

analysis) 

Conjunction of contrasts analysis 

Goal: To reveal what is specific to each domain as compared to the 

others. 

Inhibition: Inhibition > Shifting ∩ Inhibition > Updating 

Shifting: Shifting > Inhibition ∩ Shifting > Updating 

Updating: Updating > Inhibition ∩ Updating > Shifting 

Three domains 

conjunction – Executive 

core network 

Conjunction of the three domain-specific analyses 

Goal: to reveal what is common to the three domain-specific 

networks. 

Inhibition ∩ Shifting ∩ Updating 

Fig. 1. Brain areas activated by executive functioning tasks 

across domains (Global Analysis (A)); and by executive func- 

tioning tasks taxing Inhibition (B), Shifting (C), and Updating 

(D). The coordinate from each plane (x-sagittal, y-coronal or 

z-axial) is indicated above the corresponding slice image. 
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.3. Domain-specific analyses 

.3.1. Inhibition 

This analysis covered studies employing paradigms that were exclu-

ively assigned to the Inhibition domain ( Table 1 ). The results ( Fig. 1 B,

able S2) showed a fronto-parietal network similar to the overall net-

ork seen in the global analysis, but slightly more right-lateralized. The

argest cluster of activation showed increased recruitment in a right

ronto-insular network, with additional peaks in the right basal ganglia

caudate nucleus, putamen) and thalamus. A similar cluster was seen in

he left hemisphere. In addition, we identified two parietal clusters (i.e.,

ne in each hemisphere) that both had their maximum peak in the infe-
5 
ior parietal lobule. This activation extended into the superior parietal

obule and precuneus, and it also involved temporal and occipital re-

ions. Two smaller clusters were detected in the left and right occipital

ortex. This activation extended into lobule VI of the left cerebellum. In

he right hemisphere, peaks were also found in temporal regions. 

aradigm-specific analyses for commonly used inhibition tasks. Indepen-

ent analyses were run for each of the most frequently used Inhibi-

ion paradigms ( Fig. 2 , Table S3). All paradigms (Antisaccade, Flanker,

o/No-go, Stop Signal, Stroop) recruited activation in medial frontal

egions. Activation in the middle frontal gyri was associated with all In-

ibition paradigms although to a lesser extent with the Antisaccade. Ac-
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Fig. 2. Brain areas activated by executive functioning tasks 

from the Inhibition domain. Common paradigms used for ex- 

amining Inhibition are Antisaccade (A), Flanker (B), Go/No- 

go (C), Stop Signal (D), and Stroop (E). The coordinate from 

each plane (x-sagittal, y-coronal or z-axial) is indicated above 

the corresponding slice image. 
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ivation in inferior frontal gyri was associated with all paradigms except

ntisaccade. Peaks in precentral regions were found for all paradigms.

ll paradigms except the Antisaccade task also involved prominent in-

ular activations, emerging as fronto-insular-subcortical clusters for the

o/No-go and Stop Signal paradigms. Parietal activations were found

or all paradigms, mainly in superior and inferior parietal lobules for

ll tasks except the Antisaccade. The Antisaccade and Stroop tasks were

ssociated with precuneus activity. Temporal activations were overall

ather sparse, but most circumscribed for Go/No-go and Stop Signal

asks. Go-No/go and Stop Signal tasks also consistently recruited subcor-

ical regions. Specifically, Go/No-go paradigms consistently recruited

ilateral striatal areas (caudate nucleus, putamen) as well as the bi-

ateral thalami. Similar peaks of activation were found for Stop Signal

aradigms, involving basal ganglia nuclei bilaterally (caudate nucleus,

allidum, putamen) and the right thalamus. 

Taken together, we observed a pattern of activations that showed

imilarities across the Inhibition paradigms under investigation, but it

lso revealed divergent activation patterns that were suggestive of fur-

her clustering within the Inhibition domain. 

ntra-domain conjunction for inhibition. In order to assess the similari-

ies and differences among the Inhibition paradigms in further detail,

e ran conjunction analyses. A conjunction of the five main Inhibition

aradigms revealed a single common activation peak in the posterior-

edial frontal cortex (preSMA) ( Fig. 3 A, Table S4). 

Next, we conducted conjunction analyses of paradigms with a strong

esponse inhibition component (Go/No-go, Stop Signal; Fig. 3 B, Table

5) and of paradigms requiring efficient suppression of interfering infor-

ation (Flanker, Stroop; Fig. 3 C, Table S6). Both conjunction maps over-

apped in posterior-medial frontal regions (preSMA), the inferior frontal

yrus (at the inferior frontal junction), and the insula. Activation in the

recentral gyrus was found in both types of paradigms. Response inhi-

ition paradigms additionally recruited left occipital and right temporal
6 
egions, and they were also associated with significant striatal (caudate

ucleus, putamen) and right-lateralized thalamic activations. Interfer-

nce Control paradigms showed broader activations of the left inferior

rontal gyrus. 

ontrast analyses: inhibition-specific activation. Contrast analyses were

un to detect which brain regions were more consistently associated with

nhibition than with Shifting or Updating. Here we focus on the results

btained from pairwise contrasts with conjunctions ( Fig. 4 ). Additional

esults obtained from pairwise contrasts are reported in the Supplemen-

ary Materials (Table S7). 

In comparison to Shifting and Updating tasks, the Inhibition network

as associated with more activation in a number of bilateral parietal and

ight fronto-temporal clusters ( Fig. 4 A, Table S8). Inhibition-specific ac-

ivation in right-lateralized fronto-temporal regions were mainly found

n the middle and inferior frontal gyri, in the precentral gyrus as well as

n medial frontal and cingulate regions and in the right superior tempo-

al gyrus. We also found a cluster of inhibition-specific activation in the

eft insular lobe. Inhibition-specific parietal clusters were mainly iden-

ified in bilateral inferior parietal regions. Finally, we also identified

nhibition-specific activation in right striatal areas, namely the caudate

ucleus and putamen. 

.3.2. Shifting 

This analysis covered studies employing paradigms that were exclu-

ively assigned to the Shifting domain ( Table 1 ). The results ( Fig. 1 C,

able S9) showed a fronto-parietal network similar to the overall net-

ork seen in the global analysis, but with overall smaller cluster size

nd slightly more left-lateralized (see Fig. 1 ). The largest cluster of acti-

ation was found in the left frontal cortex, spanning the left middle and

nferior frontal and precentral gyri. This cluster also included peaks in

he left insular lobe and left-lateralized subcortical nuclei, specifically

audate nucleus, putamen, and thalamus. A similar cluster was found in
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Fig. 3. Intra-domain conjunction analyses within the Inhi- 

bition domain. (A) Intra-domain conjunctions across An- 

tisaccade, Flanker, Go/No-go, Stop Signal, and Stroop. 

