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A B S T R A C T

Neuroimaging evidence suggests that executive functions (EF) depend on brain regions that are not closely tied to
specific cognitive demands but rather to a wide range of behaviors. A multiple-demand (MD) system has been
proposed, consisting of regions showing conjoint activation across multiple demands. Additionally, a number of
studies defining networks specific to certain cognitive tasks suggest that the MD system may be composed of a
number of sub-networks each subserving specific roles within the system. We here provide a robust definition of
an extended MDN (eMDN) based on task-dependent and task-independent functional connectivity analyses
seeded from regions previously shown to be convergently recruited across neuroimaging studies probing working
memory, attention and inhibition, i.e., the proposed key components of EF. Additionally, we investigated po-
tential sub-networks within the eMDN based on their connectional and functional similarities. We propose an
eMDN network consisting of a core whose integrity should be crucial to performance of most operations that are
considered higher cognitive or EF. This then recruits additional areas depending on specific demands.
1. Introduction

Executive functioning is central to coordinated, goal-directed
behavior and thought to play a major role in a wide range of different
psychiatric and neurological diseases (Zelazo and Müller, 2002). How-
ever, despite its significance and the consequent effort directed towards
investigating it, the true nature of executive abilities remains rather
elusive. One of the main reasons for this is that executive functioning is
probably not a single process but should be rather regarded as a “mac-
ro-construct” that includes different aspects of mental functioning
(Zelazo et al., 1997). Moreover, the lack of a clear formal definition of
executive functioning is also due to the nature of the aspects that
constitute it, the relationship among these and their contribution to the
overall concept (Lezak, 1982). Mirroring this lack of formal definition of
executive functioning, several brain regions and networks have been
implicated as the brain's underpinning of executive functioning. In this
perspective, the network aspect is particularly important, as there is a
growing consensus that higher cognitive, including “executive”, func-
tions depend on distributed networks rather than any particular region in
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isolation (Corbetta and Shulman, 2002). In addition, it has been shown
that “executive networks” seem to sustain a wide range of cognitive
functions (Fedorenko et al., 2013; Cabeza and Nyberg, 2000), prompting
the term multiple-demand network (MD; Duncan and Owen, 2000;
Duncan, 2010). Unfortunately, different perspectives, operationaliza-
tions and traditions have resulted in a rather diverse co-existence of la-
bels for brain networks associated with executive control. One is the
aforementioned multiple-demand network as defined by convergent
activation across multiple cognitive tasks in fMRI (Duncan, 2010). A very
similar example is the cognitive control network, which has been
described as a network that includes a set of cortical regions that are
consistently co-active during cognitive control tasks (Cole and Schneider,
2007). Other comparable networks include the fronto-parietal control
system (Vincent et al., 2008), the superordinate cognitive control
network (Niendam et al., 2012), the task-positive network (Fox et al.,
2005), and the extrinsic mode network (Hugdahl et al., 2015). In addi-
tion, there seems to be some convergence with concepts such as the
salience network (Seeley et al., 2007), the ventral attention network
(VAN) (Vossel et al., 2014; Japee et al., 2015) and the dorsal attention
M-1,7), 52425 Jülich, Germany.
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Table 1
Seed coordinates derived from the meta-analytically defined multiple-demand network by
Müller et al. (2015).

x y z

Right aINS 38 22 �2
Left aINS �36 18 �2
Right IFJ/IFG 48 10 28
Left IFJ/IFG �48 10 30
Right MFG 44 38 20
Right IPC/IPS 44 �44 46
MCC 4 20 44
pre-SMA �2 6 58
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network (DAN) (Corbetta et al., 2008; Corbetta and Shulman, 2002),
besides other functional networks such as the working memory network
(Rottschy et al., 2012), the vigilant attention network (Langner and
Eickhoff, 2013), and the inhibitory control network (Cieslik et al., 2015).

Inspecting these various networks, it quickly becomes evident, that
virtually all of them indicate the posterior-medial frontal cortex [pre-
supplementary motor area and adjacent middle cingulate cortex (pre-
SMA/MCC)], the bilateral anterior insula (aINS), intraparietal sulcus
(IPS), and posterior inferior frontal sulcus (IFS) as regions contributing to
executive processing. Interestingly, these regions were suggested as part
of a multiple-demand network (MDN) by Duncan (2010) and emerged
from a recent integration (Müller et al., 2015) of three large-scale neu-
roimaging meta-analyses on working memory (Rottschy et al., 2012),
vigilant attention (Langner and Eickhoff, 2013), and inhibitory control
(Cieslik et al., 2015).

In turn, there are also several brain regions not included in these
rather conservative definitions of regions of the MDN but can neverthe-
less be found in several of the aforementioned networks. These include,
e.g., the basal ganglia and thalamus, the more anterior IFS/dorsolateral
prefrontal cortex, or the dorsal premotor cortex. In addition, the MDN as
suggested by Duncan (2010) or Müller et al. (2015) are based on the
(most robust) convergence of activation data and do not directly consider
the perspective of a distributed neural network. In light of these two
observations, it seems likely that the previously established regions of the
MDN entertains close interactions with several other regions that may be
considered as an extended MDN (eMDN) complementing the orig-
inal regions.

