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Abstract
Recent developments in network neuroscience suggest reconsidering what we thought we knew about the default mode net-
work (DMN). Although this network has always been seen as unitary and associated with the resting state, a new deconstruc-
tive line of research is pointing out that the DMN could be divided into multiple subsystems supporting different functions. 
By now, it is well known that the DMN is not only deactivated by tasks, but also involved in affective, mnestic, and social 
paradigms, among others. Nonetheless, it is starting to become clear that the array of activities in which it is involved, might 
also be extended to more extrinsic functions. The present meta-analytic study is meant to push this boundary a bit further. 
The BrainMap database was searched for all experimental paradigms activating the DMN, and their activation likelihood 
estimation maps were then computed. An additional map of task-induced deactivations was also created. A multidimensional 
scaling indicated that such maps could be arranged along an anatomo-psychological gradient, which goes from midline core 
activations, associated with the most internal functions, to that of lateral cortices, involved in more external tasks. Further 
multivariate investigations suggested that such extrinsic mode is especially related to reward, semantic, and emotional 
functions. However, an important finding was that the various activation maps were often different from the canonical rep-
resentation of the resting-state DMN, sometimes overlapping with it only in some peripheral nodes, and including external 
regions such as the insula. Altogether, our findings suggest that the intrinsic–extrinsic opposition may be better understood 
in the form of a continuous scale, rather than a dichotomy.
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Introduction

Network neuroscience has partitioned the human connec-
tome (Sporns et al. 2005) into a set of canonical networks 
(Damoiseaux et al. 2006; De Luca et al. 2006; Laird et al. 
2011; Yeo et al. 2011). Among these, the Default Mode Net-
work (DMN) is given special attention. At the time of writ-
ing, 6238 published papers were returned by the PubMed 
search “default mode network”, while only 2951 records 

for “salience network”, and 3329 for “frontoparietal net-
work”. At least in part, the interest for the DMN likely stems 
from its clinical relevance, since it is found to be altered in 
a wide range of diseases across psycho- and neuropathol-
ogy (Mohan et al. 2016; Sha et al. 2018, 2019). However, 
despite the attention received by the scientific community, 
the function of DMN remains unclear. As a matter of fact, 
its elusiveness might be what makes investigating such brain 
system so compelling.

Initially, the DMN was outlined as a network spe-
cifically related to the resting state. Its first image comes 
from a meta-analysis by Shulman et al. (1997) about the 
so-called Task-Induced Deactivations (TID), depicting the 
areas consistently deactivated during attention-demanding 
tasks. Afterwards, trying to better characterize the concept 
of deactivation (Raichle and Snyder 2007), Raichle et al. 
(2001) observed that the metabolism was mostly uniform 
across the brain during resting state. For this reason, they 
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suggested that the brain at rest was in a state of physiological 
baseline (Raichle et al. 2001; Gusnard and Raichle 2001), 
a default mode that represents a form of tonic activation for 
those regions commonly deactivated by tasks (Raichle et al. 
2001). Finally, Greicius et al. (2003) proved that such default 
mode system was indeed a network, denoted by functional 
connectivity (FC) at rest. Furthermore, the DMN functional 
signal was reported to be negatively correlated with the sig-
nal of task-positive regions at rest (Fox et al. 2005a; Uddin 
et al. 2009), as well as during a task and with the experimen-
tal model itself (Greicius and Menon 2004; Golland et al. 
2007; Lin et al. 2011; Newton et al. 2011). However, this 
rest-task distinction has soon shown its limitations, in favor 
of an internal–external characterization of different modes 
of cognition (Fransson 2005; Buckner et al. 2008; Spreng 
2012; Dixon et al. 2014).

From the early beginning of the investigations, it was 
observed that the DMN is not deactivated by any task, as 
self-referential and emotional paradigms activated it (Gus-
nard et al. 2001). Since those observations, many further 
functions were shown to be associated with this network. 
Other than self-referential and emotional processes (Fos-
sati et al. 2003; Ochsner et al. 2004, 2005; Northoff and 
Bermpohl 2004; Northoff et al. 2006; Buckner and Carroll 
2007; Uddin et al. 2007; D’Argembeau et al. 2010; Denny 
et al. 2012; Molnar-Szakacs and Uddin 2013; Engen et al. 
2017; Satpute and Lindquist 2019; Fingelkurts et al. 2020; 
Knyazev et al. 2020), the DMN turned out to be related to 
memory and mental time-travel (Cabeza et al. 1997; Svo-
boda et al. 2006; Schacter et al. 2007, 2008; Addis et al. 
2007; Foster et al. 2012; Yang et al. 2013; Rugg and Vil-
berg 2013; Spreng et al. 2015; Kim 2016; Murphy et al. 
2018), mental simulation and scene construction (Hassabis 
and Maguire 2007; Hassabis et al. 2007; Spreng and Grady 
2010; Gerlach et al. 2011), Theory of Mind (ToM) and 
social cognition (Saxe and Kanwisher 2003; Rilling et al. 
2004; Ruby and Decety 2004; Saxe and Powell 2006; Mar 
2011; Mars et al. 2012; Spreng and Andrews-Hanna 2015; 
Amft et al. 2015; Mwilambwe-Tshilobo and Spreng 2021), 
moral judgment (Greene et al. 2001; Harrison et al. 2008; 
Pujol et al. 2008; Bzdok et al. 2012), and semantic process-
ing (Binder et al. 1999; Chiou et al. 2020; Evans et al. 2020; 
Lanzoni et al. 2020). However, most of these psychological 
functions can still be somewhat associated with the resting 
state, in the sense that these activities might be easily carried 
out during rest. In fact, the resting mind has not to be consid-
ered as idle (Raichle 2009), but it is continuously involved in 
activities collectively known as mind-wandering (Giambra 
1989; Spiers and Maguire 2006; Mason et al. 2007; Fox 
et al. 2015; Seli et al. 2016). During mind-wandering, the 
brain is expected to engage in DMN-related functions such 
as remembering the past, imagining the future, thinking 
about others, and displacing the self in imaginary situations 

(Andreasen et al. 1995; Andrews-Hanna 2012; Andrews-
Hanna et al. 2014; Christoff et al. 2016), the same func-
tions typically associated to the DMN. When some of these 
activities intrude into the execution of an attentional task as 
stimulus-independent thoughts, the task performance may 
be affected by errors (Sonuga-Barke and Castellanos 2007; 
Smallwood et al. 2008; Prado and Weissman 2011; Kam and 
Handy 2013). Likewise, expected task-related activations 
may be found disrupted, and DMN areas activated (Weiss-
man et al. 2006; Mason et al. 2007; Li et al. 2007; Eichele 
et al. 2008; Kam et al. 2011).

Still, these observations are consistent with a rest-task 
dichotomy, and do not really suggest a proactive role for 
the DMN. In contrast, it has been proposed that, during 
task, DMN-driven stimulus-oriented thoughts may possibly 
appear (Mantini and Vanduffel 2013; Sormaz et al. 2018) 
with the purpose of supporting task performance (Gilbert 
et al. 2007). As a matter of fact, the DMN has been impli-
cated in problem-solving and creativity (Kounios et al. 2006; 
Gerlach et al. 2011; Abraham et al. 2012; Ellamil et al. 2012; 
Jung et al. 2013; Benedek et al. 2014; Mayseless et al. 2015; 
Marron et al. 2018; Huo et al. 2020), suggesting that its 
activity can also be engaged in external demands. Indeed, 
DMN activations can enhance cognitive control during 
extrinsic tasks requiring internal mentation (Spreng et al. 
2014), possibly in coordination with frontoparietal control 
systems (Spreng et al. 2010; Cocchi et al. 2013; Gerlach 
et al. 2014). Furthermore, the anteromedial prefrontal cortex 
(amPFC), node of the DMN, was found to be activated in 
monitoring the external environment, contributing to faster 
reaction times (Gilbert et al. 2005, 2006). It also seems that 
the DMN is recruited in switching tasks, in the case of a 
demanding shift from a cognitive context to a different one 
(Crittenden et al. 2015). Moreover, the DMN was also found 
to be activated both in decision-making (Smith et al. 2021) 
and when subjects have to automatically apply learned rules 
(Vatansever et al. 2017).

The critical role of DMN for task execution is highlighted 
not only by activation studies, but also by functional con-
nectivity investigations that questioned the supposed DMN 
anticorrelation with task execution and task-positive regions. 
It has been shown that nodes of the DMN are positively 
correlated with task-positive areas during acquisition and 
retrieval phases of a working memory task (Piccoli et al. 
2015), as well as during the preparation phase (Koshino 
et al. 2011, 2014). In addition, during such tasks, the con-
nectivity within the DMN was found to be correlated with 
behavioral performance (Hampson et al. 2006). Moreover, 
the sign and the strength of the correlations between DMN 
and task-positive regions remarkably varies between the 
nodes of these networks, and according to the tasks and the 
different resting-state time epochs (Chang and Glover 2010; 
Bluhm et al. 2011; Leech et al. 2011; Elton and Gao 2015; 
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Dixon et al. 2017; Denkova et al. 2019). At the subject level, 
interactions between DMN and attentional and control net-
works were found during a semantic memory retrieval task 
(Fornito et al. 2012). In sum, there is considerable evidence 
that the DMN functionality is crucial, not only for inter-
nal mind-wandering, but also for the execution of extrinsic 
activities.

Just as its role in human cognition, the anatomical and 
topological representation of the DMN has proven to be puz-
zling. From a theoretical point of view, the DMN could be 
described as a whole and unfractionated network, with hub 
nodes in the posterior cingulate cortex (PCC) and medial 
prefrontal cortex (mPFC) and more peripheral nodes in the 
medial and lateral temporal lobe, angular gyrus (AG), dorso-
lateral prefrontal cortex (dlPFC), and inferior frontal gyrus 
(IFG) (Buckner et al. 2008; Yeo et al. 2011). Nonetheless, 
it is widely acknowledged that it can be further divided into 
subnetworks (Abou-Elseoud et al. 2010; Abou Elseoud et al. 
2011; Yeo et al. 2011; Shirer et al. 2012; Ray et al. 2013). 
In this regard, Andrews-Hanna et al. (2010) reported that 
the subdivisions of such network might have different func-
tions. In particular, they identified two subsystems structured 
around a midline core: the former, formed by the PCC was 
thought to be involved in self-referential processes, and the 
latter, composed by mPFC, has considered to be related to 
future-oriented thoughts (Andrews-Hanna et al. 2010). What 
is more, the midline core itself might be a fractionated struc-
ture. In fact, by analyzing single-subject data with minimal 
spatial smoothing, Braga and colleagues (Braga and Buckner 
2017; Braga et al. 2019; DiNicola et al. 2020) have recently 
found that the DMN seems to be composed of two parallel 
and interdigitated networks, interleaved even within PCC 
and mPFC. The two subsystems were found to be related to 
different roles: one to social cognition and the other one to 
mnestic functions (DiNicola et al. 2020). Similarly, Wang 
et al. (2020) parcellated the DMN nodes into different parts, 
each one associated with a specific functional profile. Like-
wise, Gordon et al. (2020) were able to divide the individu-
als’ DMN into nine subnetworks showing differential task 
engagement. Thus, the most recent developments in the 
research of the DMN are indicating that such network, far 
from being a monolithic entity, consists of multiple systems 
with intersecting functions and anatomies (Buckner and 
DiNicola 2019).

The present study aims to delve into this matter, using a 
coordinate-based meta-analytical methodology to investigate 
the functions related to the activity of the DMN regions and 
the spatial variability associated with them. The use of a 
meta-analytical approach allows to overcome the heteroge-
neity of results, a typical issue of neuroimaging experiments 
(Botvinik-Nezer et al. 2020). After all, the DMN research 
has a long meta-analytical tradition. In fact, the first images 
of the network come from meta-analyses of TID (Shulman 

et al. 1997; Mazoyer et al. 2001), subsequently confirmed 
by an Activation Likelihood Estimation (ALE) meta-analysis 
by Laird et al. (2009). Another ALE study (Schilbach et al. 
2012) showed that the areas of TID, social cognition, and 
emotional processing converged on PCC and mPFC. Simi-
larly, an ALE meta-analysis from Spreng et al. (2009) noted 
a correspondence between autobiographical memory, spatial 
navigation, theory of mind activations, and TID. It could 
be said that these two latter studies used a meta-analytic 
approach to put forward a consistent and comprehensive 
view of DMN functions. On the contrary, the current study 
wants to highlight the functional variety of the DMN.

To make these assessments, we performed a Paradigm 
Analysis (Lancaster et al. 2012), capitalizing on the Brain-
Map database and on its taxonomy of behavioral ontolo-
gies (Fox and Lancaster 2002; Fox et al. 2005b; Laird et al. 
2005). This allowed us to identify the task categories signifi-
cantly associated with the network in a data-driven fashion. 
Activation coordinates of such paradigms were then obtained 
from the same database, and used to perform an ALE meta-
analysis for each one of them. As indicated by Raichle et al. 
(2001), TID correspond to rest tonic activations, and it has 
been suggested that the rest should be seen just as another 
active state (Buckner et al. 2013). Thus, a TID ALE map 
was calculated to represent the DMN configuration during 
resting state. This also constitutes a replication of Laird et al. 
(2009) with a larger database and updated algorithms. The 
resulting set of maps underwent a series of analyses, namely, 
Multidimensional Scaling (MDS), Principal Component 
Analysis (PCA), and Independent Component Analysis 
(ICA). These were to explain the DMN task-based variabil-
ity in the form of axes along which the network arranges 
itself to meet external demands. We expected that differ-
ent operative domains related to the DMN would recruit 
distinctive sets of areas, including some regions typically 
assigned to other resting-state networks (RSNs). Given the 
wide range of functions implicated with the mPFC (Delgado 
et al. 2016; Schneider and Koenigs 2017; Hiser and Koenigs 
2018; Lieberman et al. 2019; Toro-Serey et al. 2020), we 
anticipated that this region would express a large variability 
in its activations, possibly organized in a rostral-caudal arc 
revolving around the callosal genu (Amodio and Frith 2006). 
The PCC might show some internal differentiation as well 
(Leech et al. 2011).

Methods

Paradigm Analysis

The Paradigm Analysis (Lancaster et al. 2012), as imple-
mented in the dedicated plugin for Mango (http:// ric. 
uthsc sa. edu/ mango/) (Lancaster et al. 2010, 2011), was 

http://ric.uthscsa.edu/mango/
http://ric.uthscsa.edu/mango/
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performed to get the profile of involvement of the DMN 
with different fMRI paradigms. The BrainMap database 
is coded with an articulated cognitive, anatomic and 
operational taxonomy (Fox et al. 2005b). In particular, 
each experimental contrast is characterized by the domain 
of the task utilized. A complete list of paradigms with 
detailed definitions can be found at: http:// www. brain map. 
org/ taxon omy/ parad igms. html. Given a region of interest 
(ROI), the Paradigm Analysis leverages on the BrainMap 
database to test if executing a task significantly activates 
that area, versus a null model of spatial uniformity of that 
paradigm’s activations. The output of the technique is a 
series of z-scores for each paradigm, whose significance 
is set above the Bonferroni-corrected threshold of z = 3.3. 
A paradigm being significant in a ROI does not mean that 
it activates only that area and not the rest of the brain, but 
that there is a density of activation higher than chance 
within the mask. Thus, we are not looking for the tasks 
activating specifically the DMN, but simply the task acti-
vating the DMN more than chance, while other RSNs 
might be activated as well.