(B) Intra-domain conjunctions across Response Inhibition 

paradigms (Go/No-go, Stop Signal). (C) Intra-domain con- 

junctions across Interference Control (Flanker, Stroop). 

The coordinate from each plane (x-sagittal, y-coronal or 

z-axial) is indicated above the corresponding slice image. 

Fig. 4. Brain areas specifically associated with Inhibition 

(A), Shifting (B), and Updating (C). Slice numbers are indi- 

cated above the corresponding slice image. The coordinate 

from each plane (x-sagittal, y-coronal or z-axial) is indicated 

above the corresponding slice image. 
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he right hemisphere, but this cluster was restricted to the right middle

nd inferior frontal and precentral gyri. Activation was also found in

he precentral gyri and in the posterior-medial frontal cortex (preSMA).

ilateral parietal clusters were found, both peaking in inferior parietal

egions and extending into the precuneus the superior parietal lobule. A

eft-lateralized temporo-occipital cluster was also identified, with peaks

n the left fusiform and inferior temporal gyri. Finally, a separate sub-

ortical cluster emerged, with a single peak in the right thalamus. 

aradigm-specific analyses for commonly used shifting tasks. Independent

nalyses were run for the most frequently used Shifting paradigms
7 
 Fig. 5 , Table S10). For Dual Task paradigms, clusters of activation were

xclusively found in the left hemisphere. The activated regions were

imilar to those found in Rule/Response Switching and in the Wiscon-

in Card Sorting Test, spanning middle and inferior frontal gyri, the in-

ular lobe as well as superior and inferior parietal regions, on the left

emisphere. In addition, the Rule/Response Switching and Wisconsin

ard Sorting paradigms overlapped in the right insula, the right infero-

arietal cortex and in the posterior-medial frontal cortex (preSMA). Wis-

onsin Card Sorting paradigms additionally recruited temporo-occipital

egions in the left hemisphere, the right middle frontal gyrus and the

halamus bilaterally. 
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Fig. 5. Brain areas activated by executive functioning tasks 

from the Shifting domain. Common paradigms used for ex- 

amining Shifting are Dual Task (A), Rule/Response Switching 

(B), and Wisconsin Card Sorting Test (C). The coordinate from 

each plane (x-sagittal, y-coronal or z-axial) is indicated above 

the corresponding slice image. 

Fig. 6. Intra-domain conjunction analysis within the Shift- 

ing domain across Dual Task, Rule/Response Switching, and 

Wisconsin Card Sorting Test. The coordinate from each plane 

(x-sagittal, y-coronal or z-axial) is indicated above the corre- 

sponding slice image. 
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ntra-domain conjunction for shifting. The intra-domain conjunction

nalysis ( Fig. 6 , Table S11) revealed common clusters of activation for

he Dual Task, Rule/Response Switching and Wisconsin Card Sorting in

he left insular lobe, the left middle and inferior frontal gyri as well as

n the left superior and inferior parietal lobules. 

ontrast analyses: shifting-specific activation. Contrast analyses were run

o detect which brain regions were more consistently associated with

hifting than with Inhibition or Updating ( Fig. 4 ). Results obtained from

airwise contrasts are reported in the Supplementary Materials (Table

12). 

In comparison to Inhibition and to Updating tasks, Shifting tasks

ere associated with more activation mainly in the left hemisphere

 Fig. 4 B, Table S13). This left-lateralized Shifting-specific activation

panned frontal (mainly middle and inferior frontal gyri, but also the

eft posterior-medial cortex —preSMA —and precentral gyrus) and pari-

tal (superior and inferior parietal lobule, precuneus) areas. In the right

emisphere, Shifting-specific activity was mainly detected in the pari-

tal lobe (superior parietal lobe, precuneus). In addition, Shifting was

pecifically related to areas of the bilateral thalami. 

.3.3. Updating 

This analysis covered studies employing paradigms that were exclu-

ively assigned to the Updating domain ( Table 1 ). The results ( Fig. 1 D,

able S14) showed a fronto-parietal network similar to the overall net-

ork seen in the global analysis. The largest cluster was detected in

he left hemisphere, spanning frontal (middle and inferior frontal gyri,

recentral gyrus, posterior-medial frontal cortex/preSMA), insular and

ubcortical (thalamus, striatum) regions. A similar cluster was detected

n the right hemisphere. Parietal clusters were present in both hemi-

pheres, spanning the superior and inferior parietal lobules and pre-

uneus. Furthermore, three cerebellar clusters were found for Updating.

he first cerebellar cluster peaked in the left crus I and extended into

he left inferior occipital gyrus. A second cerebellar cluster peaked in
8 
he right lobule VI and extended into the right inferior temporal gyrus.

inally, a separate cluster was identified spanning the bilateral crus I of

he cerebellum. 

aradigm-specific analyses for commonly used updating tasks. Indepen-

ent analyses were run for Manipulation, Recognition and N-back

aradigms ( Fig. 7 , Table S15). All paradigms were associated with bi-

ateral activation in the middle frontal gyrus, the inferior parietal lobe,

he posterior-medial frontal (pre-SMA) and insular cortices. The N-back

as associated with a prominent bilateral activation in the caudate and

n the thalamus and Recognition paradigms were associated with acti-

ation in the thalamus, the caudate and the putamen on the left side.

nterestingly, all Updating paradigms consistently recruited right cere-

ellar regions (crus I, lobule VI) and only the N-back and Manipulation

aradigms recruited this region on the left side. 

ntra-domain conjunction for updating. The conjunction analysis within

he Updating domain ( Fig. 8 , Table S16) revealed that Manipulation, N-

ack, and Recognition paradigms showed common activation patterns

n superior, middle and inferior frontal gyri, medial frontal areas, in-

ular lobes, and parietal regions (superior and inferior parietal lobes,

recuneus). We also detected consistent common recruitment of lobule

I of the right cerebellum. 

ontrast analyses: updating-specific activation. Contrast analyses were

un to detect which brain regions were more consistently associated with

pdating than with Inhibition or Shifting ( Fig. 4 ). Results obtained from

airwise contrasts are reported in the Supplementary Materials (Table

17). 