Mapping and characterizing this broader MDN is the core aim of this
study. In more detail, this entails the computation of robust connectivity
maps for each original MDN region by combining task-free and task-
based functional connectivity analyses. The eMDN is then identified by
convergence across multiple of these robust connectivity maps for the
seed regions. Next, we functionally characterize the ensuing eMDN re-
gions by an objective analysis of experimental paradigms that evoke
activation of these regions. Finally, we investigate potential cliques of
regions within the extended MDN based on similarities in connectional
and functional profiles.

2. Methods

2.1. Seed definition

The seed regions for this work were based on the meta-analytically
defined multiple-demand network of Müller et al. (2015), which was
defined by performing a conjunction across three large-scale neuro-
imaging meta-analyses on working memory (Rottschy et al., 2012,
covering e.g., n-back, Sternberg or delayed match-to sample tasks),
vigilant attention (Langner and Eickhoff, 2013, covering e.g., stimulus
detection or simple reaction tasks), and inhibitory control (Cieslik et al.,
2015; covering, e.g., Stroop, Simon or Flanker tasks). The regions present
in the resulting conjunction consist of the bilateral anterior insula,
bilateral inferior frontal junction/gyrus, right middle frontal gyrus, right
intraparietal sulcus and the posterior medial frontal cortex extending
Fig. 1. Seed regions (shown in dark blue) derived from the meta-analytically d
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from the midcingulate cortex to the (pre-) supplementary motor area.
To ensure that the functional connectivity analyses of all seed regions

were based on the same number of voxels, in spite of unequal cluster
sizes, we represented each seed by a 5 mm sphere around its center of
gravity. The only exception to this approach was the posterior medial
frontal cortex cluster whose center of gravity was located between MCC
and pre-SMA. Given the presence of distinct peaks within both MCC and
pre-SMA, both of these were retained as seed coordinates. Thus, eight
seed coordinates (Fig. 1; Table 1) were used for whole-brain resting-state
and meta-analytic connectivity modeling analyses that were intersected
to define the robust, state-independent connectivity map for each seed.
2.2. Resting-state functional connectivity

Seed-based RS analysis was used to investigate the task-independent
functional connectivity of each original MDN region. Resting-state fMRI
images of 192 healthy volunteers were obtained from the Enhanced
Nathan Kline Institute – Rockland Sample (Nooner et al., 2012). The local
ethics committee of the Heinrich-Heine University in Düsseldorf
approved re-analysis of the data. During RS acquisition, subjects were
instructed to look at a fixation cross, not think about anything in
particular and not to fall asleep. Images were acquired on a Siemens
TimTrio 3T scanner using BOLD contrast [gradient-echo EPI pulse
sequence, TR ¼ 1.4 s, TE ¼ 30 ms, flip angle ¼ 65�, voxel
size ¼ 2.0 mm � 2.0 mm � 2.0 mm, 64 slices]. Physiological and
movement artifacts were removed from the RS data by using FIX
(FMRIB's ICA-based Xnoiseifier, version 1.061 as implemented in FSL
5.0.9; Salimi-Khorshidi et al., 2014; Griffanti et al., 2014), which de-
composes the data into independent components (ICs) and identifies
noise components using a large number of distinct spatial and temporal
features via pattern classification. Unique variance related to the iden-
tified artefactual ICs is then regressed from the data together with 24
movement parameters (including derivatives and 2nd order effects as
previously described and evaluated; cf. Satterthwaite et al., 2013). Data
were further preprocessed using SPM8 (Wellcome Trust Centre for
Neuroimaging, London) and in-house Matlab scripts. The first four scans
were excluded prior to further analyses, the remaining EPI images cor-
rected for head movement using a two-pass (alignment to the initial
volume followed by alignment to the mean after the first pass) affine
registration. The mean EPI image for each subject was then spatially
efined multiple-demand network by Müller et al., (2015) (shown in red).
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normalized to the ICBM-152 reference space using the “unified seg-
mentation” approach (Ashburner and Friston, 2005). The resulting
deformation was applied to the individual EPI volumes, which were
subsequently smoothed with a 5-mm FWHM Gaussian kernel to improve
the signal-to-noise ratio and to compensate for residual anatomic varia-
tions. The time-course of each seed was extracted per subject by
computing the first eigenvariate of the time-series of all voxel within
5 mm of the seed coordinate. To reduce spurious correlations, variance
explained by the mean white matter and cerebral spinal fluid signal were
removed from the time series, which was subsequently band-pass filtered
preserving frequencies between 0.01 and 0.08 Hz. The processed
time-course of each seed was then correlated with the (identically pro-
cessed) time-series of all other gray-matter voxels in the brain using
Fig. 2. Workflow used for the delineation of the extended multiple demand network entailing
seed region which were then converged to identify the eMDN.
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linear (Pearson) correlation. The resulting correlation coefficients were
transformed into Fisher's z-scores, which were entered in a second-level
ANOVA for group analysis including age and gender as covariates of no
interest. The data was then subjected to non-parametric permutation
based inference and thresholded at p < 0.05 corrected for multiple
comparisons on the cluster level.