Of note, numerous and different functional parcella-
tions of the human brain exist, and there are no methodo-
logical criteria or gold standard to prefer one to the others 
(Eickhoff et al. 2015; Arslan et al. 2018). Therefore, to 
maximize the representativity of our results, three different 
masks of the DMN obtained with different methodologies 
were fed to the Paradigm Analysis. The paradigms that 
were found significantly associated with at least two out 
of these three masks, were taken in consideration in the 
subsequent analyses. The first ROI was extracted from the 
seven Network parcellation by Yeo et al. (2011), which 
was produced with a clustering algorithm. The second one 
was derived from the ICA by Shirer et al. (2012), merging 
the originally split ventral and dorsal components of the 
DMN. Lastly, we selected the DMN from the CAREN 5 
atlas by Doucet et al. (2019), which was obtained by the 
consensus between six different parcellations. Since the 
Paradigm Analysis tool works in Talairach space, the three 
masks were registered to Talairach using FLIRT (Jenkin-
son et al. 2002).

Activation likelihood estimation and fail‑safe 
analysis

To trace the studies related to the 8 significant paradigms 
identified by such consensus approach (see Sect. 3.1), the 
software Sleuth has then been used to search the BrainMap 
functional database (Fox and Lancaster 2002; Fox et al. 
2005b; Laird et al. 2005). For each one of the paradigms 
individuated with the method detailed above, the queries 
were composed as follows:

[Experiment Context is Normal Mapping] AND 
[Experiment Activation is Activations Only] AND 
[Experiment Paradigm Class is …]

where the latter field was completed with the given par-
adigm. Furthermore, to obtain the TID, we replicated the 
search used by Laird et al. (Laird et al. 2009):

[Experiment Context is Normal Mapping] AND 
[Experiment Activation is Deactivations Only] AND 
[Experiment Control is Low Level]

Coordinates were exported by Sleuth in Talairach space. 
To minimize within group effects and ensure independence 
between the observations (Turkeltaub et al. 2012; Müller 
et al. 2018), the experimental contrasts calculated on the 
same group of subjects were merged in a single set of foci, 
using the pertaining option in the tool.

Each one of the resulting lists of coordinates was then fed 
to GingerALE 3.0.2 (Turkeltaub et al. 2002; Eickhoff et al. 
2009) to calculate its ALE map. A family wise error (FWE) 
correction for multiple comparisons was adopted (Eickhoff 
et al. 2012), with cluster-level inference of p < 0.05 and a 
cluster-forming threshold of p < 0.001.

To take into account the file-drawer effect, a Fail-Safe 
procedure was implemented (Acar et al. 2018). The file-
drawer problem, also known as publication bias, hypoth-
esizes the existence of unpublished null results that would 
reduce the representativity of a meta-analysis (Rosenthal 
1979). The Fail-Safe algorithm (https:// github. com/ Neuro 
Stat/ Gener ateNu ll) proposed by Acar et al. (2018) gener-
ates a given number of experiments having random foci, to 
be added to the dataset to be tested. The purpose of these 
random experiments, which do not corroborate our findings, 
is to simulate unpublished results. The number of foci and 
subjects of those experiments were such to match the distri-
bution they had in the original data. Samartsidis et al. (2020) 
estimated that the file-drawer effect of the BrainMap data-
base amounts to 6%. Thus, we decided to perform a series 
of Fail-Safe analyses adding the 6% and the 60% of random 
experiments to each dataset, so as to evaluate the robustness 
of our results. The outputs were two series of maps showing 
the activations that were still significant after the injection 
of the specified level of noise.

Data reduction techniques

The subsequent analyses were carried out in Python, using 
the NiBabel 3.2.1 package (Brett et al. 2020) to access the 
NIfTI file format, the NumPy library (Harris et al. 2020) to 
calculate the Pearson correlation coefficients and scikit-learn 
0.24.1 (Pedregosa et al. 2011) to compute MDS, PCA and 
ICA. The Bartlett’s test and the Kaiser–Meyer–Olkin index 
were calculated with FactorAnalyzer (https:// factor- analy 

http://www.brainmap.org/taxonomy/paradigms.html
http://www.brainmap.org/taxonomy/paradigms.html
https://github.com/NeuroStat/GenerateNull
https://github.com/NeuroStat/GenerateNull
https://factor-analyzer.readthedocs.io/en/latest/index.html
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zer. readt hedocs. io/ en/ latest/ index. html). Matplotlib (Hunter 
2007) was used for visualizations.

To start with, the 9 ALE maps (8 paradigms and the 
TID) were vectorized using a Talairach standard as brain 
mask with 2  mm3 voxel size (https:// www. brain map. org/ ale/ 
colin_ tlrc_ 2x2x2. nii. gz), to obtain a voxels × maps matrix. 
To perform the MDS, a Pearson’s correlation matrix was 
derived first. Then, the distance measure dij between the 
element i and j of the dissimilarity matrix was calculated 
as dij = 1—rij where r is their Pearson’s correlation, as in 
Kriegeskorte et al. (2008). Such distance matrix was then 
fed to the scikit-learn MDS algorithm. The MDS attempts to 
reproduce the distances of the input matrix in an Euclidean 
space of reduced dimensionality that preserves the original 
dissimilarities as closely as possible. To avoid random rota-
tions of the solutions, the iterative MDS algorithms were 
initialized using PCA scores as starting condition (Bécavin 
et al. 2011). We calculated the solutions with 2 and 3 dimen-
sions, calculating the standardized stress S (Kruskal 1964) to 
evaluate the goodness-of-fit of the two solutions. The stress 
was computed implementing the code proposed at: https:// 
github. com/ scikit- learn/ scikit- learn/ pull/ 10168.

The voxels × 9 maps matrix was again used as input for 
PCA to obtain both the principal component (PC) loadings 
(map coefficients for each component) and scores (voxel pro-
jections on the component). The scores were then plotted on 
the Talairach standard to obtain PC maps. Finally, the same 
voxels × maps matrix was fed to the scikit-learn FastICA 
algorithm (Hyvärinen and Oja 1997; Hyvarinen 1999). In 
doing so, we obtained the voxel scores on each independent 
component (IC) to be plotted in Talairach space to obtain 
the corresponding voxel-wise maps, as well as each map’s 
coefficient, or loading, on each component.

Comparison with the resting‑state principal 
gradients

To further characterize our results, we compared our IC 
maps with those of the first and third principal gradients 
(PG) by Margulies et al. (2016). Since our maps were not 
restricted to the cortex, we chose to work with PG whole-
brain volumes, downloaded from https:// neuro vault. org/ colle 
ctions/ 1598/ and converted to Talairach space with FLIRT. 
PG1 is known to be related to cortical hierarchy, and PG3 
is taken here as another dimension of associativity. To con-
firm this, we performed a meta-analysis similar to that used 
by Margulies et al. (see Supplementary Materials for more 
details).

A first comparison was made correlating the ICs with 
the PGs, using the same mask as above (see Data reduc-
tion techniques) to exclude non-brain voxels from the com-
putation. In addition, for a given IC and PG, we extracted 
the PG values corresponding to the positive part of the IC, 

and compared them to the remaining PG values with a two-
sample t test (H0: PGIC ≤ PG¬IC). Lastly, we portrayed the 
heteromodality of our ICs as the percentage of their posi-
tive part overlapping with the positive voxels of the given 
PG. The same analyses were performed for the ALE and PC 
maps as well.

Results

Paradigm Analyses and activation likelihood 
estimations

The Paradigm Analysis results obtained for the three selected 
DMN masks (Yeo et al. 2011; Shirer et al. 2012; Doucet 
et al. 2019) are presented in Table 1. These tasks were found 
to activate the respective DMN ROIs significantly more 
than by chance, that is, the activations for a given task were 
found within the DMN more frequently than those expected 
if they were distributed randomly in the brain. The three 
DMN masks are shown in Supplementary Fig. S1. Eight 
paradigms were found to be significant for at least two out 
of the 3 DMN masks: ToM, Semantic Monitor/Discrimina-
tion, Episodic Recall, Emotion Induction, Self-Reflection, 
Deception, Imagined Object/Scenes, and Reward. Most 
of these paradigms are related to social, mnestic, or other 
internal mentation functions typically associated with the 
DMN (Buckner et al. 2008). To the best of our knowledge, 
deception tasks were not previously related to the network, 
although the social nature of such paradigms likely justi-
fies this result. Similarly, we are not aware of many explicit 
links between reward functions and DMN in the literature 
(Lopez-Persem et al. 2020; Martins et al. 2021), albeit there 
is strong evidence to associate the mPFC to such mecha-
nisms (Xue et al. 2009; Schneider and Koenigs 2017; Hiser 
and Koenigs 2018; Lieberman et al. 2019). Interestingly, 
reasoning and problem-solving paradigms had a significant 
effect on the CAREN mask (Doucet et al. 2019), suggest-
ing that the DMN might then play a role outside of what is 
considered internal mentation in the strictest sense.

Details about the results from Sleuth searches for the 
eight queries associated with each significant paradigm 
are presented in Table 2 and in the Prisma Flow chart in 
Supplementary Fig. S2. We point out that we found a lim-
ited number of experiments for the Self-Reflection condi-
tion. According to Eickhoff and colleagues (Eickhoff et al. 
2016; Müller et al. 2018), at least 17 experiments should 
be gathered to perform a statistically sound ALE. Although 
the query returned 28 experiments, 7 sets of foci remained 
after merging them according to groups of subjects (Müller 
et al. 2018). To rule out possible bias induced by the inclu-
sion of this underpowered domain, the subsequent analyses 
were repeated with and without the related ALE map. Since 

https://factor-analyzer.readthedocs.io/en/latest/index.html
https://www.brainmap.org/ale/colin_tlrc_2x2x2.nii.gz
https://www.brainmap.org/ale/colin_tlrc_2x2x2.nii.gz
https://github.com/scikit-learn/scikit-learn/pull/10168
https://github.com/scikit-learn/scikit-learn/pull/10168
https://neurovault.org/collections/1598/
https://neurovault.org/collections/1598/
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excluding this condition did not significantly influence their 
outcomes, we decided to keep it in the dataset.

We also computed a TID meta-analysis, representing rest. 
The ALE results are presented in Fig. 1. The TID ALE map 
replicates the one by Laird et al. (2009), with the exception 
of the mPFC cluster, that we found in a more dorsal position.

As for the other maps, Episodic Recall activates the 
left insula along with DMN areas. Imagining objects and 
scenes activate the left hemisphere in the precuneus, lateral 

prefrontal cortex (lPFC) including IFG, and supplementary 
motor area (SMA). Deception tasks activate the bilateral 
insula, other than AG and SMA, in accordance to Farah et al. 
(2014). Semantic monitoring and discrimination activate the 
left lPFC including IFG, but also the SMA, the left lateral 
and medial temporal lobe, and the PCC. This map is very 
similar to a recent ALE about semantic control (Jackson 
2021), with the exception of PCC, which is a novel result. 
Reward activates the basal ganglia (BG), the thalamus, the 
whole mPFC, and the bilateral insula. ToM activates the 
temporal and temporoparietal cortices along with PCC and 
dorsomedial PFC (dmPFC), especially on the left. Inducing 
emotion activates the left insula and the bilateral occipito-
temporal cortices, along with typical DMN nodes. The Self-
Reflection map involves PCC, the right SMA, and an occipi-
tal cluster in the fusiform gyrus. The maps obtained by the 
Fail-safe analyses, presented in Supplementary Fig. S3 and 
S4, show that our ALE maps remain substantially unchanged 
when accounting for the file-drawer effect.

In summary, few maps matched the prototypical represen-
tation of the DMN. Some of them showed either weak acti-
vation or no activation at all in the midline core, and a strong 
expression of lateral areas of the network such as AG, IFG, 
and middle temporal gyrus. In addition, the insula and SMA/
dorsal ACC, hubs of the salience network (SN), were often 
present. Figure 2 shows the proportions of voxels of each 
ALE map falling within each one of the RSNs of the three 
functional parcellations. The overlap between the ALE maps 
of the main analysis and the three DMN masks is shown in 
Supplementary Fig. S5. The Jaccard indices between the 
main analysis ALE maps and the various RSN reported by 
Shirer et al. Yeo et al. and Doucet et al. are presented in Sup-
plementary Table S1 and Fig. S6.

Table 1  BrainMap paradigms found to be significantly associ-
ated with the DMN masks obtained by the 7 networks atlas by Yeo 
et  al. (2011), the Independent Component Analysis by Shirer et  al. 