In comparison to Inhibition and to Shifting tasks, Updating tasks con-

istently recruited more activation in a number of fronto-parietal and

erebellar areas ( Fig. 4 C, Table S18). Updating-specific activity in the

rontal lobes was centered on the middle frontal gyri as well as precen-

ral and postcentral gyri. Parietal activations spanned bilateral superior
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Fig. 7. Brain areas activated by executive functioning 

tasks from the Updating domain. Common paradigms 

used for examining Updating are Manipulation (A), N- 

back (B), and Recognition (C). The coordinate from each 

plane (x-sagittal, y-coronal or z-axial) is indicated above 

the corresponding slice image. 

Fig. 8. Intra-domain conjunction analysis within the Up- 

dating domain across Manipulation, N-back, and Recog- 

nition. The coordinate from each plane (x-sagittal, y- 

coronal or z-axial) is indicated above the corresponding 

slice image. 
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nd inferior parietal lobules. Interestingly, Updating was prominently

nd specifically associated with cerebellar activations (mainly left crus

 and right lobule VI). 

.4. Conjunction analyses to reveal the core executive network 

Conjunction analyses were run to detect brain areas that were con-

istently recruited across the three key domains of executive functioning

Inhibition ∩ Shifting ∩ Updating) ( Fig. 9 , Table S19). 

Common brain activation recruited by Inhibition, Shifting, and Up-

ating tasks was consistently found in a large fronto-parietal network

imilar to the one identified in the global analysis ( Fig. 9 ). This network

an be considered a ‘core’ executive functioning network, as activation

ssociated with these clusters overlap across the three main executive

unctioning domains under investigation. This network comprised ac-

ivations in bilateral frontal cortices, centered on the middle and in-

erior frontal gyri. Activation peaks were also found in the insular lobe

nd in the posterior-medial frontal cortex (preSMA). Parietal activations

panned superior and inferior parietal lobules and precunei. Consistent

ctivation was further observed in a left-lateralized temporo-occipital

luster (fusiform and inferior temporal gyri). There was also consistent

ubcortical activation, in bilateral thalami as well as left caudate nucleus

nd pallidum. 

In concordance with the principles of Data Sharing and Trans-

arency, the 3D maps of the above mentioned results (NIfTI files for

lobal, domain and task analyses) are available at https://osf.io/d85pb/

view_only = f0b3fcad577d4ff39cb4e6f3cd34e63f . 

. Discussion 

In this meta-analysis we comprehensively integrated the existing

euroimaging findings on executive functions in adults, modeling the
9 
vailable data of 1055 experiments including 26,191 participants. We

imed to identify the ‘global’ network for executive functions as well as

he common and distinct networks from the main executive function do-

ains (Inhibition, Updating, and Shifting). Importantly, we provided for

he first time a comprehensive and extensive meta-analysis of the most

ommonly used executive function paradigms and we reported about

he convergences and divergences among them. We observed that ex-

cutive functions recruit a fronto-parietal network, as well as temporo-

arietal association areas, thalamus and basal ganglia, consistent with

revious literature. Whereas Inhibition, Updating and Shifting showed

verlaps within these regions, each of these domains also showed dis-

inct patterns of activation. Our paradigm-specific and intra-domain

onjunction analyses (conjunction of the paradigms from the same ex-

cutive domains) allowed a fine-grained comparison among paradigms

rom the same executive domain and a more refined study of the distinc-

ive networks from each executive domain. Among the most remarkable

ndings that this approach revealed are: (a) important heterogeneities

mong the paradigms targeting Inhibition, (b) a conspicuous laterality

f Inhibitory and Shifting domains, and (c) the identification of neural

ignatures associated to the specific modules of the Working Memory

odel from Baddeley and Hitch (1974 , 1994 ). 

.1. The ‘global’ and ‘core’ executive network 

The ‘global’ Executive Functioning network revealed a widespread

ctivation across bilateral fronto-parietal regions, insula, basal ganglia,

nd occipital regions, extending to the cerebellum. The ‘core’ executive

etwork, derived from the conjunction among Inhibition, Updating and

hifting, showed a substantial overlap across cortical and subcortical re-

ions. However, the core executive functioning network involved a less

xtensive activation in the bilateral middle frontal gyrus, and did not

ngage the cerebellum. Whereas the global map is more comprehensive

https://osf.io/d85pb/?view_only=f0b3fcad577d4ff39cb4e6f3cd34e63f
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Fig. 9. Brain areas commonly recruited by Inhibition, Shifting, and Updating (Inhibition ∩ Shifting ∩ Updating), representing a ‘core’ executive network. The 

coordinate from each plane (x-sagittal, y-coronal or z-axial) is indicated above the corresponding slice image. L = left, R = right. 
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egarding the type of executive processes included (fluency, planning,

nd mixed paradigms, in addition to the three main domains), the con-

unction map shows what is common to the three main domains. Hence,

he ‘global’ network is comprehensive regarding the most frequently ac-

ive regions in a variety of executive function processes, whereas the

core’ network shows more uniquely what is consistent across the three

ain domains. 

The convergence of the neural substrates from the three main do-

ains into a ‘core’ network is well in line with the conceptual no-

ion of a latent common Executive Functioning factor at a behavioral

evel (see Friedman and Miyake 2017 , Miyake and Friedman 2012 ,

eer et al. 2021 ). In this sense, the core network reflects the coales-

ence in common cognitive processing requirements among the three

ain domains, and therefore, supports the concept of executive func-

ion as a common general domain ( Miyake and Friedman, 2012 ). This

ommon cognitive processing may imply sustained attention, monitor-

ng and coordination of simultaneous cognitive processes, necessary to

ccomplish a particular task. Some classic perspectives consider the

aintenance and management of goals in spite of interference, top-

own bias and competition resolution at the core of executive process-

ng ( Friedman and Miyake, 2004 ; Kane and Engle, 2002 ; Miller and

ohen, 2001 ). In this respect, the concept of ‘executive’ function im-

lies the orchestration of different cognitive sub-processes in order to

chieve a goal ( Cristofori et al., 2019 ). Therefore, the term represents

rocesses that enable us to organize and plan our thoughts and behav-

or, which is crucial in novel situations and/or problem-solving contexts

 Diamond, 2013 ) and can be considered essential for functional indepen-

ence in everyday life across the lifespan. 