2.3. Meta-analytical connectivity modeling (MACM)

Meta-analytical connectivity modeling (MACM) was used to charac-
terize the whole-brain connectivity of each seed region during the
execution of experimental tasks through the identification of significant
co-activations with the seed across many individual experiments
the computation of task-free (RS-FC) and task-based (MACM) connectivity maps for each
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(Eickhoff et al., 2009; Laird et al., 2013). It thus benefits from the fact
that a large number of such studies are now available in a highly stan-
dardized format through the BrainMap database (Fox et al., 2014; Laird
et al., 2011). First, all experiments that feature at least one focus of
activation in a particular seed region were identified in BrainMap. Next,
the retrieved experiments were subjected to a quantitative meta-analysis
using the revised activation likelihood estimation (ALE) algorithm
(Eickhoff et al., 2009, 2012; Turkeltaub et al., 2012). This algorithm
treats the activation foci reported in the experiments as spatial proba-
bility distributions rather than single points, and aims at identifying brain
areas that show convergence of activation across experiments. Impor-
tantly, convergence was assessed across all the activation foci reported in
these experiments. Consequently, any significant convergence outside
the seed indicates consistent co-activation and hence functional con-
nectivity. Statistical significance was assessed at p < 0.05 after correction
for multiple comparisons (Eickhoff et al., 2016).

2.4. Identification of the extended multiple-demand network

The key aim of our study was the definition of an extended multiple-
demand system by identifying the brain regions that are strongly con-
nected to multiple of the original MDN regions as defined by Müller et al.
(2015). We identified areas that show robust task-independent as well as
task-dependent functional connectivity with multiple of the seeds (Amft
et al., 2015) using the workflow outlined in Fig. 2. First we generated the
task-independent (RS) and task-dependent (MACM) whole-brain func-
tional connectivity map for each seed. Then a conjunction analysis was
performed across the RS and MACM functional connectivity maps for
each seed using the minimum statistic (Nichols et al., 2005). This
resulted in eight consensus functional connectivity maps, showing the
areas consistently interacting with each seed across different brain states
(cf. Clos et al., 2014; Hardwick et al., 2015). The extended
multiple-demand network was then delineated by identifying all regions
that were significantly connected with multiple seeds, i.e., regions in
which the consensus connectivity maps of at least half of the seeds
overlapped. In order to exclude smaller regions of putatively spurious
overlap an additional extent-threshold of 10 continuous voxels
was applied.

2.5. Functional characterization of extended MDN regions

The resulting regions (represented by their peak coordinates) of the
extendedmultiple-demand network were then functionally characterized
based on the meta-data from the BrainMap database (Laird et al., 2009,
2011; Fox and Lancaster, 2002), using both forward and reverse infer-
ence, as performed in previous studies (Müller et al., 2013; Rottschy
et al., 2013). The key idea behind this approach is to identify all exper-
iments that activate a particular region of interest and then analyze the
experimental meta-data describing the experimental settings that were
employed in these. This allows statistical inference on the type of tasks
that evoke activation in a particular region.

In BrainMap, tasks are coded along two dimensions. Behavioral do-
mains (BD) describe the cognitive processes probed by an experiment,
while paradigm classes (PC) label the respective task used. In the forward
inference approach, the functional profile was determined by identifying
taxonomic labels for which the probability of finding activation in the
respective region/set of regions was significantly higher than the overall
(a priori) chance across the entire database. That is, we tested whether the
conditional probability of activation given a particular label [P(Activa-
tionjTask)] was higher than the baseline probability of activating the
region(s) in question per se [P(Activation)]. Significance was established
using a binomial test [p < 0.05, corrected for multiple comparisons using
false discovery rate (FDR)]. In the reverse inference approach, the
functional profile was determined by identifying the most likely behav-
ioral domains, given activation in a particular region/set of regions. This
likelihood P(TaskjActivation) can be derived from P(ActivationjTask) as
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well as P(Task) and P(Activation) using Bayes' rule. Significance (at
p < 0.05, corrected for multiple comparisons using FDR) was then
assessed by means of a chi-squared test.