(2012), and the CAREN atlas by Doucet et al. (2019). The paradigms 
excluded from further analysis are written in italics

Yeo et al Shirer et al Doucet et al

BrainMap paradigm z score BrainMap paradigm z score BrainMap paradigm z score

Theory of Mind 13.696 Theory of Mind 7.986 Theory of Mind 8.359
Semantic Monitor/Dis-

crimination
5.255 Episodic Recall 5.266 Semantic Monitor/Discrimination 6.68

Episodic Recall 5.227 Self-Reflection 4.395 Episodic Recall 5.414
Emotion Induction 4.768 Emotion Induction 4.262 Cued Explicit Recognition/Recall 4.369
Self-Reflection 3.872 Acupuncture 4.043 Emotion Induction 4.303
Deception 3.69 Imagined Objects/Scenes 3.954 Reasoning/Problem Solving 4.112
Passive Listening 3.327 Reward 3.458 Reward 3.647

Deception 3.614
Reading (Covert) 3.601
Imagined Objects/Scenes 3.537
Face Monitor/Discrimination 3.536

Table 2  Details about the result of Sleuth queries for the main analy-
sis

N experiments N groups N foci N subjects

Theory of Mind
 218 63 1663 1127

Semantic/Monitor Discrimination
 646 205 4954 3020

Episodic Recall
 123 39 1009 566

Emotion Induction
 537 166 3575 3234

Self-Reflection
 28 7 144 140

Deception
 115 39 885 954

Imagined Object/Scenes
 120 46 1097 660

Reward
 757 199 5860 3681

Task-induced deactivations
 189 106 1665 1494
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Fig. 1  Surface mapping of the nine activation likelihood estimation maps
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Multidimensional scaling

The standardized stress of the 2D solution is S = 0.25, 
which is considered as a “poor” solution (Kruskal 1964), 
while the 3D solution has a “fair” stress of S = 0.15. Thus, 
only the 3D solution will be considered between the main 
results. The 1 − r dissimilarity matrix (Kriegeskorte et al. 
2008) between maps and the resulting 3-dimensional MDS 
can be seen in Fig. 3 (the 2D solution is presented in Sup-
plementary Fig. S7). The MDS graphs obtained excluding 
the Self-Reflection condition are presented in Supplemen-
tary Fig. S8. Both with and without the Self-Reflection 
map, the 3D MDS solution seems to suggest a first axis 
standing for medial–lateral, or a core-lPFC, spatial repre-
sentation. The maps found on one side of the axis (e.g., 
TID, ToM, and Episodic Recall) show activations in the 
midline DMN core, while those found on the other side 
(e.g., Deception, Imagined Objects/Scenes, Semantic 
Monitor/Discrimination) display a weaker involvement of 
such regions, especially PCC. Conversely, the latter have 
significant clusters in the lPFC and insula, and the midline 
activations are especially located in the SMA. The maps 
activating the midline core are not only those presenting 
more similarity with its stereotypical image, but also those 
whose functions were more commonly associated with the 
DMN (Buckner et al. 2008). As for the opposite side, these 
maps are related to tasks more rarely associated with the 
network, and they bear a similarity with the spatial dis-
tribution of SN, rather than the one of DMN. Moreover, 
they are reminiscent of the semantic regions (i.e., SemN) 
found by Chiou et al. (2020) as belonging to a more out-
ward-leaning DMN subsystem (see also Evans et al. 2020). 
Hence, this anatomical midline-lateral axis could also be 
seen as a psychological internal/external dimension. As 
for the second axis, the distribution of the maps may sug-
gest a dorsal–ventral labeling. On one side, activations are 
more focused in SMA, PCC, or dorsal frontal and parietal 
cortices. On the other side, there are insular, temporopolar, 
and medial temporal areas. The third axis added in the 3D 
solution does not have an obvious explanation. A quanti-
tative analysis confirming our interpretation is presented 
in the Supplementary Materials at Table S2 and Fig. S9.

Component decompositions

Given the lack of common ground between different DMN 
expressions, we performed a PCA to summarize the inter-
paradigm similarities. Even if the high significance of the 
Bartlett’s test (p < 0.001) seems to suggest otherwise, the 
Kaiser–Meyer–Olkin index (KMO = 0.61) indicates a suffi-
cient but mediocre relation between the maps. The first four 
principal components (PC) explain 96.3% of the variance, 
and loads particularly on Reward (PC1, 51.8% of explained 
variance), Semantic Monitor/Discrimination (PC2, 30.5%), 
Emotion Induction (PC3, 10.1%), TID and ToM (PC4, 4%). 
Supplementary Fig. S10 shows the PC maps and respective 
loadings. The PCA results computed excluding the Self-
Reflection map were identical (not shown).

As the PCA indicated that four principal components pro-
vide a significant decomposition of the variance, we selected 
a four-component solution for the ICA as well (Fig. 4). 
When excluding the Self-Reflection map from the data, the 
ICA results did not change (not shown). The independent 
components (IC) were similar to those of the PCA. Thus, 
for an easier argumentation, we ordered them so as to match 
the principal ones.

IC1 is associated with Reward and shows positive coef-
ficients in most mPFC, anterior PCC, insula, and thalamus/
BG. However, it presents negative values with dmPFC, 
PCC proper, occipito-temporal cortices, and amygdala. 
IC2, related to Semantic Monitor/Discrimination, shows 
positive coefficients especially in the left hemisphere, in a 
cluster formed by the PFC (including IFG), AI, and most 
of the premotor cortex, as well as in the temporal cortex, 
SMA and PCC. Large parts of the midline display negative 
values, in particular the dmPFC, as the component loads 
negatively to Emotion Induction and this area is activated by 
such task (Fig. 1). IC3, associated with Emotion Induction, 
is positively associated with AI, temporo-occipital cortices, 
dmPFC, a small part of PCC, thalamus and amygdala. Nega-
tive coefficients are closely juxtaposed to positive areas, in 
BG, around PCC, in prefrontal and temporal cortices. IC4 
is linked to TID and ToM, and it is clearly expressed in the 
canonical DMN regions and anticorrelated with the insula, 
SMA, and amygdala.

Intriguingly, when the ICA maps were fed back into 
a Paradigm Analysis (positive voxels only), the output 
returned a much longer list of significant experimental 
tasks (Supplementary Table S3 and Fig. S11), comprising 
the paradigms heavily loaded by the component. IC4 rep-
resents an exception, as it gives only few paradigms other 
than those found by the three original DMN masks. This is 
not surprising, as IC4 is associated with TID. This analysis 
suggests that IC1, IC2, and IC3, compared to the canonical 
DMN, are more closely associated with different modes of 
extrinsic cognition.

Fig. 2  Pie charts with the proportions of each ALE voxels for each 
one of the resting-state networks proposed by Shirer et al., Yeo et al., 
and Doucet et al. As reference, each parcellation is presented in form 
of volume renderings. ECN executive control network, sal salience 
network, precun precuneus, BG basal ganglia, visuospat visuospatial 
network, sensmot sensorimotor network. The ECN by Shirer et  al. 
roughly corresponds to the frontoparietal network by Yeo et  al. and 
Doucet et al. The ventral attention network by Yeo et al. includes the 
salience network. The language network by Shirer et al. includes large 
parts of the DMN as depicted by others

◂
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Exploratory analyses pointed out that solutions with more 
than five components produced patchy maps that may be 
considered as noise, or as evidence that our data have no 

information to be further decomposed. The five-component 
solution was rather similar to the one presented here, except 
for TID and ToM split into two different components. The 

Fig. 3  Multidimensional scaling (MDS) of the nine activation likeli-
hood estimation (ALE) maps. A: 1  −  r distance matrix of the nine 
ALE maps. B First two axis of the MDS 3-dimensional solution. 
ALEs volume mappings are shown next to their respective MDS 

coordinates. C First and third axis of the MDS 3-dimensional solu-
tion. D MDS 3-dimensional solution, seen from different perspec-
tives. From left to right, the views are progressively rotated for a bet-
ter understanding of tridimensionality
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Fig. 4  Results of the four-component solution of the Independent Component Analysis. Left: surface mapping of the voxel-wise scores. Right: 
weights of the unmixing matrix of each component (loadings) on each paradigm map
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ToM component involves a smaller and more dorsal mPFC 
cluster, and a more posterior temporoparietal cluster than the 
TID one (Supplementary Fig. S12). On the contrary, solu-
tions two and three are not particularly meaningful. They 
showed maps similar to the canonical DMN or its anti-net-
work, but their components were unable to load on more 
than a paradigm each one (Supplementary Fig. S13).

Comparison with the resting‑state principal 
gradients

The first PG by Margulies et al. (2016) is a non-linear com-
ponent resembling the DMN and accounting for most rest-
ing-state signal variance, but it has also been shown to be 
related to cortical hierarchy, and thus interpreted as a model 
of heteromodal representation (Mesulam, 1998). The third 
one, conversely, shows resemblance with the task-positive 
network (TPN) by Fox et al. (2005a). The two PG maps are 
shown in Supplementary Fig. S14. A series of Behavioral 
Analyses (see Supplementary Materials for methods) con-
firmed that the whole-brain PG1 is anchored at one side to 
regions with primary functions and at the other to associa-
tive areas. The same method illustrates a sort of bimodal 
distribution of PG3 heteromodality, with DMN areas, at the 
lower part of the scale, associated with social cognition and 
emotions, and TPN regions, at the top, related to attention, 
working memory and reasoning, with primary functions 
half-way (Supplementary Fig. S14). Thus, PG3 could be 
used to distinguish between socioaffective and executive 
associative areas.

The correlations between our four ICs and these two 
PGs is presented in Table 3. Most correlation approaches 0, 
except for the one between IC1 and PG3 (r = 0.20), and those 
between IC4 and PG1 and PG3 (r = 0.18 and r = − 0.16, 
respectively). According to Cohen (1992), r = 0.10 is to be 
considered a small effect size, while a medium effect size 
equates to r = 0.30. This suggests that resting-state variance 
is not able to recapitulate brain activity fully.

However, a series of two-sample t tests indicates that the 
average gradient value of positive IC voxels was significantly 

higher than that of the rest of the brain (p ≈ 0 for all ICs and 
with both PGs). Figure 5 illustrates the overlaps between the 
positive voxels of the four IC and the two PGs. The percent-
age of positive voxels of each IC overlapping with those of 
the two PGs is reported in Table 3. All ICs overlap with at 
least 50% of their positive voxels with heteromodal regions 
as defined by PG1, and IC1 also shows high convergence 
with PG3.

The comparisons of PGs with ALE and PC maps pro-
duced similar results: low correlations and high overlaps. All 
the two-sample t tests were highly significant. Correlations 
and percentages of overlap are shown in Supplementary 
Table S4. Lastly, we tested if the correlations between ALE 
maps and PGs could, in turn, be correlated with their place-
ment on the MDS x axis, that is, if the alignment between an 
ALE map and a PG could be predictive of its placement on 
our internal–external gradient. MDS x coordinates correlate 
strongly and significantly with PG3 (r = − 0.69; p = 0.02, 
one-tailed t-test), but not so much with PG1 (r = 0.43; 
p = 0.12). This means that the internal–external axis is 
mostly orthogonal with heteromodality, but is related to a 
socioaffective-executive gradient.

Discussion

The present work provides compelling evidence that regions 
of the DMN are engaged in several tasks, not restricted to 
those conventionally associated with the resting state and the 
mind-wandering, and also including semantic reasoning and 
reward mechanisms. In light of the resulting ALE maps, it 
is important to bear in mind that all these paradigms were 
found to activate at least two out of three DMN masks more 
than chance. Thus, the density of their foci in literature is 
particularly high within the DMN. However, the density in 
other RSNs might be just as high as in the DMN. Further-
more, there was no reason to always find meta-analytic acti-
vations in the central hubs of the network. In fact, while most 
maps show at least a cluster in the PCC of mPFC, Imagined 
Objects/Scenes and Deception seem to involve only areas 
such as IFG, the precuneus, AG. Conversely, many maps 
include non-DMN areas associated with task-positive net-
works such as the SN and frontoparietal network (FPN). 
This means that there are tasks involving nodes of the DMN 
along with those included in other networks, thus forming 
patterns of activation that cross the boundaries of canonical 
RSNs.

It has been argued that to assess its function, a network 
should be assessed considering it a spatially and temporally 
coherent system as a whole, and not in terms of its constitut-
ing regions (Jackson et al. 2019). Following this approach, 
Jackson et al. (2019) reported that the coherent DMN is not 
involved in semantic cognition, concluding that the DMN 

Table 3  Pearson’s correlation between the brain voxels of the four 
independent components (IC) and the two principal gradients (PG) by 
Margulies et al. (2016), and percentages of the positive voxels of the 
ICs overlapping with the positive voxels of the PGs

Pearson’s r Overlaps (positive voxels only)

PG1 PG3 PG1 PG3 PG1 ∪ PG3

IC1 0.04 0.20 55% 65% 83%
IC2 0.08 − 0.03 52% 35% 66%
IC3 0.04 − 0.05 50% 36% 70%
IC4 0.18 − 0.16 73% 12% 76%
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Fig. 5  Surface mapping of the overlaps between the volumes of positive voxels of the four ICs and PG1 and 3 by Margulies et al. (2016). For 
each comparison, the ratio of positive IC voxels overlapping with the positive PG is reported
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and SemN are two distinct networks. However, such consid-
eration could be extended to other cognitive domains, lead-
ing to the paradox that no function should be associated to 
the DMN. In fact, our results indicate that DMN task-related 
activations span across RSNs, suggesting that canonical net-
works might have limited heuristic value to understand brain 
functioning when involved in extrinsic processing. There-
fore, task engagement may induce the cooperation between 
areas belonging to different canonical RSNs. Although rely-
ing on intrinsic brain topology, such recruitment would not 
be strictly constrained by it (Cole et al. 2014; Krienen et al. 
2014). Thus, it might involve a flexible shift in brain hub-
ness (Cole et al. 2013; Fransson and Thompson 2020) and 
a remodulation of cooperative and competitive long-range 
connectivity patterns (Fornito et al. 2012; Piccoli et al. 2015; 
Dixon et al. 2017).

There are several obvious reasons explaining why canoni-
cal RSNs are a simplistic representation of brain complexity 
(Pessoa 2014). For instance, they partition the gray matter 
into non-overlapping volumes, even if in the brain, as in 
most real-world networks, a node is usually connected to 
more than one community (Palla et al. 2005; Ferrarini et al. 
2009; Yeo et al. 2014; Najafi et al. 2016). In addition, FC 
changes from rest to task (Arbabshirani et al. 2013; Mennes 
et al. 2013; Spreng et al. 2013; Cole et al. 2014; Goparaju 
et al. 2014; Vatansever et al. 2015a, b; Krieger-Redwood 
et al. 2016; Najafi et al. 2016; Bolt et al. 2017; Moraschi 
et al. 2020) and dynamically fluctuates over time (Chang 
and Glover 2010; Hutchison et al. 2013; Calhoun et al. 
2014; Preti et al. 2017). The non-stationarity of FC indi-
cates a fluid node recruitment by whole-brain connectivity 
modules, resulting in time-varying networks. In this regard, 
de Pasquale et al. (2012) found the DMN to be the system 
most connected with extra-network regions during epochs of 
strong internal correlation. More in general, several dynamic 
FC studies (Chang and Glover 2010; Kiviniemi et al. 2011; 
Liu and Duyn 2013; Karahanoğlu and Van De Ville 2015) 
portrayed the DMN as a moving landscape, with a changing 
spatial distribution and whole-brain correlations over time.

Thus, it is not puzzling that our maps did not reproduce 
the resting-state DMN. Still, it is interesting to notice that 
not even TID or the functions more canonically associated 
with the network are able to show a strong affinity with the 
DMN masks (Supplementary Table S1 and S4, and Fig. S5 
and S6). The lack of a perfect match between the phenom-
enon of activations (and deactivations) and FC suggests 
that the resting-state connectivity, while usually regarded 
as intrinsic (Fox et al. 2007; Vincent et al. 2007; Van Dijk 
et al. 2010; Cole et al. 2014, 2016; Tavor et al. 2016), can 
inform us only partially about brain functioning. This rea-
soning does not invoke a complete abandonment of RSNs, 
as it can be argued that they maintain a sort of taxonomic 
utility, in the sense that they are well-known structures that 

help to categorize brain anatomy and topology (Uddin et al. 
2019). In this regard, it makes sense to investigate the func-
tions of the resting-state DMN. For instance, it may be rea-
sonable to conclude that the canonical DMN could be seen 
as an entity having the role of integrating different cognitive 
aspects thanks to the interactions between its subcomponents 
(Wen et al. 2020). This is in line with the observation that 
the DMN displays a diversified cytoarchitecture and con-
nectivity with the rest of the brain (Paquola et al. 2021). It is 
also consistent with its strong dynamical connectivity with 
external nodes, including task-positive regions (de Pasquale 
et al. 2012; Karahanoğlu and Van De Ville 2015), which 
might explain their involvement in our maps. These con-
siderations also resonate with the theoretical proposals that 
the function of DMN might be that of reducing the entropy 
or the free energy of the brain (Carhart-Harris and Friston 
2010; Carhart-Harris et al. 2014), or that of a sense-making 
network integrating new information with past knowledge 
(Yeshurun et al. 2021), in agreement with its dense connec-
tivity and its topologically central position in the connec-
tome (van den Heuvel and Sporns 2011; Tomasi and Volkow 
2011). In any case, besides any possible interpretation, our 
findings highlight that the tasks that significantly activate 
the canonical DMN cannot be simply reduced to it, and that 
they show anatomical and functional diversity between each 
other.