The ‘core’ executive network observed here has long been shown to

e engaged in a variety of tasks that include an executive component

 Fedorenko et al., 2013 ; Lemire-Rodger et al., 2019 ; Niendam et al.,

012 ). Among the regions shown in the ‘global’ and ‘core’ execu-

ive networks we observed the inferior frontal junction, the inferior

arietal lobe, the insula and the preSMA. The inferior frontal junc-

ion (junction of the inferior frontal sulcus and the inferior precen-

ral sulcus) has been proposed to represent abstract task-relevant prop-

rties of objects ( Brass et al., 2005 ). Being located in the vicinity of

anguage, memory and cognitive control related regions, it has been
10 
roposed to serve as a bottleneck between top-down and bottom-up

rocessing. The inferior frontal junction is functionally distinguished

y its connectivity with the inferior parietal lobe, the anterior in-

ula, and the preSMA, which were all observed in the ‘core’ network

 Muhle-Karbe et al., 2016 ). The fronto-parietal network that we ob-

erved presents a large overlap with networks identified for broader

ognitive domains such as attention, a ‘multiple-demands’ system (or-

anized to perform higher cognitive operations), reasoning and fluid

ntelligence ( Ardila et al., 2018 ; Camilleri et al., 2018 ; Duncan, 2010 ;

angner and Eickhoff, 2013 ; Müller et al., 2015 ). These different pro-

esses are interrelated (conceptually and empirically) and involve simi-

ar cognitive requirements such as goal maintenance and attention con-

rol. Friedman and Miyake (2017) discuss in detail the relation between

xecutive functions, the multiple-demand system, attention and fluid

ntelligence at a conceptual and behavioral level. Future neuroimaging

eta-analyses may compare the neural networks underlying these dif-

erent constructs. 

In addition to prefrontal and parietal areas, we observed that the

global’ and ‘core’ executive function networks engaged the striatum

xtending to the thalamus. This might suggest a circuit involving

refrontal, thalamic and striatal projections, which has shown to be

rucial in the synchronization and planning of cognitive-motor out-

uts ( Florio et al., 2018 ). Interestingly, a multi-scale connectomics ap-

roach, based on structural and functional connectivity maps, has re-

ealed a major role of the fronto-striato-thalamic circuit in brain aging

 Bonifazi et al., 2018 ). Deterioration in this circuit may contribute to

xecutive function deficits in older adults. 

The ‘global’ and ‘core’ executive maps also displayed activation in

he fusiform gyrus, which has been recognized as a pattern recogni-

ion processing area ( Weiner and Zilles, 2016 ). However, the more

ne-grained intra-domain conjunction maps did not show activations

n the fusiform gyrus, the thalamus or the striatum, indicating that

hese regions are activated only in particular paradigms within each

omain. Recent evidence shows the existence of sub-networks in the

xecutive system ( Camilleri et al., 2018 ). One of these sub-networks is

omposed by the thalamus and the putamen. As we will discuss in the

ext sections, this loop seems to be relevant only in particular executive

rocesses. 
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.2. Inhibition network 

The Inhibition network involved areas associated with monitoring

nd error detection (anterior and mid-cingulate cortex), motor control

precentral gyrus and basal ganglia), attentional control (inferior frontal

yrus) and multisensorial integration (supramarginal and angular gyri).

ccording to the contrast analyses, these areas were also recruited to a

igher extent in Inhibition as compared to Shifting and Updating, fur-

her underscoring their key role in Inhibition. Referring to the ability

o suppress a response or stimulus, Inhibition requires constant moni-

oring, and the participant is usually aware of mistakes whenever these

ccur; this pattern is not always reflected during Shifting and Updating.

Nonetheless, it has been debated whether the fronto-parietal net-

ork recruited during inhibition constitutes a salience detection net-

ork vs a distinctive inhibitory network ( Criaud and Boulinguez, 2013 ;

wick et al., 2011 ; Wijeakumar et al., 2015 ), as well as which mod-

les are really crucial for processing inhibition ( Sebastian et al., 2016 ).

or many years, the right inferior frontal gyrus was considered as a po-

ential central node in the inhibitory process ( Aron et al., 2014 ). How-

ver, subsequent studies have shown that this node and others in the

etwork (precentral gyrus, inferior parietal lobe and striatum) are en-

aged in the processing of salient non-inhibitory stimuli and sustained

ttention ( Erika-Florence et al., 2014 ; Langner and Eickhoff, 2013 ;

ebastian et al., 2021 ; Wijeakumar et al., 2015 ). To that extent, in-

ibitory processes imply salience detection per se, and inhibition is

ostly challenged when the individual is faced with salient interfer-

ng stimuli. A recent approach argues that the perception of different

ypes of unexpected events invariably leads to action slowing or stop-

ing and that this phenomenon explains the common recruitment of a

ronto-basal ganglia network (right inferior frontal gyrus, preSMA and

ubthalamic nucleus) in unexpected events perception and action stop-

ing ( Wessel and Aron, 2017 ). 

Although the middle and superior frontal gyri have been less dis-

ussed in the literature on inhibitory processes, a systematic study of

atients with brain damage revealed that the performance on two in-

ibitory tasks (Stroop and Hayling) relied on the integrity of these struc-

ures ( Cipolotti et al., 2016 ). The results from our present meta-analysis

lso show that the middle frontal gyrus is consistently recruited during

nhibitory paradigms. Whether this reflects a critical role of the middle

rontal gyrus, or whether inhibition is the result of dynamic properties

mong the components of a network remains to be further investigated.

To our knowledge this is the first meta-analysis that directly com-

ares the neural networks of the five most commonly used inhibitory

aradigms: Go/No-go, Stop Signal, Stroop, Flanker and Antisaccade.

otably, the intra-domain conjunction and paradigm-specific maps re-

ealed that not all these classic inhibition tasks share the same ro-

ust network. When all paradigms were considered, only the preSMA

egion emerged as a common region. Further analyses led us to re-

roup the paradigms according to cognitive similarities: Response In-

ibition (Go/No-go and Stop Signal) and Interference Control (Stroop

nd Flanker). Whereas the former group implies stopping or canceling

n action, the latter is more focused on overriding conflicting informa-

ion. We found that both maps showed activation in the preSMA, the

nsula, the inferior frontal junction and different but adjacent portions

f the inferior parietal lobe. These regions are part of the common unex-

ected action and inhibition network found by Sebastian et al. (2021) .

owever, as noticed in the previous section, they are not specific to the

nhibition domain. Furthermore, they do not match for the most part

ith the unexpected events network (right inferior frontal cortex, sub-

halamic nucleus and preSMA) proposed by Wessel and Aaron (2017) . 