2.6. Clustering of extended MDN regions

The last objective was to elucidate the relationships between eMDN
regions and to identify potential cliques among them, i.e., sub-networks
within the eMDN. To this end, we performed hierarchical cluster analysis
of the eMDN regions based on their: (1) resting-state functional con-
nectivity patterns, (2) whole-brain co-activation maps, and (3) functional
profiles yielded by the BrainMap based decoding. Resting-state func-
tional connectivity between all regions of the identified eMDN was
computed using the FSLNets toolbox (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FSLNets). Partial temporal correlations between all regions'
time series data were computed to estimate pairwise functional con-
nectivity (Marrelec et al., 2006). For each pairwise connection, Fisher's
Z–transformed functional connectivity values were submitted to
one-sample t-tests. The resulting t values, reflecting connection strength
as well as consistency across the sample, were z-transformed (into units
of the standard normal distribution). This connectivity matrix was then
fed into the WARD clustering.

Of note, all features entered the analyses without any thresholding for
significance, which is a distinction from the analyses described above but
necessary in order to preserve the full pattern of the respective connec-
tional and functional profiles. The concept behind hierarchical clustering
is to group the initial elements (regions) in a stepwise fashion such that
elements within a cluster have features that are as homogeneous as
possible while different clusters are maximally distinct from each other.
This was achieved through an agglomerative approach in which clusters
initially formed by individual regions that are subsequently merged ac-
cording to their similarity using standardized Euclidean distances and
Ward's incremental sum of squares method (Eickhoff et al., 2011; Timm,
2002). This hierarchical approach then revealed cliques of eMDN regions
at different level of granularity based on resting-state connectivity,
MACM co-activation and functional activation patterns.

2.7. Contrast analyses of functional differences

Finally, to examine the specificity of the functional profiles of the
three different cliques we performed contrast analyses which were con-
strained to the experiments in BrainMap that activated the regions
belonging to each of the 3 clusters. This was done using the “Behavioural
Domain” meta-categories in the BrainMap database and forward infer-
ence to compare the activation probabilities between each pair of cliques
given a particular behavioural domain, compared with the a priori
probability of any focus to lie in either of the two compared cliques. This
was done by means of a binomial test (p < 0.05, FDR-corrected for
multiple comparisons).

3. Results

3.1. The extended multiple-demand network

The extended multiple-demand network was defined in a stepwise
fashion, first identifying regions that were robustly connected with all of
the seed regions, i.e., found in all eight consensus connectivity maps. This
yielded six clusters located in the bilateral inferior frontal junction (IFJ)
extending into the inferior frontal gyrus, the bilateral anterior insula
(aINS), and the bilateral pre-SMA (Fig. 3 in red). When reducing the
required overlap to seven consensus connectivity maps, four additional
clusters emerged. These were located in the bilateral intraparietal sulcus
(IPS), right middle frontal gyrus (MFG) extending into the inferior frontal
sulcus (IFS), as well as in the left dorsal pre-motor cortex (dPMC) (Fig. 3
in yellow). At a threshold of six overlapping consensus connectivity maps
an additional cluster in the left MFG/IFS was observed (Fig. 3 in green).

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets


Fig. 3. Results showing the different resulting extended networks depending on the number of overlapping consensus maps. Eight overlapping consensus maps yielded clusters located in
the bilateral IFJ/IFG, bilateral aINS, and bilateral pre-SMA (in red). Seven overlapping maps resulted in the addition of the bilateral IPS, right MFG/IFS and left dPMC (in yellow). Six
overlapping maps resulted in the addition of the left MFG/IFS (in green). Five overlapping maps additionally included the right dPMC, left putamen, left thalamus and left ITG (in cyan).
Four overlapping maps resulted in the addition of the right putamen and right thalamus (in blue).
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The network formed from five overlapping connectivity maps addition-
ally included the right dorsal premotor cortex, the left putamen, the left
thalamus and the left ITG (Fig. 3 in cyan). Finally, when reducing the
required overlap to four, i.e., half of the computed consensus connec-
tivity maps, clusters in the right putamen and in the right thalamus were
additionally observed (Fig. 3 in blue). The peak coordinates of all the
resulting regions can be found in Table 2.

3.2. Functional characterization

The functional profiles of each of the eMDN regions were character-
ized based on the behavioral domain and paradigm class meta-data from
the BrainMap database. This revealed that the left IFJ was associated
with language and working memory, where as the right IFJ was associ-
ated with spatial cognition and attention. Both IPS clusters were associ-
ated with workingmemory while the right IPS was found to be associated
to functions related to spatial cognition, reasoning, perception, attention,
action control and language. Both aINS clusters showed associations with
language. The right aINS showed additional associations with action
preparation, cognition and sensation. The bilateral pre-SMA were asso-
ciated with language and working memory. Moreover, the left pre-SMA
was associated with speech exection while the right pre-SMA was asso-
ciated with working memory and attention. The subcortical clusters,
namely the bilateral putamen and the bilateral thalamus, were all found
to be associated with sensation and action. The cluster in the right MFG/
IFS was linked to cognition and working memory, that in the left MFG/
IFS to reasoning and working memory. Both dPMC clusters were related
Table 2
Peak coordinates of resulting regions of the extended multiple demand network.