Although these tasks may be easily linked to certain inter-
nal forms of mentation, the nature of some of them highlight 
that such internal cognition seems to be crucial for external 
tasks. It is important to point out that since we tested the 
DMN for significant paradigms, the resulting ALE maps rep-
resent the activations of a specific set of experimental tasks, 
defined in an operational way. On the contrary, psychologi-
cal definitions such as those implemented by the Behavioral 
Analysis (Lancaster et al. 2012) span across paradigms. For 
instance, the behavioral domain of Semantics entails Covert 
Word Generation, Self-Reflection, Encoding, Passive Listen-
ing, Visuospatial Attention, and other tasks. These range 
from the most extrinsic and active functions to forms of 
internal cognition that may be involved in mind-wandering. 
Therefore, working at the level of paradigms allowed us to 
focus on the kind of activities the DMN regions are engaged 
in.

For instance, we found Reward paradigms to be asso-
ciated with canonical DMN. This is mostly due to a large 
amount of foci covering the whole mPFC. The latter is 
known to modulate reward mechanisms (Ferenczi et al. 
2016), to respond to the outcome of risky decisions (Xue 
et al. 2009), and to activate when receiving a social reward 
(Martins et al. 2021). Reward mechanisms could be consid-
ered as an example of functions meant to monitor internal 
states, yet crucial for the implementation of behavior. As 
a matter of fact, reward dynamics involve the perception 
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of somatic states and their emotional and self-related pro-
cessing, which implies the activity of mPFC, ACC, SMA, 
along with BG, amygdala, and insula (Verdejo-García and 
Bechara 2009; but see also Dunn et al. 2006). At the same 
time, reward functions are critical for learning, risk-taking, 
and behavior in general (Schultz 2015). Furthermore, as 
an example of collaboration between internal and external 
cognition, the reward system is functionally connected to 
the DMN during mental simulation of the outcome of goal-
directed behavior (Gerlach et al. 2014).

Deception is another paradigm class arguably standing in 
between internal and external cognition. Deceiving someone 
requires social cognition, which is typically associated with 
the DMN internal mentation (Buckner et al. 2008). However, 
it might be argued that deceiving is a more external activ-
ity than ToM. While the latter only requires to represent 
other people’s mental states, the former also implies goal-
directed programming of one’s own behavior to successfully 
deceive the other (Lisofsky et al. 2014). Moreover, specific 
attentional and executive functions are likely to be necessary 
to perform a deception paradigm (Christ et al. 2009; Farah 
et al. 2014). As a matter of fact, ToM appeared close to TID 
on the first MDS axis and Deception was at the extreme 
opposite side.

In general, the MDS results suggested that the DMN-
related experimental paradigms and their associated acti-
vation maps could be arranged along an internal–external, 
midline-lateral axis. This observation is consistent with 
the growing body of evidence pointing out that the DMN 
is recruited during task execution (Crittenden et al. 2015; 
Vatansever et al. 2017; Murphy et al. 2018), and suggests 
that its function may be related to some form of high-level 
cognition, detached from the here and now, but still crucial 
for goal-directed behavior (Konishi et al. 2015; Benedek 
et al. 2016). At the same time, our results also clearly illus-
trate that when engaged in external operations, the network 
activations shift from the spatial representation typical of 
the rest condition. In fact, the ALE maps associated with 
more extrinsic paradigms display a clear dissimilarity from 
the canonical representation of the DMN. Specifically, they 
involve peripheral nodes of the system such as AG and 
IFG, they often show weak or no activation at all within 
the midline core, and they sometimes engage SN and FPN 
considered to be anticorrelated to the DMN at rest (Fox et al. 
2005a).

To summarize the anatomical variance of such extrinsic 
and intrinsic brain activity, we performed a PCA and an 
ICA. A large part of the task-related variance is explained 
in the form of proactive modes of internal cognition (PC1, 
Reward; PC2, Semantic Monitor/Discrimination), in oppo-
sition to core areas active during rest and social cognition 
paradigms (PC4). The four-component ICA replicated the 
PCA results closely, with the meaningful difference that the 

first two components were found to be anticorrelated with 
regions associated with Emotion Induction. Therefore, affec-
tive functions may constitute an important factor of DMN 
reorganization during task execution. We also note that PC2 
and IC2 (but PC1 as well) resemble the SemN (Noonan et al. 
2013; Chiou et al. 2020; Evans et al. 2020; Milton et al. 
2021). Furthermore, they remind the transitional module 
serving an integrative function with FPN observed by For-
nito et al. (2012), as well as with the Overlapping Commu-
nity six found by Najafi et al. (2016). Consequently, we sus-
pect that they both serve some form of integration between 
the DMN core and the task-positive areas for the execution 
of more external tasks.

It has been proposed that the DMN topography might 
be crucial to understand its function: its placement at the 
furthest distance from areas with primary functions could 
imply that it carries out the most abstract representations and 
that it integrates the broadest range of information (Small-
wood et al. 2021). According to this, it could be expected 
that our ICs of DMN activity were somewhat related to 
PG1 by Margulies et al. (2016), which is associated with 
the topography of cortical hierarchy while explaining most 
of the resting-state variance. However, none of our ICs 
(or ALE maps) showed even a mediocre correlation with 
PG1, and, most importantly, the similarity of ALE maps 
with PG1 was not correlated with the first MDS axis. This 
does not imply that PGs (or, once again, resting-state FC 
in general) are not relevant for the understanding of brain 
activity. On the basis of the existing literature (Smith et al. 
2009; Laird et al. 2013), we would expect that if data reduc-
tion techniques were applied to a wider meta-analytic rep-
ertoire of functions, the resulting components would match 
the resting-state PGs much better. However, it points out 
that the DMN-to-primary areas PG1 is not sufficient to pre-
dict DMN active modes, but just to identify the associative 
regions that such modes are more likely to load. Therefore, 
we might be in need of more detailed models to understand 
brain dynamical reorganizations. In line with this, recent 
work by Paquola et al. (2021) reports that DMN connectivity 
is aligned to a cytoarchitectural axis rather than with PG1. 
Interestingly, the similarity between our ALE maps and the 
TPN-to-DMN PG3 correlates with our external-to-internal 
MDS axis, suggesting that a socioaffective-executive dif-
ferentiation between heteromodal regions might play a role 
in explaining DMN functional rearrangements.

The absence of the ventromedial PFC (vmPFC) from our 
results deserves to be briefly commented. The only difference 
between our TID ALE map and that by Laird et al. (2009) 
is that our mPFC cluster does not include the most ventral 
areas of the region. Of the other maps, only Reward involves 
vmPFC. IC1 (and PC1) includes the vmPFC, but IC4 (and 
PC4), which loads on TID and ToM, does not. This is a bit 
surprising, as the vmPFC is considered part of the DMN, and 
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it is present in the ROIs utilized for the Paradigm Analysis 
(Supplementary Fig. S1). A possible explanation might be 
related to an attenuation of the detected effects in this area by 
the studies included in the meta-analysis, as the result of strate-
gies having the purpose to minimize artifacts, which are com-
mon in the most ventral parts of the brain. However, it would 
be unclear how this could explain the difference between our 
findings and those by Laird and colleagues. The difference 
may be explained by our larger database and updated ALE 
algorithms (Eickhoff et al. 2016, 2017). If the vmPFC absence 
from our maps was justified, it would be possible that it would 
be another difference between activations and connectivity.

An unexpected finding was that our meta-analysis was 
powerful enough to produce juxtapositions of components 
that were reminiscent of the works by Braga and colleagues 
(Braga and Buckner 2017; Braga et  al. 2019; DiNicola 
et al. 2020). As their results were originally obtained with 
minimally smoothed individual data, it is remarkable that 
something similar was achieved by our method. Another 
recent meta-analysis (Ngo et al. 2019) obtained a similar 
result, decomposing the inter-experiment DMN variability 
in two components. However, our methodology was able 
to highlight sharp contrasts between neighboring areas just 
analyzing the final ALE maps. This is particularly evident 
for PC3 and IC3, both related to Emotion Induction. In both 
components, the mPFC is parcellated in alternated bands of 
network and anti-network, with SMA and anterior dmPFC 
positively associated with the paradigm, and posterior 
dmPFC and central mPFC showing negative values. The 
opposite pattern was shown by IC1, related to Reward. The 
PCC was tightly segmented as well, particularly in IC2 and 
IC3, where a small section of positive voxels was surrounded 
by negative values. More in general, PC2, PC3, IC2, and 
IC3 indicated a preferential engagement of a more posterior 
portion of PCC in semantic monitoring and induction of 
emotions, with negative scores in a more anterior part. On 
the contrary, reward mechanisms showed the opposite pat-
tern in IC1 and, to some extent, in PC1. Such rostro-caudal 
segmentation of the PCC was also observed by Leech and 
colleagues during the execution of an attentional task, with 
the caudal portion displaying less integration with the DMN 
and less segregation with the task-positive regions (Leech 
et al. 2011). To summarize, the midline core, clearly associ-
ated with TID (PC4 and IC4), appeared much more jagged 
in other components, presenting patterns of correlation and 
anticorrelation in a gradient around the corpus callosum.

Limitations and future directions

The main limitation of this work derived from the choice 
of using the BrainMap database as the only source of acti-
vation foci. This was done for the sake of consistency, as 

the tasks significantly associated with the DMN were found 
using the Paradigm Analysis, which operates on the Brain-
Map database. Obviously, we could have integrated our 
data with experiments found through a systematic search 
on PubMed. However, a larger dataset could have possibly 
translated into ALE maps in disagreement with the Paradigm 
Analysis results, for instance without any significant activa-
tion within DMN nodes. Importantly, this would have not 
been necessarily due to a better representativity of the larger 
database, but possibly just because of a different coding of 
the paradigms. Having to choose between internal consist-
ency and a larger sample size, and considering the amplitude 
of the functional BrainMap data archive (more than 18,000 
experiments in total), we preferred to conduct our whole 
research within the same database. This choice returned an 
underpowered Self-Reflection ALE. However, by removing 
it from the data, we obtained a similar MDS and identical 
PCA and ICA results. Moreover, an exploratory ALE using 
a liberal uncorrected threshold with p = 0.001 (not shown) 
revealed additional clusters in the dmPFC, mPFC, dlPFC, 
left insula, and IFG. A similar map would be rather consist-
ent with our general results. Therefore, a more representative 
Self-Reflection map would probably be more heavily loaded 
by those components representing the DMN internal modes 
of cognition such as PC4 and IC4, rather than leading to 
radically different findings.

Our results indicate that several co-activation networks 
converge on the resting-state DMN nodes. For instance, 
the Semantic Monitor/Discrimination ALE map seems 
to indicate that the hubness of the DMN has been moved 
from the midline core to the left IFG and middle tempo-
ral gyrus, which are peripheral nodes during rest, and to 
left insula and SMA, these latter parts of the SN. This evi-
dence suggests that during task execution the nodes of the 
DMN could update their FC and dynamically modify their 
topological centrality, as observed by Cole et al. (2013) for 
the FPN. However, the present work did not directly test 
this hypothesis. In particular, during semantic monitoring 
tasks, left IFG could be coupled with the middle temporal 
cortex, and insula with SMA, forming two relatively inde-
pendent modules. Alternatively, they could be all recipro-
cally co-activated in a rich-club fashion. The methods used 
in the present research cannot disambiguate between these 
and other possible hypotheses. Thus, future works could be 
addressed towards the implementation of some methods to 
estimate networks of co-activations from meta-analytical 
data (Toro et al. 2008; De La Vega et al. 2016; Mancuso 
et al. 2019; Cauda et al. 2020) so as to assess the centrality 
of the nodes across tasks. Task-based stationary or dynamic 
FC could be used as well.

The present study raises a compelling question concern-
ing the mechanism arranging the dynamical shifts from the 
midline core during task. An influential model proposed that 
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the anterior insula could be responsible for coordinating the 
interplay between the DMN and frontoparietal task-positive 
regions (Sridharan et al. 2008; Menon and Uddin 2010). 
The insula was actually found by Najafi et al. (2016) to be 
connected to several modules despite a relatively low degree 
centrality, both during rest and emotional tasks. The AG 
was implicated in the same role and identified, by Kern-
bach et al. (2018), as the mediator of the interplay between 
different RSNs. Alternatively, the amPFC was shown to be 
activated during switches between stimulus-independent and 
stimulus-oriented thoughts (Gilbert et al. 2005), suggesting 
to play a role in the coordination of internal and external 
modes of mentation. Future studies could further investigate 
the issue to clarify which areas or mechanisms are involved 
in the task-based DMN rearrangements.

Conclusions

The present study indicates a series of tasks activating the 
DMN that are not exactly internal, nor completely external. 
These activations involve DMN regions but also large parts 
of other canonical RSNs, in particular SN and FPN. Further-
more, they appear to be arranged in an anatomo-psychologi-
cal gradient starting from the most internal functions, which 
activate the midline core, towards such relatively extrinsic 
mode of brain function, which involves the lateral cortices. 
In the light of our results, such extrinsic mode is especially 
related to reward, semantic, and emotional functions.

Ultimately, our findings highlight that resting-state scaf-
foldings do not suffice to explain the task-related anatomical 
variance of the active brain, which displays a much richer 
functional diversity, and shows more spatial complexity than 
it could be expected just observing intrinsic connectivity.

Data and code availability of data 
and material

Data used in this meta-analysis were obtained from Brain-
Map (http:// brain map. org/), a publicly available database. 
Analyses were performed with open source software. The 
results are available at https:// github. com/ SCCab anill as/ 
DMN- task- based- modul ation.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00429- 022- 02467-0.

Author contributions LM.: conceptualization, methodology, formal 
analysis, visualization, and writing—original draft; SC-C.: investiga-
tion, formal analysis, visualization, and writing—review and editing; 
DL.: formal analysis, data curation, visualization, and writing—review 
and editing; JM.: formal analysis and writing—review and editing; 

GB.: writing—review and editing; FC.: project administration; TC.: 
methodology, supervision, and project administration.