Remarkably, the Response inhibition map showed, in addition, ac-

ivation of the thalamus, the basal ganglia and regions belonging

o the ventral attention network (inferior frontal and supramarginal

yri) which is thought to act as detector of salient stimuli, in con-

rast with the top-down dorsal attention network ( Corbetta and Shul-

an, 2002 ). Moreover, the right inferior frontal cortex is part of the un-
11 
xpected events - inhibition network ( Sebastian et al., 2021 ; Wessel and

ron, 2017 ). Response inhibition tasks are characterized by the pre-

entation of infrequent and therefore de facto salient stimuli. Although

nterference Control also involves the detection of unexpected (incon-

ruent) events, the crucial difference with Response Inhibition might be

 bottom-up detection of salient information. 

In contrast with the proposition of Wessel and Aron (2017) and with

he observations of Sebastian et al. (2021) , we did not find activation in

he subthalamic nucleus for Response inhibition. When looking at the

ndividual Inhibition task maps, only one cluster from the Stop Signal

aradigm (action cancellation) was bordering this region. It has been

roposed that the subthalamic nucleus reflects an emergency-like sys-

em ( Hannah and Aron, 2021 ), thus, it is possible that some fMRI pro-

ocols lack temporal resolution to detect the fast changes in this region

nd/or that this region may be more crucial in circumstances when the

eed for stopping is rather unforeseen. 

Interference Control paradigms showed an activation in the left mid-

le frontal gyrus (bordering the inferior frontal sulcus), not present in

he Response inhibition map. This cluster was adjacent to one identified

n Shifting paradigms and might reflect a possible functional gradient

elevant in inhibiting distracting information and alternating between

ifferent cognitive processes (flexibility). Overall, these findings rein-

orce the idea that inhibition is a generic term that encompasses rather

eterogeneous behaviors as supported by behavioral and clinical obser-

ations ( Bissett et al., 2021 ; Friedman and Miyake, 2004 ; Hedden and

oon, 2006 ; Nigg, 2000 ; Seer et al., 2021 ). At least, the present neural

vidence supports its distinction in Response Inhibition and Interference

ontrol which may further inform conceptual delineation. 

Response inhibition paradigms engaged the basal ganglia and the

halamus, in concordance with previous observations ( Coxon et al.,

016 ; Guo et al., 2018 ; Hung et al., 2018 ; Swick et al., 2011 ; Zhang et al.,

017 ). Interestingly, we did not observe this for Interference Control

aradigms. Although some meta-analyses reported basal ganglia acti-

ation in cognitive inhibition paradigms (Stroop and Think/No-think),

his pattern has been inconsistent ( Huang et al., 2020 ; Hung et al., 2018 ;

wick et al., 2011 ; Zhang et al., 2017 ). Although the more consistent

ctivation of basal ganglia for Response inhibition paradigms seems

o point to a central role in motor control (performing or withhold-

ng movement), these structures were also activated in some Updating

aradigms, as will be further discussed. 

Making a further distinction within Response inhibition tasks, we

bserved that the Stop Signal, but not the Go/No-go task recruited the

ed nucleus, which is involved in motor coordination. The distinctions

egarding the basal ganglia and midbrain activations could have po-

ential implications for the diagnostics and treatment of motor control

isorders. 

The insula was shown to be engaged by the Go/No-go, Stop Signal,

troop and Flanker paradigms. Previous studies have shown insular ac-

ivation to relate to task performance in inhibition paradigms ( Cai et al.,

014 ; Coxon et al., 2016 ; Wager et al., 2005 ). Nonetheless, the insula is

lso part of the vigilant attention network ( Langner and Eickhoff, 2013 ),

aking it more challenging to disentangle its particular function in the

nhibitory process. 

In sum, our paradigm-specific approach underscores the complex-

ty of Inhibition as a single construct. Moreover, several qualifications

merge from this analysis: (a) the inferior frontal gyrus is not a con-

istent node across Inhibition paradigms and is rather relevant when

aliency detection is involved, (b) the Response inhibition paradigms

re distinctively characterized by the activation of the ventral attention

etwork, basal ganglia and thalamus, (c) the inferior frontal junction

nd the insula are common nodes among Response inhibition and Inter-

erence Control paradigms, yet these regions are also recruited by the

ther executive domains, as discussed in the previous section, and (d)

he Antisaccade paradigm seems to have minimal neural commonalities

ith other Inhibition paradigms, suggesting that antisaccade-type inhi-

ition might differ from inhibitory processes reflected in Response In-
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ibition and Interference Control tasks in that it recruits different brain

reas. As such, its individual use as an Inhibition index in clinical and ex-

erimental settings should be carefully considered. While more detailed

nalyses regarding differences among antisaccade paradigms were be-

ond the scope of the present work, we would like to refer interested

eaders to the database that we publish together with this paper for

ollow-up analyses regarding heterogeneity among antisaccade tasks in

he existing literature. 

.3. Shifting network 

Among the areas that were more active during Shifting as compared

o Inhibition and Updating, the most prominent were the left inferior

nd superior parietal lobes, the precuneus, the thalamus, and the left

nferior and middle frontal gyri. Whereas the inferior parietal lobe is

onsistently active across different executive domains the activation of

he precuneus and superior parietal lobe is consistent for Shifting, but

ot for Inhibition and Updating ( Niendam et al., 2012 ; Worringer et al.,

019 ; Zhang et al., 2017 , 2021 ). Notably, Zhang et al. (2021) also found

 greater activation in these regions in Shifting as compared to Inhibition

nd Working Memory, which highlights the core role of these regions

n Shifting processes. 

Diffusion weighted imaging studies have identified the precuneus

s being part of a central structural core ( Hagmann et al., 2008 ). It is

lso a heterogeneous brain region from an anatomical and structural

onnectivity viewpoint with three subdivisions that have a distinct con-

ectivity profile (anterior, central and posterior). Furthermore, a recent

tudy suggested that it mediates the interaction among the dorsal atten-

ion, the default mode and fronto-parietal control resting state networks

 Luo et al., 2020 ), which supports its role in switching between different

ognitive processes. 