Number of overlapping consensus
maps

Region Coordinates of main
peak

x y z

8 Left IFJ �46 6 30
Right IFJ 50 12 28
Left aINS �32 20 2
Right aINS 36 22 0
Left SMA/pre-SMA �4 14 44
Right SMA/pre-
SMA

6 18 46

7 Left IPS �32 �52 46
Right IPS 32 �58 48
Right MFG/IFS 44 36 20
Left dPMC �28 �4 52

6 Left MFG/IFS �44 32 22
5 Right dPMC 32 0 52

Left Putamen �20 6 4
Right Thalamus 10 �12 8
Left ITG �46 �60 �10

4 Right Putamen 22 6 4
Left Thalamus �10 �16 6
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to action, perception, working memory, action control. In addition, the
left dPMC cluster was linked to attention, the right to spatial cognition.
Finally, the cluster in the left ITG was linked to emotion, perception,
language, and memory.

3.3. Clustering of extended MDN regions

The hierarchical clustering revealed several cliques within the eMDN
that were present across the different features, i.e., resting-state con-
nectivity, MACM co-activation and function but also feature-specific
patterns (Fig. 4).

Across all analyses, the bilateral thalamus and putamen were
consistently grouped together. In turn, the bilateral aINS and bilateral
pre-SMA showed high similarity in resting-state connectivity and co-
activation profiles but were slightly more divergent in terms of their
functional profile. In the latter, the bilateral pre-SMA formed a cluster
with the left IPS, which was then joined by the bilateral MFG/IFS and
later by the bilateral aINS. In clustering based on MACM co-activation,
the bilateral MFG/IFS also showed a close connection to the aINS and
pre-SMA cluster. Conversely, in RS clustering the bilateral MFG/IFS
showed a closer association with the bilateral IFJ. Additionally, the
bilateral IFJ, the bilateral IPS and the left ITG showed high similarity in
the co-activation and functional clustering. However, when the feature
being assessed was RS connectivity the bilateral IPS was first closely
grouped with the ITG, which was then joined by clusters consisting of the
bilateral IFJ and the bilateral MFG/IFS and another cluster consisting of
the bilateral dPMC. On the other hand, the bilateral dPMC formed a
rather separate cluster in the clustering based on function and co-
activation as highlighted in purple in Fig. 4.

The hierarchical clustering results thus revealed three main cliques
within the eMDN, namely a subcortical cluster, i.e., bilateral putamen
and thalamus, a cluster consisting of the pre-SMA, aINS and the MFG/IFS
and another cluster consisting of the IFJ, IPS, dPMC and left ITG, with the
latter being less consistent across features.

3.4. Contrast analyses of functional differences

The results of the contrast analyses of the functional profiles of the
three cliques further highlighted some functional differences between
the sub-networks. Namely, the results indicated that the subcortical
cluster showed the strongest associations with functions that are related
to perception and action execution when compared to the other two
clusters. Additionally, the cluster consisting of the bilateral IFJ, IPS,
dPMC and left ITG was strongly associated with functions such as action
execution, spatial cognition, action observation andmotor learning when
compared to the cluster consisting of the bilateral pre-SMA, aINS and the
MFG/IFS. Inversely, the latter cluster was found to be more strongly
associated with functions such as interoception, speech execution, social
cognition and emotion when compared to the cluster consisting of the



Fig. 4. Clustering of the extended MDN regions based on resting state connectivity, whole brain co-activation and behavioural domains and paradigm classes. The different colours
represent the grouping that resulted from the different clustering analyses.
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bilateral IFJ, IPS, dPMC and left ITG. The results of these analyses are
shown in Fig. 5.

4. Discussion

The goal of the current study was to establish a robust definition of
the extended multiple-demand network (eMDN) comprising regions that
are either part of the previously meta-analytically defined MDN (Müller
et al., 2015) or closely connected to multiple of these regions. To achieve
this we first performed task-dependent and task-independent functional
connectivity analyses seeded from the original MDN regions and per-
formed a per-seed conjunction analysis resulting in a consensus con-
nectivity map of each seed region. Subsequently, eMDN regions were
Fig. 5. Functional differences between each pair of sub-networks (cluster consisting of the pre-S
left ITG is shown in red; sub-cortical cluster i.e., bilateral putamen and thalamus is shown in yell
forward inference to determine the above-chance differences in activating either set of region
BrainMap activation of the given seeds.
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defined by identifying those locations where at least half of these
consensus connectivity map overlapped. The delineated eMDN regions
where then functionally characterized by the paradigms that evoke
activation in these regions. Finally, we employed hierarchical clustering
based on similarities in task-dependent and task-independent functional
connectivity as well as functional profiles to identify cliques of regions
within this eMDN.