Funding This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

Declarations 

Conflict of interest All the authors declare of having no conflict of 
interest.

Ethics approval This is a meta-analysis. No ethical approval is needed.

Consent to participate Not applicable.

Consent for publication All the authors approve the publication of this 
manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Brett M, Markiewicz CJ, Hanke M et al (2020) nipy/nibabel: 3.2.1. 
10.5281/ZENODO.4295521

Abou-Elseoud A, Starck T, Remes J et al (2010) The effect of model 
order selection in group PICA. Hum Brain Mapp 31:1207–1216. 
https:// doi. org/ 10. 1002/ hbm. 20929

Abou Elseoud A, Littow H, Remes J et al (2011) Group-ICA model 
order highlights patterns of functional brain connectivity. Front 
Syst Neurosci 5:1–18. https:// doi. org/ 10. 3389/ fnsys. 2011. 00037

Abraham A, Pieritz K, Thybusch K et al (2012) Creativity and the 
brain: uncovering the neural signature of conceptual expansion. 
Neuropsychologia 50:1906–1917. https:// doi. org/ 10. 1016/j. neuro 
psych ologia. 2012. 04. 015

Acar F, Seurinck R, Eickhoff SB, Moerkerke B (2018) Assessing 
robustness against potential publication bias in activation like-
lihood estimation (ALE) meta-analyses for fMRI. PLoS ONE 
13:1–23. https:// doi. org/ 10. 1371/ journ al. pone. 02081 77

Addis DR, Wong AT, Schacter DL (2007) Remembering the past and 
imagining the future: Common and distinct neural substrates 
during event construction and elaboration. Neuropsychologia 
45:1363–1377. https:// doi. org/ 10. 1016/j. neuro psych ologia. 2006. 
10. 016

Amft M, Bzdok D, Laird AR et al (2015) Definition and charac-
terization of an extended social-affective default network. 
Brain Struct Funct 220:1031–1049. https:// doi. org/ 10. 1007/ 
s00429- 013- 0698-0

Amodio DM, Frith CD (2006) Meeting of minds: the medial frontal 
cortex and social cognition. Nat Rev Neurosci 7:268–277. https:// 
doi. org/ 10. 1038/ nrn18 84

http://brainmap.org/
https://github.com/SCCabanillas/DMN-task-based-modulation
https://github.com/SCCabanillas/DMN-task-based-modulation
https://doi.org/10.1007/s00429-022-02467-0
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/hbm.20929
https://doi.org/10.3389/fnsys.2011.00037
https://doi.org/10.1016/j.neuropsychologia.2012.04.015
https://doi.org/10.1016/j.neuropsychologia.2012.04.015
https://doi.org/10.1371/journal.pone.0208177
https://doi.org/10.1016/j.neuropsychologia.2006.10.016
https://doi.org/10.1016/j.neuropsychologia.2006.10.016
https://doi.org/10.1007/s00429-013-0698-0
https://doi.org/10.1007/s00429-013-0698-0
https://doi.org/10.1038/nrn1884
https://doi.org/10.1038/nrn1884


1728 Brain Structure and Function (2022) 227:1711–1734

1 3

Andreasen NC, O’Leary DS, Cizadlo T et al (1995) Remembering 
the past: two facets of episodic memory explored with positron 
emission tomography. Am J Psychiatry 152:1576–1585. https:// 
doi. org/ 10. 1176/ ajp. 152. 11. 1576

Andrews-Hanna JR (2012) The brain’s default network and its adaptive 
role in internal mentation. Neurosci 18:251–270. https:// doi. org/ 
10. 1177/ 10738 58411 403316

Andrews-Hanna JR, Reidler JS, Sepulcre J et al (2010) Functional-
anatomic fractionation of the brain’s default network. Neuron 
65:550–562. https:// doi. org/ 10. 1016/j. neuron. 2010. 02. 005

Andrews-Hanna JR, Smallwood J, Spreng RN (2014) The default net-
work and self-generated thought: component processes, dynamic 
control, and clinical relevance. Ann N Y Acad Sci 1316:29–52. 
https:// doi. org/ 10. 1111/ nyas. 12360

Arbabshirani MR, Havlicek M, Kiehl KA et al (2013) Functional net-
work connectivity during rest and task conditions: a comparative 
study. Hum Brain Mapp 34:2959–2971. https:// doi. org/ 10. 1002/ 
hbm. 22118

Arslan S, Ktena SI, Makropoulos A et al (2018) Human brain mapping: 
a systematic comparison of parcellation methods for the human 
cerebral cortex. Neuroimage 170:5–30. https:// doi. org/ 10. 1016/j. 
neuro image. 2017. 04. 014

Bécavin C, Tchitchek N, Mintsa-Eya C et al (2011) Improving the effi-
ciency of multidimensional scaling in the analysis of high-dimen-
sional data using singular value decomposition. Bioinformatics 
27:1413–1421. https:// doi. org/ 10. 1093/ bioin forma tics/ btr143

Benedek M, Beaty R, Jauk E et al (2014) Creating metaphors: the 
neural basis of figurative language production. Neuroimage 
90:99–106. https:// doi. org/ 10. 1016/j. neuro image. 2013. 12. 046

Benedek M, Jauk E, Beaty RE et al (2016) Brain mechanisms associ-
ated with internally directed attention and self-generated thought. 
Sci Rep 6:1–8. https:// doi. org/ 10. 1038/ srep2 2959

Binder J, Frost J, Hammeke T et al (1999) Conceptual processing dur-
ing the conscious resting state: a functional MRI study. J Cogn 
11:80–93. https:// doi. org/ 10. 1162/ 08989 29995 63265

Bluhm RL, Clark CR, Mcfarlane AC et al (2011) Default network 
connectivity during a working memory task. Hum Brain Mapp 
32:1029–1035. https:// doi. org/ 10. 1002/ hbm. 21090

Bolt T, Nomi JS, Rubinov M, Uddin LQ (2017) Correspondence 
between evoked and intrinsic functional brain network configura-
tions. Hum Brain Mapp 38:1992–2007. https:// doi. org/ 10. 1002/ 
hbm. 23500

Botvinik-Nezer R, Holzmeister F, Camerer CF et al (2020) Variability 
in the analysis of a single neuroimaging dataset by many teams. 
Nature 582:84–88. https:// doi. org/ 10. 1038/ s41586- 020- 2314-9

Braga RM, Buckner RL (2017) Parallel interdigitated distributed net-
works within the individual estimated by intrinsic functional 
connectivity. Neuron 95:457-471.e5. https:// doi. org/ 10. 1016/j. 
neuron. 2017. 06. 038

Braga RM, Van Dijk KRA, Polimeni JR et al (2019) Parallel distributed 
networks resolved at high resolution reveal close juxtaposition of 
distinct regions. J Neurophysiol 121:1513–1534. https:// doi. org/ 
10. 1152/ jn. 00808. 2018

Buckner RL, Carroll DC (2007) Self-projection and the brain. Trends 
Cogn Sci 11:49–57. https:// doi. org/ 10. 1016/j. tics. 2006. 11. 004

Buckner RL, DiNicola LM (2019) The brain’s default network: updated 
anatomy, physiology and evolving insights. Nat Rev Neurosci. 
https:// doi. org/ 10. 1038/ s41583- 019- 0212-7

Buckner RL, Andrews-Hanna JR, Schacter DL (2008) The brain’s 
default network: anatomy, function, and relevance to disease. 
Ann N Y Acad Sci 1124:1–38. https:// doi. org/ 10. 1196/ annals. 
1440. 011

Buckner RL, Krienen FM, Yeo BTT (2013) Opportunities and limi-
tations of intrinsic functional connectivity MRI. Nat Neurosci 
16:832–837. https:// doi. org/ 10. 1038/ nn. 3423

Bzdok D, Schilbach L, Vogeley K et al (2012) Parsing the neural corre-
lates of moral cognition: ALE meta-analysis on morality, theory 
of mind, and empathy. Brain Struct Funct 217:783–796. https:// 
doi. org/ 10. 1007/ s00429- 012- 0380-y

Cabeza R, Mangels J, Nyberg L et al (1997) Brain regions differentially 
involved in remembering what and when: a PET study. Neuron 
19:863–870. https:// doi. org/ 10. 1016/ S0896- 6273(00) 80967-8

Calhoun VD, Miller R, Pearlson G, Adali T (2014) The chronnectome: 
time-varying connectivity networks as the next frontier in fMRI 
data discovery. Neuron 84:262–274. https:// doi. org/ 10. 1016/j. 
neuron. 2014. 10. 015

Carhart-Harris RL, Friston KJ (2010) The default-mode, ego-functions 
and free-energy: a neurobiological account of Freudian ideas. 
Brain 133:1265–1283. https:// doi. org/ 10. 1093/ brain/ awq010

Carhart-Harris RL, Leech R, Hellyer PJ et al (2014) The entropic brain: 
a theory of conscious states informed by neuroimaging research 
with psychedelic drugs. Front Hum Neurosci 8:1–22. https:// doi. 
org/ 10. 3389/ fnhum. 2014. 00020

Cauda F, Mancuso L, Nani A et al (2020) Hubs of long-distance co-
alteration characterize brain pathology. Hum Brain Mapp. https:// 
doi. org/ 10. 1002/ hbm. 25093

Chang C, Glover GH (2010) Time-frequency dynamics of resting-state 
brain connectivity measured with fMRI. Neuroimage 50:81–98. 
https:// doi. org/ 10. 1016/j. neuro image. 2009. 12. 011

Chiou R, Humphreys GF, Lambon Ralph MA (2020) Bipartite func-
tional fractionation within the default network supports disparate 
forms of internally oriented cognition. Cereb Cortex 30:5484–
5501. https:// doi. org/ 10. 1093/ cercor/ bhaa1 30

Christ SE, Van Essen DC, Watson JM et al (2009) The contributions 
of prefrontal cortex and executive control to deception: evidence 
from activation likelihood estimate meta-analyses. Cereb Cortex 
19:1557–1566. https:// doi. org/ 10. 1093/ cercor/ bhn189

Christoff K, Irving ZC, Fox KCR et al (2016) Mind-wandering as 
spontaneous thought: a dynamic framework. Nat Rev Neurosci 
17:718–731. https:// doi. org/ 10. 1038/ nrn. 2016. 113

Cocchi L, Zalesky A, Fornito A, Mattingley JB (2013) Dynamic coop-
eration and competition between brain systems during cognitive 
control. Trends Cogn Sci 17:493–501. https:// doi. org/ 10. 1016/j. 
tics. 2013. 08. 006

Cohen J (1992) A power primer. Psychol Bull 112:155–159. https:// 
doi. org/ 10. 1037/ 0033- 2909. 112.1. 155

Cole MW, Reynolds JR, Power JD et al (2013) Multi-task connectiv-
ity reveals flexible hubs for adaptive task control. Nat Neurosci 
16:1348–1355. https:// doi. org/ 10. 1038/ nn. 3470

Cole MW, Bassett DS, Power JD et al (2014) Intrinsic and task-evoked 
network architectures of the human brain. Neuron 83:238–251. 
https:// doi. org/ 10. 1016/j. neuron. 2014. 05. 014

Cole MW, Ito T, Bassett DS, Schultz DH (2016) Activity flow over 
resting-state networks shapes cognitive task activations. Nat Neu-
rosci 19:1718–1726. https:// doi. org/ 10. 1038/ nn. 4406

Crittenden BM, Mitchell DJ, Duncan J (2015) Recruitment of the 
default mode network during a demanding act of executive con-
trol. Elife 2015:1–12. https:// doi. org/ 10. 7554/ eLife. 06481

D’Argembeau A, Stawarczyk D, Majerus S et al (2010) The neural 
basis of personal goal processing when envisioning future events. 
J Cogn Neurosci 22:1701–1713. https:// doi. org/ 10. 1162/ jocn. 
2009. 21314

Damoiseaux JS, Rombouts SARB, Barkhof F et al (2006) Consistent 
resting-state networks across healthy subjects. Proc Natl Acad 
Sci 103:13848–13853. https:// doi. org/ 10. 1073/ pnas. 06014 17103

De La Vega A, Chang LJ, Banich MT et al (2016) Large-scale meta-
analysis of human medial frontal cortex reveals tripartite func-
tional organization. J Neurosci 36:6553–6562. https:// doi. org/ 10. 
1523/ JNEUR OSCI. 4402- 15. 2016

https://doi.org/10.1176/ajp.152.11.1576
https://doi.org/10.1176/ajp.152.11.1576
https://doi.org/10.1177/1073858411403316
https://doi.org/10.1177/1073858411403316
https://doi.org/10.1016/j.neuron.2010.02.005
https://doi.org/10.1111/nyas.12360
https://doi.org/10.1002/hbm.22118
https://doi.org/10.1002/hbm.22118
https://doi.org/10.1016/j.neuroimage.2017.04.014
https://doi.org/10.1016/j.neuroimage.2017.04.014
https://doi.org/10.1093/bioinformatics/btr143
https://doi.org/10.1016/j.neuroimage.2013.12.046
https://doi.org/10.1038/srep22959
https://doi.org/10.1162/089892999563265
https://doi.org/10.1002/hbm.21090
https://doi.org/10.1002/hbm.23500
https://doi.org/10.1002/hbm.23500
https://doi.org/10.1038/s41586-020-2314-9
https://doi.org/10.1016/j.neuron.2017.06.038
https://doi.org/10.1016/j.neuron.2017.06.038
https://doi.org/10.1152/jn.00808.2018
https://doi.org/10.1152/jn.00808.2018
https://doi.org/10.1016/j.tics.2006.11.004
https://doi.org/10.1038/s41583-019-0212-7
https://doi.org/10.1196/annals.1440.011
https://doi.org/10.1196/annals.1440.011
https://doi.org/10.1038/nn.3423
https://doi.org/10.1007/s00429-012-0380-y
https://doi.org/10.1007/s00429-012-0380-y
https://doi.org/10.1016/S0896-6273(00)80967-8
https://doi.org/10.1016/j.neuron.2014.10.015
https://doi.org/10.1016/j.neuron.2014.10.015
https://doi.org/10.1093/brain/awq010
https://doi.org/10.3389/fnhum.2014.00020
https://doi.org/10.3389/fnhum.2014.00020
https://doi.org/10.1002/hbm.25093
https://doi.org/10.1002/hbm.25093
https://doi.org/10.1016/j.neuroimage.2009.12.011
https://doi.org/10.1093/cercor/bhaa130
https://doi.org/10.1093/cercor/bhn189
https://doi.org/10.1038/nrn.2016.113
https://doi.org/10.1016/j.tics.2013.08.006
https://doi.org/10.1016/j.tics.2013.08.006
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.1038/nn.3470
https://doi.org/10.1016/j.neuron.2014.05.014
https://doi.org/10.1038/nn.4406
https://doi.org/10.7554/eLife.06481
https://doi.org/10.1162/jocn.2009.21314
https://doi.org/10.1162/jocn.2009.21314
https://doi.org/10.1073/pnas.0601417103
https://doi.org/10.1523/JNEUROSCI.4402-15.2016
https://doi.org/10.1523/JNEUROSCI.4402-15.2016