To our knowledge this is the first meta-analysis that compared and

ntegrated the neural networks of the three most common Switching

aradigms: the WCST, Dual Task and Rule/Response Switching. This

evealed notable differences, but also commonalities, among the neu-

al nodes associated with these paradigms. First, the paradigm-specific

nalyses revealed that the precuneus was identified as a node of Dual

ask and Rule/Response Switching, but not of the Wisconsin Card Sort-

ng Test paradigm, in which individuals are required to switch classi-

cation criteria but the rules and task context remain constant, unlike

n the other two Shifting subdomains. Thus, by virtue of its central lo-

ation and heterogeneous connectivity profile, the precuneus may play

 central role in the interaction between different networks and may

e crucial in the ability to switch between different cognitive frames

e.g., different rules or tasks). Second, the anterior portion of the left

iddle frontal gyrus and the thalamus were active during the Wiscon-

in Card Sorting Test but not the Dual Task or Rule/Response Switch-

ng. These regions were also active in the Updating general map (and

n the N-back and Recognition tasks) which may point to the higher

orking memory load during the Wisconsin Card Sorting Test as com-

ared to the two other Shifting subdomains. Third, the Rule/Response

witching and the Wisconsin Card Sorting Test (but not the Dual Task)

ecruited the preSMA region -similar to Inhibition tasks-, which has not

nly been related with action stopping but also, more generally, with

ction selection ( Rae et al., 2014 ). In addition, whereas the Dual Task

xhibited activation exclusively in the left hemisphere, the Wisconsin

ard Sorting Test and the Rule/Response Switching paradigms also ex-

ibited fronto-parietal activation in the right hemisphere (although to

 lesser extent than in the left side). This finding may point to a crucial

ole of preSMA and bilateral fronto-parietal activation in sequential as

ompared to parallel Shifting processing. 

According to the intra-domain conjunction analysis for Shifting, the

hree main Shifting tasks commonly activated the inferior and superior

arietal lobes, the inferior frontal gyrus pars triangularis, the middle

rontal gyrus and the insula, all in the left hemisphere. Although Inhibi-

ion and Shifting engaged fronto-parietal regions bilaterally (according
12 
o the general maps), Inhibition recruited to a greater extent portions

f the right hemisphere than the two other executive domains, while

hifting engaged left regions to a higher extent (according to the con-

rast maps and the intra-domain conjunction analysis). A transcranial

agnetic stimulation study found that the middle frontal gyrus plays an

mportant role in the reorganization and regulation of brain networks.

hereas the right middle frontal gyrus is associated with sustained at-

ention, the left middle frontal gyrus is associated with selective atten-

ion ( Song et al., 2019 ). To this regard, the Shifting processing tasks

eem to demand more selective attention as compared with Inhibition

asks. 

In sum, whereas the Shifting network recruits bilateral fronto-

arietal areas, the regions that are more strongly associated to Shifting

s compared to the other two domains and that are also consistent across

he subdomains (Dual Task, Rule/Response Switching and Wisconsin

ard Sorting Test) are noticeably lateralized to the left hemisphere.

oreover, whereas the WCST seems to have a higher overlap with the

pdating network as compared to the two other Shifting paradigms, the

reSMA seems an important node in distinguishing sequential (WCST

nd Rule/Response Switching) from parallel Shifting (Dual Task). Fi-

ally, the precuneus and the left middle frontal gyrus seem to be of

articular relevance for the interaction and reorganization of neural net-

orks, which might be at the core of Shifting and flexible processing in

eneral. 

.4. Updating network 

The regions engaged to a higher extent in Updating as compared to

hifting and Inhibition were the right middle frontal gyrus (central por-

ion), the left inferior frontal junction (junction of the inferior frontal

ulcus and the inferior precentral sulcus), the superior parietal lobe bi-

aterally, and the left cerebellum. All these regions were consistently en-

aged by the three main Updating tasks. In addition, as apparent from

he intra-domain conjunction analyses, the Updating domain was the

ne that showed a more distributed and robust network common to

he subdomains (Recognition, Manipulation and N-back). Furthermore,

he pattern from the Updating intra-domain conjunction map covered

ost of the intra-domain conjunction maps of Inhibition and Shifting,

hereas the latter two showed a negligible overlap. This suggests that

he central cognitive components of Updating are common to those of

nhibition and Shifting, whereas the central cognitive components be-

ween Inhibition and Shifting seem more independent. 

Besides the Updating tasks, the right middle frontal gyrus also

howed up in the Go/No-go and Flanker (and to a minor extent the

isconsin Card Sorting Test) activation maps. Similar to the right in-

erior frontal gyrus, the right middle frontal gyrus has been associ-

ted with sustained and vigilant attention ( Langner and Eickhoff, 2013 ;

ong et al., 2019 ). Sustained attention seems crucial in Updating

aradigms and individuals must be vigilant of information sets and

void distractions in order to maximize their performance. 

Besides being active in the three Updating paradigm types (and en-

aged to a higher extent in the Updating domain), the left inferior frontal

unction was also active in the Stroop, Wisconsin Card Sorting Test and

ule/Response Switching paradigms. This observation is consistent with

revious findings supporting the role of this region in the updating of

ental representations in different executive domains ( Derrfuss et al.,

005 ). As mentioned before, this region has been proposed to represent

bstract information of objects, possibly by integrating information from

anguage, working memory and motor control ( Brass et al., 2005 ). 

Although a small portion of the superior parietal lobe was engaged

o a greater extent in Updating than in Shifting and Inhibition domains,

his region was not only engaged in all Updating tasks but also in most of

he Inhibition and Shifting tasks (only the Wisconsin Card Sorting Test

nd Stop Signal were the exception). This region is involved in a wide

ange of cognitive functions such as attention, visual perception, spatial

ognition and reasoning ( Wang et al., 2015 ). Accordingly, although it
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(

enerally appears to contribute to the executive domain, its role is not

xclusive and covers a broad range of functions. 

The most distinctive activation from the Updating domain was lo-

ated in the cerebellum. Recruitment of the cerebellum was present

ot only in the domain-level analysis of Updating, but also for each

f the Updating paradigm-specific analyses (i.e. N-back, Recognition,

nd Manipulation). Consistent recruitment of the cerebellum at both

he domain and task-level was unique to Updating. This is notewor-

hy as there has been a long history of research arguing that the cere-

ellum is not only critical to motor control, but also plays an impor-

ant role in working memory ( Beuriat et al., 2020 ; Hayter et al., 2007 ;

amnani, 2006 ). Specifically, Crus I was recruited at both the domain

evel of Updating and at the paradigm-specific analyses. This area ex-

ibits connectivity with higher-order processing areas, including the

refrontal, posterior-parietal, cingulate and parahippocampal areas in

eedback loops ( Schmahmann, 2019 ; Stoodley and Schmahmann, 2009 ).

ll Updating tasks also recruited cerebellar lobule VI, which has also

een associated with working memory and language functions, poten-

ially signaling a role for the cerebellum in verbal working memory

 Stoodley and Schmahmann, 2009 ). Noticeably, our findings support

revious evidence from patients with cerebellar lesions showing that the

erebellum is critical for working memory but not for other executive

unctions ( Beuriat et al., 2020 ). 