4.1. The extended multiple-demand network

In total, we identified 17 regions in which the consensus functional
connectivity maps of more than half of the seed-regions overlapped and
which we hence consider part of the eMDN. All these regions resonate
MA, aINS and the MFG/IFS is shown in green; cluster consisting of the IFJ, IPS, dPMC and
ow). “Behavioral Domain”meta-categories in the BrainMap database were used to perform
s given a particular behavioural domain. The baserate denotes the general probability of
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well with regions previously implicated as part of the multiple-demand
system by Duncan (2010, 2013) based on various task-activation
studies and results from non-human primates. That is, by taking a com-
plementary approach starting from a network that was robustly defined
over hundreds of neuroimaging findings and mapping regions consis-
tently connected to these across mental states (cf. Amft et al., 2015), we
corroborated previous views of the multiple-demand system. We would
argue that our work reconciles previous accounts of an MDN (Müller
et al., 2015; Duncan, 2010) together with the reported involvement of
several additional areas in “executive” networks. In particular, we note
that a full overlap of all consensus connectivity maps was only found in
regions that were part of the original network resulting from a
conjunction across three large-scale meta-analyses dealing of activation
data for working memory (Rottschy et al., 2012), attention (Langner and
Eickhoff, 2013) and inhibitory control (Cieslik et al., 2015). In turn,
however, two regions implicated as MDN regions from the activation
data (right MFG and IPS) did not show a full overlap of all consensus
connectivity maps and were thus not part of the connectivity core. From
this, we would argue that only the bilateral inferior frontal junction (IFJ)
extending into the inferior frontal gyrus, the bilateral anterior insula
(aINS), and the bilateral pre-SMA extending into the anterior mid-
cingulate cortex (aMCC) should be considered the core eMDN based on
consistent activation in executive control tasks and strong inter-
connectivity. Such core networks have been suggested to play a key role
in enabling high levels of functional diversity and functional synchro-
nization between brain regions (van den Heuvel and Sporns, 2013). Most
evidently, this core eMDN is made up of regions that make up the sa-
liency network, namely the bilateral pre-SMA and bilateral aINS (Seeley
et al., 2007). This network has been previously shown to play an
important role in executive processing and cognitive control by initiating
and maintaining cognitive sets, coordination behavioural responses and
guiding behavior in general (Menon and Uddin, 2010) and is thus of no
surprise that it forms part of our core eMDN. Interestingly the bilateral
pre-SMA and the bilateral aINS are here joined by the bilateral IFJ. The
inclusion of the IFJ in the eMDN core might be related to the role that it
plays in task switching and cognitive control in general (Brass
et al., 2005).

Our core eMDN is then complemented by a range of other regions that
are likewise robustly connected and involved in various aspects of ex-
ecutive processes as detailed below, forming the extended multi-
demand network.
Fig. 6. Summary figure illustrating results obtained from hierarchical clus
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Moreover, the regions that have been found to be part of the eMDN all
seem to converge with other networks that have been found in previous
studies to represent regions involved in executive functioning. Such
networks include the cognitive control network (Cole and Schneider,
2007), the fronto-parietal control system (Vincent et al., 2008), the su-
perordinate cognitive control network (Niendam et al., 2012), and the
task-positive network (Fox et al., 2005) among others. This convergence,
together with the fact that the eMDN is defined by looking at functional
connectivity across different brain states might suggest a possible inte-
gration of such networks.

4.2. Hierarchical clustering

The hierarchical clustering revealed several cliques within the eMDN
that were largely consistent across features, i.e., resting-state connec-
tivity, MACM co-activation and function. Most notably, the subcortical
structures, i.e., bilateral putamen and thalamus always clustered
together. Furthermore, pre-SMA, aINS and MFG/IFS showed close asso-
ciations, as did the IFJ, IPS, dPMC and left ITG, though the latter was less
consistent across features (Fig. 6). These results noticeably disrupt the
aforementioned core eMDN.

4.2.1. The subcortical sub-group: putamen and thalamus
The four subcortical nodes of the eMDN, i.e., regions in the bilateral