1729Brain Structure and Function (2022) 227:1711–1734 

1 3

De Luca M, Beckmann CF, De Stefano N et al (2006) fMRI resting 
state networks define distinct modes of long-distance interactions 
in the human brain. Neuroimage 29:1359–1367. https:// doi. org/ 
10. 1016/j. neuro image. 2005. 08. 035

de Pasquale F, Della Penna S, Snyder AZ et al (2012) A cortical core 
for dynamic integration of functional networks in the resting 
human brain. Neuron 74:753–764. https:// doi. org/ 10. 1016/j. 
neuron. 2012. 03. 031

Delgado MR, Beer JS, Fellows LK et al (2016) Viewpoints: dialogues 
on the functional role of the ventromedial prefrontal cortex. Nat 
Neurosci 19:1545–1552. https:// doi. org/ 10. 1038/ nn. 4438

Denkova E, Nomi JS, Uddin LQ, Jha AP (2019) Dynamic brain 
network configurations during rest and an attention task with 
frequent occurrence of mind wandering. Hum Brain Mapp 
40:4564–4576. https:// doi. org/ 10. 1002/ hbm. 24721

Denny BT, Kober H, Wager TD, Ochsner KN (2012) A meta-analysis 
of functional neuroimaging studies of self- and other judg-
ments reveals a spatial gradient for mentalizing in medial pre-
frontal cortex. J Cogn Neurosci 24:1742–1752. https:// doi. org/ 
10. 1162/ jocn_a_ 00233

DiNicola LM, Braga RM, Buckner RL (2020) Parallel distributed 
networks dissociate episodic and social functions within the 
individual. J Neurophysiol 123:1144–1179. https:// doi. org/ 10. 
1152/ jn. 00529. 2019

Dixon ML, Fox KCR, Christoff K (2014) A framework for under-
standing the relationship between externally and internally 
directed cognition. Neuropsychologia 62:321–330. https:// doi. 
org/ 10. 1016/j. neuro psych ologia. 2014. 05. 024

Dixon ML, Andrews-Hanna JR, Spreng RN et al (2017) Interactions 
between the default network and dorsal attention network vary 
across default subsystems, time, and cognitive states. Neuroim-
age 147:632–649. https:// doi. org/ 10. 1016/j. neuro image. 2016. 
12. 073

Doucet GE, Lee WH, Frangou S (2019) Evaluation of the spatial 
variability in the major resting-state networks across human 
brain functional atlases. Hum Brain Mapp. https:// doi. org/ 10. 
1002/ hbm. 24722

Dunn BD, Dalgleish T, Lawrence AD (2006) The somatic marker 
hypothesis: a critical evaluation. Neurosci Biobehav Rev 
30:239–271. https:// doi. org/ 10. 1016/j. neubi orev. 2005. 07. 001

Eichele T, Debener S, Calhoun VD et al (2008) Prediction of human 
errors by maladaptive changes in event-related brain networks. 
Proc Natl Acad Sci U S A 105:6173–6178. https:// doi. org/ 10. 
1073/ pnas. 07089 65105

Eickhoff S, Laird A, Grefkes C et al (2009) Coordinate-based ALE 
meta-analysis of neuroimaging data: a random-effects approach 
based on empirical estimates of spatial uncertainty. Hum Brain 
Mapp 30:2907–2926. https:// doi. org/ 10. 1002/ hbm. 20718

Eickhoff SB, Bzdok D, Laird AR et al (2012) Activation likelihood 
estimation meta-analysis revisited. Neuroimage 59:2349–2361. 
https:// doi. org/ 10. 1016/j. neuro image. 2011. 09. 017

Eickhoff SB, Thirion B, Varoquaux G, Bzdok D (2015) Connectivity-
based parcellation: critique and implications. Hum Brain Mapp 
36:4771–4792. https:// doi. org/ 10. 1002/ hbm. 22933

Eickhoff SB, Nichols TE, Laird AR et al (2016) Behavior, sensitivity, 
and power of activation likelihood estimation characterized by 
massive empirical simulation. Neuroimage 137:70–85. https:// 
doi. org/ 10. 1016/j. neuro image. 2016. 04. 072

Eickhoff SB, Laird AR, Fox PM et al (2017) Implementation errors 
in the GingerALE software: description and recommendations. 
Hum Brain Mapp 38:7–11. https:// doi. org/ 10. 1002/ hbm. 23342

Ellamil M, Dobson C, Beeman M, Christoff K (2012) Evaluative 
and generative modes of thought during the creative process. 
Neuroimage 59:1783–1794. https:// doi. org/ 10. 1016/j. neuro 
image. 2011. 08. 008

Elton A, Gao W (2015) Task-positive functional connectivity of the 
default mode network transcends task domain. J Cogn Neurosci 
27:2369–2381. https:// doi. org/ 10. 1162/ jocn_a_ 00859

Engen HG, Kanske P, Singer T (2017) The neural component-
process architecture of endogenously generated emotion. Soc 
Cogn Affect Neurosci 12:197–211. https:// doi. org/ 10. 1093/ 
scan/ nsw108

Evans M, Krieger-Redwood K, Gonzalez Alam TR et al (2020) 
Controlled semantic summation correlates with intrinsic con-
nectivity between default mode and control networks. Cortex 
129:356–375. https:// doi. org/ 10. 1016/j. cortex. 2020. 04. 032

Farah MJ, Hutchinson JB, Phelps EA, Wagner AD (2014) Functional 
MRI-based lie detection: Scientific and societal challenges. Nat 
Rev Neurosci 15:123–131. https:// doi. org/ 10. 1038/ nrn36 65

Ferenczi EA, Zalocusky KA, Liston C et al (2016) Prefrontal corti-
cal regulation of brainwide circuit dynamics and reward-related 
behavior. Science. https:// doi. org/ 10. 1126/ scien ce. aac96 98

Ferrarini L, Veer IM, Baerends E et al (2009) Hierarchical functional 
modularity in the resting-state human brain. Hum Brain Mapp 
30:2220–2231. https:// doi. org/ 10. 1002/ hbm. 20663

Fingelkurts AA, Fingelkurts AA, Kallio-Tamminen T (2020) Selfhood 
triumvirate: from phenomenology to brain activity and back 
again. Conscious Cogn 86:103031. https:// doi. org/ 10. 1016/j. 
concog. 2020. 103031

Fornito A, Harrison BJ, Zalesky A, Simons JS (2012) Competitive and 
cooperative dynamics of large-scale brain functional networks 
supporting recollection. Proc Natl Acad Sci U S A 109:12788–
12793. https:// doi. org/ 10. 1073/ pnas. 12041 85109

Fossati P, Hevenor SJ, Graham SJ et al (2003) In search of the emo-
tional self: an fMRI study using positive and negative emotional 
words. Am J Psychiatry 160:1938–1945. https:// doi. org/ 10. 1176/ 
appi. ajp. 160. 11. 1938

Foster BL, Dastjerdi M, Parvizi J (2012) Neural populations in human 
posteromedial cortex display opposing responses during memory 
and numerical processing. Proc Natl Acad Sci U S A 109:15514–
15519. https:// doi. org/ 10. 1073/ pnas. 12065 80109

Fox PT, Lancaster JL (2002) Mapping context and content: the Brain-
Map model. Nat Rev Neurosci 3:319–321. https:// doi. org/ 10. 
1038/ nrn789

Fox MD, Snyder AZ, Vincent JL et al (2005a) The human brain is 
intrinsically organized into dynamic, anticorrelated functional 
networks. Proc Natl Acad Sci 102:9673–9678. https:// doi. org/ 
10. 1073/ pnas. 05041 36102

Fox PT, Laird AR, Fox SP et al (2005b) BrainMap taxonomy of exper-
imental design: description and evaluation. Hum Brain Mapp 
25:185–198. https:// doi. org/ 10. 1002/ hbm. 20141

Fox MD, Snyder AZ, Vincent JL, Raichle ME (2007) Intrinsic Fluctua-
tions within cortical systems account for intertrial variability in 
human behavior. Neuron 56:171–184. https:// doi. org/ 10. 1016/j. 
neuron. 2007. 08. 023

Fox KCR, Spreng RN, Ellamil M et al (2015) The wandering brain: 
meta-analysis of functional neuroimaging studies of mind-wan-
dering and related spontaneous thought processes. Neuroimage 
111:611–621. https:// doi. org/ 10. 1016/j. neuro image. 2015. 02. 039

Fransson P (2005) Spontaneous low-frequency BOLD signal fluctua-
tions: an fMRI investigation of the resting-state default mode of 
brain function hypothesis. Hum Brain Mapp 26:15–29. https:// 
doi. org/ 10. 1002/ hbm. 20113

Fransson P, Thompson WH (2020) Temporal flow of hubs and con-
nectivity in the human brain. Neuroimage 223:117348. https:// 
doi. org/ 10. 1016/j. neuro image. 2020. 117348

Gerlach KD, Spreng RN, Gilmore AW, Schacter DL (2011) Solv-
ing future problems: default network and executive activity 
associated with goal-directed mental simulations. Neuroimage 
55:1816–1824. https:// doi. org/ 10. 1016/j. neuro image. 2011. 01. 
030

https://doi.org/10.1016/j.neuroimage.2005.08.035
https://doi.org/10.1016/j.neuroimage.2005.08.035
https://doi.org/10.1016/j.neuron.2012.03.031
https://doi.org/10.1016/j.neuron.2012.03.031
https://doi.org/10.1038/nn.4438
https://doi.org/10.1002/hbm.24721
https://doi.org/10.1162/jocn_a_00233
https://doi.org/10.1162/jocn_a_00233
https://doi.org/10.1152/jn.00529.2019
https://doi.org/10.1152/jn.00529.2019
https://doi.org/10.1016/j.neuropsychologia.2014.05.024
https://doi.org/10.1016/j.neuropsychologia.2014.05.024
https://doi.org/10.1016/j.neuroimage.2016.12.073
https://doi.org/10.1016/j.neuroimage.2016.12.073
https://doi.org/10.1002/hbm.24722
https://doi.org/10.1002/hbm.24722
https://doi.org/10.1016/j.neubiorev.2005.07.001
https://doi.org/10.1073/pnas.0708965105
https://doi.org/10.1073/pnas.0708965105
https://doi.org/10.1002/hbm.20718
https://doi.org/10.1016/j.neuroimage.2011.09.017
https://doi.org/10.1002/hbm.22933
https://doi.org/10.1016/j.neuroimage.2016.04.072
https://doi.org/10.1016/j.neuroimage.2016.04.072
https://doi.org/10.1002/hbm.23342
https://doi.org/10.1016/j.neuroimage.2011.08.008
https://doi.org/10.1016/j.neuroimage.2011.08.008
https://doi.org/10.1162/jocn_a_00859
https://doi.org/10.1093/scan/nsw108
https://doi.org/10.1093/scan/nsw108
https://doi.org/10.1016/j.cortex.2020.04.032
https://doi.org/10.1038/nrn3665
https://doi.org/10.1126/science.aac9698
https://doi.org/10.1002/hbm.20663
https://doi.org/10.1016/j.concog.2020.103031
https://doi.org/10.1016/j.concog.2020.103031
https://doi.org/10.1073/pnas.1204185109
https://doi.org/10.1176/appi.ajp.160.11.1938
https://doi.org/10.1176/appi.ajp.160.11.1938
https://doi.org/10.1073/pnas.1206580109
https://doi.org/10.1038/nrn789
https://doi.org/10.1038/nrn789
https://doi.org/10.1073/pnas.0504136102
https://doi.org/10.1073/pnas.0504136102
https://doi.org/10.1002/hbm.20141
https://doi.org/10.1016/j.neuron.2007.08.023
https://doi.org/10.1016/j.neuron.2007.08.023
https://doi.org/10.1016/j.neuroimage.2015.02.039
https://doi.org/10.1002/hbm.20113
https://doi.org/10.1002/hbm.20113
https://doi.org/10.1016/j.neuroimage.2020.117348
https://doi.org/10.1016/j.neuroimage.2020.117348
https://doi.org/10.1016/j.neuroimage.2011.01.030
https://doi.org/10.1016/j.neuroimage.2011.01.030


1730 Brain Structure and Function (2022) 227:1711–1734

1 3

Gerlach KD, Spreng RN, Madore KP, Schacter DL (2014) Future plan-
ning: default network activity couples with frontoparietal con-
trol network and reward-processing regions during process and 
outcome simulations. Soc Cogn Affect Neurosci 9:1942–1951. 
https:// doi. org/ 10. 1093/ scan/ nsu001

Giambra LM (1989) Task-unrelated thought frequency as a function 
of age: a laboratory study. Psychol Aging 4:136–143. https:// doi. 
org/ 10. 1037/ 0882- 7974.4. 2. 136

Gilbert SJ, Frith CD, Burgess PW (2005) Involvement of rostral pre-
frontal cortex in selection between stimulus-oriented and stimu-
lus-independent thought. Eur J Neurosci 21:1423–1431. https:// 
doi. org/ 10. 1111/j. 1460- 9568. 2005. 03981.x

Gilbert SJ, Simons JS, Frith CD, Burgess PW (2006) Performance-
related activity in medial rostral prefrontal cortex (area 10) 
during low-demand tasks. J Exp Psychol Hum Percept Perform 
32:45–58. https:// doi. org/ 10. 1037/ 0096- 1523. 32.1. 45

Gilbert SJ, Dumontheil I, Simons JS et al (2007) Comment on “wan-
dering minds: the default network and stimulus-independent 
thought.” Science 317:43b–43b. https:// doi. org/ 10. 1126/ scien 
ce. 11408 01

Golland Y, Bentin S, Gelbard H et al (2007) Extrinsic and intrinsic 
systems in the posterior cortex of the human brain revealed 
during natural sensory stimulation. Cereb Cortex 17:766–777. 
https:// doi. org/ 10. 1093/ cercor/ bhk030

Goparaju B, Rana KD, Calabro FJ, Vaina LM (2014) A computa-
tional study of whole-brain connectivity in resting state and 
task fMRI. Med Sci Monit 20:1024–1042. https:// doi. org/ 10. 
12659/ MSM. 891142

Gordon EM, Laumann TO, Marek S et al (2020) Default-mode net-
work streams for coupling to language and control systems. 
Proc Natl Acad Sci U S A. https:// doi. org/ 10. 1073/ pnas. 20052 
38117

Greene JD, Sommerville RB, Nystrom LE et al (2001) An fMRI inves-
tigation of emotional engagement in moral judgment. Science 
293:2105–2108. https:// doi. org/ 10. 1126/ scien ce. 10628 72