The consistent recruitment of cerebellar regions in the analyses re-

ating to Updating addresses the longstanding question of whether the

erebellum plays a role in working memory. This in turn has impor-

ant implications for studies targeting cerebellar functions. While tradi-

ionally the cerebellum was often considered a “motor ” region, mount-

ng evidence has demonstrated that cognitive, perceptual, and motor

unctions are supported by cerebellar activation ( King et al., 2019 ;

chmahmann et al., 2019 ; Sokolov et al., 2017 ; Stoodley and Schmah-

ann, 2009 ). Additionally, cerebellar stimulation protocols may also

ffect cognitive functions ( Hardwick et al., 2021 ). 

Remarkably, through paradigm-specific analyses we distinguished

he neural networks of Manipulation, N-back and Recognition

aradigms. By definition, working memory refers to a system to main-

ain and manipulate information in the absence of external input. Ac-

ording to the multicomponent working memory model proposed by

addeley and Hitch (1974) , the system comprises modules to store sen-

orial information (loops) and a central executive to coordinate the con-

ent from the loops. The term working memory is frequently used for

aradigms that specifically target the storage system (e.g., Sternberg

ask). To our knowledge, the first and last meta-analytical study to target

he distinction between paradigms from the different modules of Badde-

ey and Hitch’s model was performed by Wager and Smith (2003) . These

uthors observed greater increases in ventral and anterior prefrontal

egions in manipulation paradigms. Our study did not replicate these

ndings, possibly due to the limited number of studies and a different

eta-analytic technique used in the former publication. In our study, we

ound that the N-back and Manipulation tasks (which tackle the execu-

ive component) showed a high degree of overlap across fronto-parietal

egions, insula and cerebellum, but only the N-back exhibited recruit-

ent of the basal ganglia. The Recognition subdomain (storage com-

onent) showed a more distributed pattern across the fronto-parietal

etwork, which covered the task networks of Manipulation and most of

he N-back network in cortical regions. In comparison to Recognition,

he N-back (but not Manipulation) subdomain showed activation in the

ight thalamus, the right caudate and a medial portion of cerebellar Crus

. Notably, the thalamus has been identified as an important hub that

ntegrates information from different cortical networks ( Hwang et al.,

017 ). Importantly, although all Updating paradigms recruited the right

erebellum (Lobule VI), only the left cerebellum (Lobule VII) showed

ctivation in the Manipulation and N-back subdomains (executive mod-

le), but not in Recognition (storage module). This highlights the role

f particular subcortical regions and left cerebellum in the manipulation

f short-term stored information. Remarkably, this is supported by the
13 
mpaired manipulation of visual representations in patients with degen-

rative cerebellar disorders ( McDougle et al., 2022 ). The manipulation

f stored information requires the system to switch among different on-

oing cognitive processes. As observed in the previous section, Switch-

ng processing seems dominant in the left hemisphere. Therefore, it is

ossible that the activation of the left cerebellum during manipulation

aradigms relates to dynamic cognitive demands from working mem-

ry, referred to as the executive module in the multicomponent working

emory model. 

In regard to the basal ganglia, the N-back subdomain showed to en-

age the caudate head whereas the Recognition subdomain recruited

he caudate and the putamen. These activations overlap with different

ortions of basal ganglia activation from the Response inhibition tasks

Go/No-go and Stop Signal). Guo et al. (2018) showed that basal gan-

lia are involved in motor response inhibition and the suppression of

houghts. During the N-back and Recognition paradigms, it is crucial to

aintain and update the relevant content while suppressing distracting

nformation and this may possibly be the source of this neural common-

lity. 

Overall, these results show that the different Updating subdomains

resent a widespread cortical activation pattern which partially overlaps

ith those from Inhibition and Shifting. Furthermore, our findings high-

ight the distinguishable role of the thalamus, basal ganglia and different

egions of the cerebellum in paradigms that target distinct modules of

he multicomponent working memory model. 

.5. General discussion 

This study supports the unity-diversity model of Executive Func-

ions ( Miyake et al., 2000 ). The neural convergences across the three

ain executive domains consist of a canonical fronto-parietal network

hich, generically speaking, is considered to be engaged in a wide

ange of higher cognitive abilities (‘multiple demands network’, see

uncan 2010 ) that shares the coordination of different cognitive pro-

esses. This is in accordance with the definition of executive functions,

hich are the abilities that orchestrate different cognitive processes and

ehavior. 

The general maps of each of the three main executive domains (In-

ibition, Shifting and Updating) showed a substantial overlap with the

global’ executive network, which is not surprising as these analyses in-

orporate different types of paradigms from the same domain. 

For the first time, we present intra-domain conjunction analyses.

his approach allows us to override the frequent meta-analysis bias of

aps mostly representing the most frequently used paradigms within

ach domain, and thus showing brain areas that may not be representa-

ive of all paradigms. Accordingly, our approach allows a more reliable

dentification of what is specifically distinctive for each domain and the

onsequent comparison between domains, thus providing a more differ-

ntiated perspective on brain activations associated with different do-

ains of executive functioning than previous meta-analyses. 

When looking at the commonalities among paradigms from the same

omain (intra-domain conjunctions), Shifting and Inhibition are shown

o be considerably distinct from each other and to be lateralized to the

ight and left hemispheres, respectively. In contrast, the networks of

oth the Shifting and Inhibition domains overlap with that from Updat-

ng. In addition to the intra-domain commonalities, we observe regions

hat are common between tasks from different domains while occasion-

lly being inconsistent at intra-domain level. Thus, although there ap-

ears a quite distinct pattern of functional activation for each domain,

he domain constructs do not seem entirely independent from a brain

ctivity perspective. 

This speaks to the neural signature of the general notion of unity

nd diversity of executive functions, as observed in behavioral stud-

es and insights obtained from the study of brain damaged patients

 Friedman and Robbins, 2022 ; Miyake and Friedman, 2012 ). 
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Accordingly, the maps from the intra-domain analyses, as well as

hose from the contrast analyses, should not be considered as being

xclusive for that particular domain. Rather, these regions should be

onsidered to be more relevant for (as compared to the other domains;

ontrast) or characteristic to a certain domain (as being recruited by all

he paradigms from that domain; intra-domain). 

We also present the activation maps of the most commonly used ex-

cutive paradigms which allows their comparison at intra-domain as

ell as across-domain level. We notice reasonable consistency across

aradigms for Updating and Shifting, but to a lesser extent for Inhibi-

ion. However, when regrouping the Inhibition paradigms into Response

nhibition and Interference Control, a more consistent pattern emerged.