putamen and the mediodorsal nucleus of the thalamus, formed the most
consistent clique within the delineated executive network as they were
clustered together based on resting-state connectivity, task co-activation
and functional recruitment patterns. As evidenced by the functional
decoding and contrast analyses via the BrainMap database, all of these
regions are associated to sensorimotor processes, such as action execution
and inhibition, as well as the perception of music, pain and visual stimuli.
These results are thus well in line with the current literature describing the
thalamus as a station, which relays nearly all incoming information from
the outside world to the cortex (McCormick and Bal, 1994; Behrens et al.,
2003). Furthermore, both the putamen and the thalamus have been
frequently linked to pain perception (Starr et al., 2011; Kogler et al., 2015)
and pain-related motor responses (Jones et al., 1991; Coghill et al., 1994).
Additionally, consistent with our findings implicating this subgroup to
action-related functions, both the putamen (Arsalidou et al., 2013). and the
thalamus (Sommer, 2003; Guillery and Sherman, 2002) have been previ-
ously linked to motor functions and movement regulation.
tering and functional decoding analyses revealing three main cliques.
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Importantly in the context of the eMDN, several studies have already
implicated both the thalamus and the putamen to hold key roles in ex-
ecutive functioning as part of a system that links different regions,
including the (pre-) frontal cortex, via subcortical loop including the
struatum and thalamus (Alexander et al., 1986; Alvarez and Emory,
2006). This view has been supported by tracer studies in experimental
animals revealing dense connections between prefrontal and subcortical
structures (Alexander and Crutcher, 1990; Joel and Weiner, 1994; Mid-
dleton and Strick, 1997; Tanaka, 1976; Markowitsch et al., 1985).
Likewise patients with basal ganglia pathology, e.g., those suffering from
Huntington's and Parkinson's disease, have well documented deficits in
executive functioning (Elliott, 2003), highlighting the critical role of
cortico-striatal-thalamic circuits for executive processes. In summary, the
presence of a subcortical clique within the eMDN is well supported by
several streams of previous literature. Its interaction with (pre-) frontal
and parietal cortices is classically conceptualized as parallel segregated
processing loops, each connected to a different area of the cortex
(Alexander et al., 1986). One is the motor loop that connects premotor
and sensory areas to the primary motor cortex via the putamen and the
ventral lateral thalamus (Alexander et al., 1986; Lehericy et al., 2006). In
contrast, a cognitive loop connects (pre-)frontal areas, the caudate nu-
cleus and the mediodorsal thalamus (Alexander et al., 1986; Tanaka,
1976). At first glance, these studies seem to contradict our findings which
highlighted the role of the putamen and the mediodorsal thalamus in
executive functioning. However more recent anatomical and physiolog-
ical evidence has extended the classical view of the cortico-striatal loops
and suggests substantial interaction between these loops (Houk, 2001;
Seger, 2006). Consequently, cortico-striatal-thalamic circuits are now
described as a spiral through which information cascading from one loop
to the next rather than individual segregated loops (Haber and Knut-
son, 2010).

In conclusion, the presence of a distinct clique of subcortical nodes
within the eMDN reflects the integration of cortico-striatal-thalamic
loops into the executive system. We would argue that within a frame-
work of interacting subcortical processing loops, these regions should
play a key role in processing information from the outside environment
and interacting with it.

4.2.2. Pre-SMA/MCC, aINS and MFG/IFS
Bilateral pre-SMA/MCC, aINS and MFG/IFS formed another clique

that was associated with a broad functional profile including many
higher cognitive processes such as language, workingmemory, sensation,
action preparation, and attention. In contrast to the subcortical group this
set showed some heterogeneity based on the assessed feature, which may
be best described as a tight clustering of aINS and pre-SMA/MCC based
on functional connectivity whereas the MFG/IFS shows similarities to
these particularly in task-based features, i.e. function and co-
activation profiles.

The broad cognitive profile of this group is consistent with previous
findings from a wide range of brain imaging studies associating these
regions, especially the aINS and the pre-SMA/MCC (often referred to as
dACC, see Müller et al., 2015), to numerous, cognitive and affective
processes (for review see: Menon and Uddin, 2010). Moreover and in line
with our clustering results these two regions are well recognized as being
closely related to each other, forming together what has been termed the
salience network (Menon and Uddin, 2010). This network has been
discussed in the initiation and maintenance of cognitive sets (Dosenbach
et al., 2006), the coordination of behavioral responses (Medford and
Critchley, 2010) and more general the guidance of behavior by identi-
fying the most relevant among several intra- and extra-personal stimuli
(Seeley et al., 2007). All of these processes are essential aspects of ex-
ecutive functioning and cognitive control. Hence, our observation that
the “saliency regions” aINS and pre-SMA/MCC form the core of the MDN
is well in line with the rich literature on this network. We would thus
focus on two aspects that may be of particular relevance to the current
findings. First, it has been argued that the “saliency network” bridges
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sensory, emotional and cognitive information (Craig, 2009; Gogolla
et al., 2014; Menon and Uddin, 2010) through switching between the
executive and the default mode network (Sridharan et al., 2008).
Therefore, the aINS and pre-SMA/MCC may not only represent core re-
gions of the eMDN but moreover initiate and orchestrate the engagement
of other regions in the eMDN upon commencement of cognitive tasks.
Second, it has been shown, that these regions form a convergent
morphological substrate of mental illness as only the aINS and
pre-SMA/MCC showed consistent atrophy in a large scale meta-analysis
over structural neuroimaging studies in a wide range of psychiatric dis-
orders (Goodkind et al., 2015). The core role of these regions within the
executive eMDN as demonstrated in the current study thus resonates well
with the widespread impairments in executive functioning across various
mental disorders (Elliott, 2003).