Greicius MD, Menon V (2004) Default-mode activity during a pas-
sive sensory task: uncoupled from deactivation but impacting 
activation. J Cogn Neurosci 16:1484–1492. https:// doi. org/ 10. 
1162/ 08989 29042 568532

Greicius MD, Krasnow B, Reiss AL, Menon V (2003) Functional con-
nectivity in the resting brain: a network analysis of the default 
mode hypothesis. Proc Natl Acad Sci 100:253–258. https:// doi. 
org/ 10. 1073/ pnas. 01350 58100

Gusnard DA, Raichle ME (2001) Searching for a baseline: functional 
imaging and the resting human brain. Nat Rev Neurosci 2:685–
694. https:// doi. org/ 10. 1038/ 35094 500

Gusnard DA, Akbudak E, Shulman GL, Raichle ME (2001) Medial 
prefrontal cortex and self-referential mental activity: relation to 
a default mode of brain function. PNAS 98:4259–4264. https:// 
doi. org/ 10. 1073/ pnas. 07104 3098

Hampson M, Driesen NR, Skudlarski P et al (2006) Brain connectivity 
related to working memory performance. J Neurosci 26:13338–
13343. https:// doi. org/ 10. 1523/ JNEUR OSCI. 3408- 06. 2006

Harris CR, Millman KJ, van der Walt SJ et al (2020) Array program-
ming with NumPy. Nature 585:357–362. https:// doi. org/ 10. 1038/ 
s41586- 020- 2649-2

Harrison BJ, Pujol J, López-Solà M et al (2008) Consistency and func-
tional specialization in the default mode brain network. Proc Natl 
Acad Sci U S A 105:9781–9786. https:// doi. org/ 10. 1073/ pnas. 
07117 91105

Hassabis D, Maguire EA (2007) Deconstructing episodic memory with 
construction. Trends Cogn Sci 11:299–306. https:// doi. org/ 10. 
1016/j. tics. 2007. 05. 001

Hassabis D, Kumaran D, Maguire EA (2007) Using imagination to 
understand the neural basis of episodic memory. J Neurosci 

27:14365–14374. https:// doi. org/ 10. 1523/ JNEUR OSCI. 4549- 
07. 2007

Hiser J, Koenigs M (2018) The multifaceted role of the ventromedial 
prefrontal cortex in emotion, decision making, social cognition, 
and psychopathology. Biol Psychiatry 83:638–647. https:// doi. 
org/ 10. 1016/j. biops ych. 2017. 10. 030

Hunter JD (2007) Matplotlib: a 2D graphics environment. Comput Sci 
Eng 9:90–95. https:// doi. org/ 10. 1109/ MCSE. 2007. 55

Huo T, Li Y, Zhuang K et al (2020) Industriousness moderates the link 
between default mode network subsystem and creativity. Neu-
roscience. https:// doi. org/ 10. 1016/j. neuro scien ce. 2019. 11. 049

Hutchison RM, Womelsdorf T, Allen EA et al (2013) Dynamic func-
tional connectivity: promise, issues, and interpretations. Neuro-
image 80:360–378. https:// doi. org/ 10. 1016/j. neuro image. 2013. 
05. 079

Hyvarinen A (1999) Fast and robust fixed-point algorithms for inde-
pendent component analysis. IEEE Trans Neural Networks 
10:626–634. https:// doi. org/ 10. 1109/ 72. 761722

Hyvärinen A, Oja E (1997) A fast fixed-point algorithm for independ-
ent component analysis. Neural Comput 9:1483–1492. https:// 
doi. org/ 10. 1162/ neco. 1997.9. 7. 1483

Jackson RL (2021) The neural correlates of semantic control revisited. 
Neuroimage 224:117444. https:// doi. org/ 10. 1016/j. neuro image. 
2020. 117444

Jackson RL, Cloutman LL, Lambon Ralph MA (2019) Exploring dis-
tinct default mode and semantic networks using a systematic 
ICA approach. Cortex 113:279–297. https:// doi. org/ 10. 1016/j. 
cortex. 2018. 12. 019

Jenkinson M, Bannister P, Brady M, Smith S (2002) Improved optimi-
zation for the robust and accurate linear registration and motion 
correction of brain images. Neuroimage 17:825–841. https:// doi. 
org/ 10. 1006/ nimg. 2002. 1132

Jung RE, Mead BS, Carrasco J, Flores RA (2013) The structure of crea-
tive cognition in the human brain. Front Hum Neurosci. https:// 
doi. org/ 10. 3389/ fnhum. 2013. 00330

Kam JWY, Handy TC (2013) The neurocognitive consequences of 
the wandering mind: a mechanistic account of sensory-motor 
decoupling. Front Psychol 4:1–13. https:// doi. org/ 10. 3389/ fpsyg. 
2013. 00725

Kam JWY, Dao E, Farley J et al (2011) Slow fluctuations in attentional 
control of sensory cortex. J Cogn Neurosci 23:460–470. https:// 
doi. org/ 10. 1162/ jocn. 2010. 21443

Karahanoğlu FI, Van De Ville D (2015) Transient brain activity dis-
entangles fMRI resting-state dynamics in terms of spatially and 
temporally overlapping networks. Nat Commun 6:7751. https:// 
doi. org/ 10. 1038/ ncomm s8751

Kernbach JM, Thomas Yeo BT, Smallwood J et al (2018) Subspeciali-
zation within default mode nodes characterized in 10,000 UK 
Biobank participants. Proc Natl Acad Sci U S A 115:12295–
12300. https:// doi. org/ 10. 1073/ pnas. 18048 76115

Kim H (2016) Default network activation during episodic and semantic 
memory retrieval: a selective meta-analytic comparison. Neu-
ropsychologia 80:35–46. https:// doi. org/ 10. 1016/j. neuro psych 
ologia. 2015. 11. 006

Kiviniemi V, Vire T, Remes J et al (2011) A sliding time-window 
ICA reveals spatial variability of the default mode network in 
time. Brain Connect 1:339–347. https:// doi. org/ 10. 1089/ brain. 
2011. 0036

Knyazev GG, Savostyanov AN, Bocharov AV et al (2020) Intrinsic 
connectivity networks in the self- and other-referential process-
ing. Front Hum Neurosci. https:// doi. org/ 10. 3389/ fnhum. 2020. 
579703

Konishi M, McLaren DG, Engen H, Smallwood J (2015) Shaped by 
the past: the default mode network supports cognition that is 
independent of immediate perceptual input. PLoS ONE 10:1–18. 
https:// doi. org/ 10. 1371/ journ al. pone. 01322 09

https://doi.org/10.1093/scan/nsu001
https://doi.org/10.1037/0882-7974.4.2.136
https://doi.org/10.1037/0882-7974.4.2.136
https://doi.org/10.1111/j.1460-9568.2005.03981.x
https://doi.org/10.1111/j.1460-9568.2005.03981.x
https://doi.org/10.1037/0096-1523.32.1.45
https://doi.org/10.1126/science.1140801
https://doi.org/10.1126/science.1140801
https://doi.org/10.1093/cercor/bhk030
https://doi.org/10.12659/MSM.891142
https://doi.org/10.12659/MSM.891142
https://doi.org/10.1073/pnas.2005238117
https://doi.org/10.1073/pnas.2005238117
https://doi.org/10.1126/science.1062872
https://doi.org/10.1162/0898929042568532
https://doi.org/10.1162/0898929042568532
https://doi.org/10.1073/pnas.0135058100
https://doi.org/10.1073/pnas.0135058100
https://doi.org/10.1038/35094500
https://doi.org/10.1073/pnas.071043098
https://doi.org/10.1073/pnas.071043098
https://doi.org/10.1523/JNEUROSCI.3408-06.2006
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1073/pnas.0711791105
https://doi.org/10.1073/pnas.0711791105
https://doi.org/10.1016/j.tics.2007.05.001
https://doi.org/10.1016/j.tics.2007.05.001
https://doi.org/10.1523/JNEUROSCI.4549-07.2007
https://doi.org/10.1523/JNEUROSCI.4549-07.2007
https://doi.org/10.1016/j.biopsych.2017.10.030
https://doi.org/10.1016/j.biopsych.2017.10.030
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1016/j.neuroscience.2019.11.049
https://doi.org/10.1016/j.neuroimage.2013.05.079
https://doi.org/10.1016/j.neuroimage.2013.05.079
https://doi.org/10.1109/72.761722
https://doi.org/10.1162/neco.1997.9.7.1483
https://doi.org/10.1162/neco.1997.9.7.1483
https://doi.org/10.1016/j.neuroimage.2020.117444
https://doi.org/10.1016/j.neuroimage.2020.117444
https://doi.org/10.1016/j.cortex.2018.12.019
https://doi.org/10.1016/j.cortex.2018.12.019
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.3389/fnhum.2013.00330
https://doi.org/10.3389/fnhum.2013.00330
https://doi.org/10.3389/fpsyg.2013.00725
https://doi.org/10.3389/fpsyg.2013.00725
https://doi.org/10.1162/jocn.2010.21443
https://doi.org/10.1162/jocn.2010.21443
https://doi.org/10.1038/ncomms8751
https://doi.org/10.1038/ncomms8751
https://doi.org/10.1073/pnas.1804876115
https://doi.org/10.1016/j.neuropsychologia.2015.11.006
https://doi.org/10.1016/j.neuropsychologia.2015.11.006
https://doi.org/10.1089/brain.2011.0036
https://doi.org/10.1089/brain.2011.0036
https://doi.org/10.3389/fnhum.2020.579703
https://doi.org/10.3389/fnhum.2020.579703
https://doi.org/10.1371/journal.pone.0132209


1731Brain Structure and Function (2022) 227:1711–1734 

1 3

Koshino H, Minamoto T, Ikeda T et al (2011) Anterior medial prefron-
tal cortex exhibits activation during task preparation but deac-
tivation during task execution. PLoS ONE 6:54–58. https:// doi. 
org/ 10. 1371/ journ al. pone. 00229 09

Koshino H, Minamoto T, Yaoi K et al (2014) Coactivation of the 
default mode network regions and working memory network 
regions during task preparation. Sci Rep 4:34–39. https:// doi. 
org/ 10. 1038/ srep0 5954

Kounios J, Frymiare JL, Bowden EM et al (2006) The prepared mind: 
neural activity prior to problem presentation predicts subsequent 
solution by sudden insight. Psychol Sci. https:// doi. org/ 10. 1111/j. 
1467- 9280. 2006. 01798.x

Krieger-Redwood K, Jefferies E, Karapanagiotidis T et al (2016) 
Down but not out in posterior cingulate cortex: deactivation yet 
functional coupling with prefrontal cortex during demanding 
semantic cognition. Neuroimage 141:366–377. https:// doi. org/ 
10. 1016/j. neuro image. 2016. 07. 060

Kriegeskorte N, Mur M, Bandettini P (2008) Representational similar-
ity analysis—connecting the branches of systems neuroscience. 
Front Syst Neurosci 2:1–28. https:// doi. org/ 10. 3389/ neuro. 06. 
004. 2008

Krienen FM, Thomas Yeo BT, Buckner RL et al (2014) Reconfigur-
able task-dependent functional coupling modes cluster around 
a core functional architecture. Philos Trans R Soc B Biol Sci 
369:20130526–20130526. https:// doi. org/ 10. 1098/ rstb. 2013. 
0526

Kruskal JB (1964) Multidimensional scaling by optimizing goodness 
of fit to a nonmetric hypothesis. Psychometrica 29:1–27

Laird AR, Lancaster JL, Fox PT (2005) BrainMap: the social evo-
lution of a human brain mapping database. Neuroinformatics 
3:065–078. https:// doi. org/ 10. 1385/ NI:3: 1: 065

Laird AR, Eickhoff SB, Li K et al (2009) Investigating the functional 
heterogeneity of the DMN using coordinate base metaanalytic 
modeling. J Neurosci 29:14496–14505. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 4004- 09. 2009

Laird AR, Fox PM, Eickhoff SB et al (2011) Behavioral interpretations 
of intrinsic connectivity networks. J Cogn Neurosci 23:4022–
4037. https:// doi. org/ 10. 1162/ jocn_a_ 00077

Laird AR, Eickhoff SB, Rottschy C et al (2013) Networks of task co-
activations. Neuroimage 80:505–514. https:// doi. org/ 10. 1016/j. 
neuro image. 2013. 04. 073

Lancaster JL, Cykowski MD, McKay DR et al (2010) Anatomical 
global spatial normalization. Neuroinformatics 8:171–182. 
https:// doi. org/ 10. 1007/ s12021- 010- 9074-x

Lancaster JL, McKay DR, Cykowski MD et al (2011) Automated 
analysis of fundamental features of brain structures. Neuroin-
formatics 9:371–380. https:// doi. org/ 10. 1007/ s12021- 011- 9108-z

Lancaster JL, Laird AR, Eickhoff SB et al (2012) Automated regional 
behavioral analysis for human brain images. Front Neuroinform 
6:1–12. https:// doi. org/ 10. 3389/ fninf. 2012. 00023

Lanzoni L, Ravasio D, Thompson H et al (2020) The role of default 
mode network in semantic cue integration. Neuroimage 
219:117019. https:// doi. org/ 10. 1016/j. neuro image. 2020. 117019

Leech R, Kamourieh S, Beckmann CF, Sharp DJ (2011) Fractionat-
ing the default mode network: Distinct contributions of the ven-
tral and dorsal posterior cingulate cortex to cognitive control. J 
Neurosci 31:3217–3224. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
5626- 10. 2011

Li C-SR, Yan P, Bergquist KL, Sinha R (2007) Greater activation of the 
“default” brain regions predicts stop signal errors. Neuroimage 
38:640–648. https:// doi. org/ 10. 1016/j. neuro image. 2007. 07. 021

Lieberman MD, Straccia MA, Meyer ML et al (2019) Social, self, 
(situational), and affective processes in medial prefrontal cortex 
(MPFC): causal, multivariate, and reverse inference evidence. 
Neurosci Biobehav Rev 99:311–328. https:// doi. org/ 10. 1016/j. 
neubi orev. 2018. 12. 021

Lin P, Hasson U, Jovicich J, Robinson S (2011) A neuronal basis 
for task-negative responses in the human brain. Cereb Cortex 
21:821–830. https:// doi. org/ 10. 1093/ cercor/ bhq151

Lisofsky N, Kazzer P, Heekeren HR, Prehn K (2014) Investigating 
socio-cognitive processes in deception: a quantitative meta-
analysis of neuroimaging studies. Neuropsychologia 61:113–122. 
https:// doi. org/ 10. 1016/j. neuro psych ologia. 2014. 06. 001

Liu X, Duyn JH (2013) Time-varying functional network information 
extracted from brief instances of spontaneous brain activity. Proc 
Natl Acad Sci U S A 110:4392–4397. https:// doi. org/ 10. 1073/ 
pnas. 12168 56110