The extensiveness of our endeavor provides robust evidence re-

arding the neural substrates of executive functions, executive do-

ains (Inhibition, Shifting and Updating) and the most commonly used

aradigms in experimental and clinical settings. The paradigm-specific

nalyses highlight that executive functions —despite their unity —are di-

erse and should therefore be treated as dissimilar aspects of cognitive

unctioning, also from a neuroimaging perspective. 

Finally, across this manuscript we have used the term ‘network’ to

efer to the maps resulting from our analyses under the assumption that

he consistent co-activation of regions suggests some degree of interac-

ion among the components. However, we did not execute connectivity

nalyses. As such, our interpretation of the interactions among the dif-

erent regions of the network remains limited and is only discussed in

ight of previous literature. Previous meta-analytic work has focused

n the dynamics of executive components at rest and during task per-

ormance ( Camilleri et al., 2018 ). When comparing the present work

ith previous network analyses it is important to consider that some

opographical inconsistency has been found among putative executive

etworks under similar names (e.g. central executive network, cogni-

ive control network, executive network, frontoparietal network, etc.)

 Witt et al., 2021 ). This may be due in part to the conceptual and neural

verlap among different higher order systems (e.g., attention control,

uid intelligence, multiple-demand, etc.), as already discussed, and to

he existence of executive sub-networks. 

.6. Implications for behavior 

Our findings may have several implications for behavior. First, the

onvergence and divergence observed from the comparisons within and

cross domains may underlie the effects of near or far transfer in cog-

itive training interventions. Plausibly, the training of one domain or

aradigm may effectively transfer to the improvement of other cognitive

rocesses that share larger neural substrates (see Nguyen et al. 2019 ).

t is anticipated that the transfer effects may be different across devel-

pment as the neural commonalities and discrepancies among execu-

ive domains change with aging ( Diamond, 2013 ; Heckner et al., 2021 ;

hang et al., 2021 ). 

Second, the comparison of different paradigms within each domain

eveals heterogeneities that may underlie selective impairments in dif-

erent clinical conditions. Whereas diverse psychiatric disorders have

een characterized by deficits in the same domain (e.g. Shifting), the

anifestation of these deficits may be different in each disorder. For in-

tance, lack of flexibility is differentially expressed in autism, obsessive-

ompulsive disorder and ADHD ( Uddin, 2021 ). 

Third, in spite of the divergences, our intra-domain analyses reveal

he core neural convergence of the different paradigms within each do-

ain. Although this neural signature does not overlap between Inhibi-

ion and Shifting, both domains share a considerable overlap with Up-

ating. It is worthy to mention that executive paradigms rarely involve

ne domain. Accordingly, failing in a particular task (e.g. N-back) could

ctually be due to problems in another domain (e.g. Inhibition) than the

omain that is being targeted (in this case Updating) ( Diamond, 2013 ).

o this regard, empirical evidence from behavioral studies supports that

he cognitive demands of working memory overlap with those from inhi-
14 
ition ( Hasher et al., 1999 ; Bissett et al., 2021 ). Understanding how the

ifferent paradigms compare to each other within and across domains,

ay help to better understand behavioral interactions and deficits. Alto-

ether, these insights may inspire the refinement of neuropsychological

atteries and the customization of cognitive training and neurorehabil-

tation interventions. 

.7. Neuroimaging, replicability, and publication bias 

Ongoing work has highlighted several issues with the robustness and

eplicability of scientific research ( Nosek et al., 2022 ). This discussion is

ighly relevant to functional neuroimaging studies. The inherent costs

f neuroimaging typically limit the sample sizes in a given study; con-

equently, individual neuroimaging studies often have low statistical

ower, which can increase the likelihood of both Type I and II errors

 Button et al., 2013 ). Meta-analytic approaches such as ALE offer a so-

ution to this limitation; pooling data across multiple studies effectively

ncreases the total sample size, reduces the likelihood that study-specific

oise will drive effects observed in the overall sample, and increases the

ikelihood that truly consistent effects across studies will be recognized.

Publication bias is also a source of concern for meta-analytic stud-

es ( Lin and Chu, 2018 ). This includes not only issues related to small

ample sizes as discussed above, but also the further issue of the po-

ential omission of null findings in the published literature. Although

euroimaging studies are not exempt from these biases, the norm is

hat researchers report all activation coordinates in a given study, which

ay or may not support their initial hypotheses. Furthermore, the in-

lusion of null results would not affect the ALE meta-analysis algorithm

s used in the present study, as it depends critically on clustering of spa-

ial coordinates across studies at a level above chance ( Rottschy et al.,

012 ). This is notably different from traditional meta-analytic tech-

iques that look to pool effect sizes across studies; as such, it has been

rgued that coordinate-based meta-analyses may be less susceptible to

his form of publication bias ( Rottschy et al., 2012 ). While a hypotheti-

al scenario exists whereby studies are not published if they fail to iden-

ify activations in a pre-specified region, prior research indicates that

his proposed effect does not drive publication bias in neuroimaging

 Jennings and van Horn, 2012 ). 

In summary, coordinate-based meta-analysis approaches such as ALE

rovide a useful approach to address the typically limited sample sizes

ound in the neuroimaging literature. ALE meta-analysis therefore pro-

ides a quantitative synthesis of the results in a given field, and while

he coordinate-based approach of ALE makes it relatively robust to is-

ues that affect traditional effect-size meta-analysis techniques, results

hould still be considered as a reflection of the available literature rather

han ‘absolute truths’. 

. Conclusions 

In our comprehensive meta-analysis on executive functions, we iden-

ified a common executive network that involves fronto-parietal and

ubcortical areas. Intra-domain conjunction analyses revealed a consid-

rable distinction between Shifting and Inhibition, including marked lat-

ralization to the right and left hemispheres, respectively, while both

etworks overlap with that from Updating. Thus, while distinct pat-

erns of functional activation emerged for each domain, the domain

onstructs do not seem entirely independent from a brain activity per-

pective. This supports the notion of unity and diversity of executive

unctions ( Friedman and Robbins, 2022 ; Miyake and Friedman, 2012 ).

aradigm-level analyses suggest that Inhibition paradigms should be

rouped into Response Inhibition and Interference Control tasks. Since

xecutive functioning constitutes dynamic processes evolving across dis-

ributed brain areas, future analyses should consider using connectivity

eta-analytic approaches to shed light on the distinctive dynamic prop-

rties of task-related executive functioning networks. 
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