The MFG in turn has not been discussed in the context of the saliency
network. This fits with our observation that while being part of the same
clique, albeit not consistently, this region is neither part of the MDN core
based on convergent activation in executive tasks nor by virtue of
consistent interaction with all seeds. This position as a relative outsider in
the clique matches the fact that the MFG has previously been discussed as
part of a ventral attention network (Corbetta and Shulman, 2002).
Interestingly, however, this network has been often associated with
functions that overlap with those attributed to the salience network,
namely identifying and responding to behaviorally relevant stimuli
(Vossel et al., 2014; Japee et al., 2015). As moreover the aINS is likewise
often considered part of the ventral attention network, we would argue
that the integration of the MFG/IFS into the clique formed by the aINS
and pre-SMA/MCCmay reflect often-neglected convergence between the
concept of the salience and ventral attention network, respectively. In
this context, it is interesting to note, that in contrast to the salience
network, the ventral attention network has been reported to be strongly
right-lateralized. This bodes well with our observation in the clustering
on functional properties revealing close similarities between the right
MFG/IFS and the salience regions while the left MFG/IFS joins this group
at a later stage.

We therefore conclude that the bilateral pre-SMA/MCC, bilateral
aINS and bilateral MFG/IFS form the core of the multi demand system
that is not only relevant for integrating different information on the in-
ternal and external environment but also plays a key role in engaging the
eMDN by regulating activity of other networks. These regions thus can be
thought of as the managers of the eMDN, explaining their involvement in
virtually all cognitive tasks.

4.2.3. IFJ, IPS, dPMC and left ITG
The remaining regions of the eMDN, i.e., the bilateral IFJ, IPS, dPMC

and the left ITG were less consistently organized into any distinct cliques
than the previously discussed sets. We would see this as an indication
that these regions form, in contrast to the subcortical nodes related to
sensorimotor processes and the core aINS, pre-SMA/MCC, MFG/IFS
cluster, more flexible, most likely task- and brain-state dependent asso-
ciations. In other words, whereas the regions above represent the coor-
dinating core of the eMDN and are hence consistently (co-) recruited by
cognitive tasks, the regions discussed in this section are integrated more
flexibly into the system.

In the task-based based clustering we found a relatively close asso-
ciation between the IFJ and IPS. This mirrors previous findings that have
linked these regions to higher-level processes (Neubert et al., 2014) such
as the processing of infrequent stimuli (Verbruggen et al., 2010), pre-
paratory cognitive control (Chikazoe et al., 2009), spatial orientating and
re-orientating (Corbetta et al., 1998; Thiel et al., 2004), information
updating (Vossel et al., 2011) and feedback processing (Hirose et al.,
2009). Convergently, our functional decoding also associated this
sub-group with functions such as spatial cognition, reasoning, and
working memory.

Interestingly, the clustering analysis based on RS-FC linked the IPSwith
the dPMC. While at odds with the task-based results discussed previously,
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this association is also well supported by literature proposing that the IPS
and dPMC are part of a dorsal attention network related to the top-down
control of visual attention and motor preparation (Corbetta et al., 2008;
Corbetta and Shulman, 2002; Genon et al., 2016). Within this dorsal
attention network, the IPS and the dPMC are thought to be involved in
shifting maintaining spatial attention to peripheral locations (Hopfinger
et al., 2000; Kelley et al., 2008). In our view, the fact that two incongruent
findings of the current study, linking the IPS with either the IFJ or the
dPMC are both well supported by the current literature serves to highlight
the proposed flexible recruitment of different components within this cli-
que during the performance of cognitive tasks depending presumably on
the exact demands. Our results and findings of previous studies therefore
indicate that the nodes within this rather loose group fulfill specific roles
needed for the implementation of higher cognitive functions while under
the coordination and recruitment by previously discussed core regions and
can thus be compared to the workers of a system.

5. Conclusion

In this study we provide a robust definition of an extended multiple-
demand network (eMDN) based on task-dependent and task-independent
functional connectivity analysis seeded from regions previously shown to
be convergently recruited across neuroimaging studies probing working
memory, attention and inhibition, i.e., the proposed key components of
executive functioning. The eMDN was differentiated into three cliques,
including a subcortical group mainly related to sensorimotor processing,
a core of potential organizers (bilateral pre-SMA/MCC, aINS, MFG/IFS),
and a more heterogeneous set of workers dynamically recruited based on
task demands.

The proposed structure of the eMDN as the most likely neurobiolog-
ical substrate for executive processes also holds important implications
for the understanding of the psychological structure of executive func-
tions. In particular, we would propose a core system whose integrity
should be crucial to performance of most operations that may be
considered higher cognitive or executive functions. This explains the
inter-correlation of performance in different executive function tests and
is consistent with the general factor of intelligence (g) (Jensen, 1998).
The core network then dynamically recruits additional areas of the eMDN
depending on the demands of the individual tasks, explaining di-
vergences between the performance in different tasks probing the exec-
utive system and the presence of isolated clinical impairment. In this
regard, further studies should be carried out in order to corroborate these
findings and link the different regions and sub-networks to executive
performance in health and disease.
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