Lopez-Persem A, Roumazeilles L, Folloni D et al (2020) Differential 
functional connectivity underlying asymmetric reward-related 
activity in human and nonhuman primates. Proc Natl Acad Sci U 
S A 117:28452–28462. https:// doi. org/ 10. 1073/ pnas. 20007 59117

Mancuso L, Costa T, Nani A et al (2019) The homotopic connectiv-
ity of the functional brain: a meta-analytic approach. Sci Rep 
9:3346. https:// doi. org/ 10. 1038/ s41598- 019- 40188-3

Mantini D, Vanduffel W (2013) Emerging roles of the brain’s default 
network. Neuroscientist 19:76–87. https:// doi. org/ 10. 1177/ 
10738 58412 446202

Mar RA (2011) The neural bases of social cognition and story com-
prehension. Annu Rev Psychol 62:103–134. https:// doi. org/ 10. 
1146/ annur ev- psych- 120709- 145406

Margulies DS, Ghosh SS, Goulas A et al (2016) Situating the default-
mode network along a principal gradient of macroscale cortical 
organization. Proc Natl Acad Sci 113:12574–12579. https:// 
doi. org/ 10. 1073/ pnas. 16082 82113

Marron TR, Lerner Y, Berant E et al (2018) Chain free association, 
creativity, and the default mode network. Neuropsychologia. 
https:// doi. org/ 10. 1016/j. neuro psych ologia. 2018. 03. 018

Mars RB, Neubert FX, Noonan MAP et al (2012) On the relationship 
between the “default mode network” and the “social brain.” 
Front Hum Neurosci. https:// doi. org/ 10. 3389/ fnhum. 2012. 
00189

Martins D, Rademacher L, Gabay AS et al (2021) Mapping social 
reward and punishment processing in the human brain: a voxel-
based meta-analysis of neuroimaging findings using the social 
incentive delay task. Neurosci Biobehav Rev. https:// doi. org/ 10. 
1016/j. neubi orev. 2020. 12. 034

Mason MF, Norton MI, Van HJD et al (2007) Wandering minds: the 
default network and stimulus-independent thought. Science 
315:393–395. https:// doi. org/ 10. 1126/ scien ce. 11312 95

Mayseless N, Eran A, Shamay-Tsoory SG (2015) Generating origi-
nal ideas: the neural underpinning of originality. Neuroimage 
116:232–239. https:// doi. org/ 10. 1016/j. neuro image. 2015. 05. 030

Mazoyer B, Zago L, Mellet E et al (2001) Cortical networks for work-
ing memory and executive functions sustain the conscious resting 
state in man. Brain Res Bull 54:287–298. https:// doi. org/ 10. 1016/ 
S0361- 9230(00) 00437-8

Mennes M, Kelly C, Colcombe S et al (2013) The extrinsic and intrin-
sic functional architectures of the human brain are not equivalent. 
Cereb Cortex 23:223–229. https:// doi. org/ 10. 1093/ cercor/ bhs010

Menon V, Uddin LQ (2010) Saliency, switching, attention and control: 
a network model of insula function. Brain Struct Funct 214:655–
667. https:// doi. org/ 10. 1007/ s00429- 010- 0262-0

Mesulam M-M (1998) From sensation to perception. Brain 121:1013–
1052. https:// doi. org/ 10. 1093/ brain/ 121.6. 1013

Milton CK, Dhanaraj V, Young IM et al (2021) Parcellation-based 
anatomic model of the semantic network. Brain Behav 11:1–13. 
https:// doi. org/ 10. 1002/ brb3. 2065

Mohan A, Roberto AJ, Mohan A et al (2016) The significance of the 
Default Mode Network (DMN) in neurological and neuropsychi-
atric disorders: a review. Yale J Biol Med 89:49–57

Molnar-Szakacs I, Uddin LQ (2013) Self-processing and the default 
mode network: interactions with the mirror neuron system. Front 

https://doi.org/10.1371/journal.pone.0022909
https://doi.org/10.1371/journal.pone.0022909
https://doi.org/10.1038/srep05954
https://doi.org/10.1038/srep05954
https://doi.org/10.1111/j.1467-9280.2006.01798.x
https://doi.org/10.1111/j.1467-9280.2006.01798.x
https://doi.org/10.1016/j.neuroimage.2016.07.060
https://doi.org/10.1016/j.neuroimage.2016.07.060
https://doi.org/10.3389/neuro.06.004.2008
https://doi.org/10.3389/neuro.06.004.2008
https://doi.org/10.1098/rstb.2013.0526
https://doi.org/10.1098/rstb.2013.0526
https://doi.org/10.1385/NI:3:1:065
https://doi.org/10.1523/JNEUROSCI.4004-09.2009
https://doi.org/10.1523/JNEUROSCI.4004-09.2009
https://doi.org/10.1162/jocn_a_00077
https://doi.org/10.1016/j.neuroimage.2013.04.073
https://doi.org/10.1016/j.neuroimage.2013.04.073
https://doi.org/10.1007/s12021-010-9074-x
https://doi.org/10.1007/s12021-011-9108-z
https://doi.org/10.3389/fninf.2012.00023
https://doi.org/10.1016/j.neuroimage.2020.117019
https://doi.org/10.1523/JNEUROSCI.5626-10.2011
https://doi.org/10.1523/JNEUROSCI.5626-10.2011
https://doi.org/10.1016/j.neuroimage.2007.07.021
https://doi.org/10.1016/j.neubiorev.2018.12.021
https://doi.org/10.1016/j.neubiorev.2018.12.021
https://doi.org/10.1093/cercor/bhq151
https://doi.org/10.1016/j.neuropsychologia.2014.06.001
https://doi.org/10.1073/pnas.1216856110
https://doi.org/10.1073/pnas.1216856110
https://doi.org/10.1073/pnas.2000759117
https://doi.org/10.1038/s41598-019-40188-3
https://doi.org/10.1177/1073858412446202
https://doi.org/10.1177/1073858412446202
https://doi.org/10.1146/annurev-psych-120709-145406
https://doi.org/10.1146/annurev-psych-120709-145406
https://doi.org/10.1073/pnas.1608282113
https://doi.org/10.1073/pnas.1608282113
https://doi.org/10.1016/j.neuropsychologia.2018.03.018
https://doi.org/10.3389/fnhum.2012.00189
https://doi.org/10.3389/fnhum.2012.00189
https://doi.org/10.1016/j.neubiorev.2020.12.034
https://doi.org/10.1016/j.neubiorev.2020.12.034
https://doi.org/10.1126/science.1131295
https://doi.org/10.1016/j.neuroimage.2015.05.030
https://doi.org/10.1016/S0361-9230(00)00437-8
https://doi.org/10.1016/S0361-9230(00)00437-8
https://doi.org/10.1093/cercor/bhs010
https://doi.org/10.1007/s00429-010-0262-0
https://doi.org/10.1093/brain/121.6.1013
https://doi.org/10.1002/brb3.2065


1732 Brain Structure and Function (2022) 227:1711–1734

1 3

Hum Neurosci 7:1–11. https:// doi. org/ 10. 3389/ fnhum. 2013. 
00571

Moraschi M, Mascali D, Tommasin S et al (2020) Brain network modu-
larity during a sustained working-memory task. Front Physiol 
11:1–10. https:// doi. org/ 10. 3389/ fphys. 2020. 00422

Müller VI, Cieslik EC, Laird AR et al (2018) Ten simple rules for neu-
roimaging meta-analysis. Neurosci Biobehav Rev 84:151–161. 
https:// doi. org/ 10. 1016/j. neubi orev. 2017. 11. 012

Murphy C, Jefferies E, Rueschemeyer SA et al (2018) Distant from 
input: evidence of regions within the default mode network sup-
porting perceptually-decoupled and conceptually-guided cogni-
tion. Neuroimage 171:393–401. https:// doi. org/ 10. 1016/j. neuro 
image. 2018. 01. 017

Mwilambwe-Tshilobo L, Spreng RN (2021) Social exclusion reliably 
engages the default network: a meta-analysis of Cyberball. Neu-
roimage 227:117666. https:// doi. org/ 10. 1016/j. neuro image. 2020. 
117666

Najafi M, McMenamin BW, Simon JZ, Pessoa L (2016) Overlapping 
communities reveal rich structure in large-scale brain networks 
during rest and task conditions. Neuroimage 135:92–106. https:// 
doi. org/ 10. 1016/j. neuro image. 2016. 04. 054

Newton AT, Morgan VL, Rogers BP, Gore JC (2011) Modulation of 
steady state functional connectivity in the default mode and 
working memory networks by cognitive load. Hum Brain Mapp 
32:1649–1659. https:// doi. org/ 10. 1002/ hbm. 21138

Ngo GH, Eickhoff SB, Nguyen M et al (2019) Beyond consensus: 
embracing heterogeneity in curated neuroimaging meta-analysis. 
Neuroimage 200:142–158. https:// doi. org/ 10. 1016/j. neuro image. 
2019. 06. 037

Noonan KA, Jefferies E, Visser M, Lambon Ralph MA (2013) Going 
beyond inferior prefrontal involvement in semantic control: evi-
dence for the additional contribution of dorsal angular gyrus and 
posterior middle temporal cortex. J Cogn Neurosci 25:1824–
1850. https:// doi. org/ 10. 1162/ jocn_a_ 00442

Northoff G, Bermpohl F (2004) Cortical midline structures and the 
self. Trends Cogn Sci 8:102–107. https:// doi. org/ 10. 1016/j. tics. 
2004. 01. 004

Northoff G, Heinzel A, de Greck M et al (2006) Self-referential pro-
cessing in our brain—a meta-analysis of imaging studies on the 
self. Neuroimage 31:440–457. https:// doi. org/ 10. 1016/j. neuro 
image. 2005. 12. 002

Ochsner KN, Knierim K, Ludlow DH et al (2004) Reflecting upon feel-
ings: an fMRI study of neural systems supporting the attribution 
of emotion to self and other. J Cogn Neurosci 16:1746–1772. 
https:// doi. org/ 10. 1162/ 08989 29042 947829

Ochsner KN, Beer JS, Robertson ER et al (2005) The neural correlates 
of direct and reflected self-knowledge. Neuroimage 28:797–814. 
https:// doi. org/ 10. 1016/j. neuro image. 2005. 06. 069

Palla G, Derényi I, Farkas I, Vicsek T (2005) Uncovering the over-
lapping community structure of complex networks in nature 
and society. Nature 435:814–818. https:// doi. org/ 10. 1038/ natur 
e03607

Paquola C, Garber M, Frässle S et al (2021) The unique cytoarchitec-
ture and wiring of the human default mode network. bioRxiv. 
https:// doi. org/ 10. 1101/ 2021. 11. 22. 469533

Pedregosa F, Varoquaux G, Gramfort A et al (2011) Scikit-learn: 
machine learning in Python. J Mach Learn Res 12:2825–2830

Pessoa L (2014) Understanding brain networks and brain organiza-
tion. Phys Life Rev 11:400–435. https:// doi. org/ 10. 1016/j. plrev. 
2014. 03. 005

Piccoli T, Valente G, Linden DEJ et al (2015) The default mode net-
work and the working memory network are not anti-correlated 
during all phases of a working memory task. PLoS ONE 10:1–
16. https:// doi. org/ 10. 1371/ journ al. pone. 01233 54

Prado J, Weissman DH (2011) Heightened interactions between a key 
default-mode region and a key task-positive region are linked 

to suboptimal current performance but to enhanced future per-
formance. Neuroimage 56:2276–2282. https:// doi. org/ 10. 1016/j. 
neuro image. 2011. 03. 048

Preti MG, Bolton TA, Van De Ville D (2017) The dynamic functional 
connectome: state-of-the-art and perspectives. Neuroimage 
160:41–54. https:// doi. org/ 10. 1016/j. neuro image. 2016. 12. 061

Pujol J, Reixach J, Harrison BJ et al (2008) Posterior cingulate activa-
tion during moral dilemma in adolescents. Hum Brain Mapp 
29:910–921. https:// doi. org/ 10. 1002/ hbm. 20436

Raichle ME (2009) a paradigm shift in functional brain imaging. J 
Neurosci 29:12729–12734. https:// doi. org/ 10. 1523/ JNEUR 
OSCI. 4366- 09. 2009

Raichle ME, Snyder AZ (2007) A default mode of brain function: a 
brief history of an evolving idea. Neuroimage 37:1083–1090. 
https:// doi. org/ 10. 1016/j. neuro image. 2007. 02. 041

Raichle ME, MacLeod AM, Snyder AZ et al (2001) A default mode of 
brain function. Proc Natl Acad Sci 98:676–682. https:// doi. org/ 
10. 1073/ pnas. 98.2. 676

Ray KL, McKay DR, Fox PM et al (2013) ICA model order selection 
of task co-activation networks. Front Neurosci 7:1–12. https:// 
doi. org/ 10. 3389/ fnins. 2013. 00237

Rilling JK, Sanfey AG, Aronson JA et al (2004) The neural correlates 
of theory of mind within interpersonal interactions. Neuroim-
age 22:1694–1703. https:// doi. org/ 10. 1016/j. neuro image. 2004. 
04. 015

Rosenthal R (1979) The file drawer problem and tolerance for null 
results. Psychol Bull 86:638–641. https:// doi. org/ 10. 1037/ 
0033- 2909. 86.3. 638

Ruby P, Decety J (2004) How would you feel versus how do you 
think she would feel? A neuroimaging study of perspective-
taking with social emotions. J Cogn Neurosci 16:988–999. 
https:// doi. org/ 10. 1162/ 08989 29041 502661

Rugg MD, Vilberg KL (2013) Brain networks underlying episodic 
memory retrieval. Curr Opin Neurobiol 23:255–260. https:// 
doi. org/ 10. 1016/j. conb. 2012. 11. 005

Samartsidis P, Montagna S, Laird AR et al (2020) Estimating the 
prevalence of missing experiments in a neuroimaging meta-
analysis. Res Synth Methods 11:866–883. https:// doi. org/ 10. 
1002/ jrsm. 1448

Satpute AB, Lindquist KA (2019) The default mode network’s role 
in discrete emotion. Trends Cogn Sci 23:851–864. https:// doi. 
org/ 10. 1016/j. tics. 2019. 07. 003

Saxe R, Kanwisher N (2003) People thinking about thinking people: 
the role of the temporo-parietal junction in “theory of mind.” 
Neuroimage 19:1835–1842. https:// doi. org/ 10. 1016/ S1053- 
8119(03) 00230-1

Saxe R, Powell LJ (2006) It’s the thought that counts. Psychol 
Sci 17:692–699. https:// doi. org/ 10. 1111/j. 1467- 9280. 2006. 
01768.x

Schacter DL, Addis DR, Buckner RL (2007) Remembering the past 
to imagine the future: the prospective brain. Nat Rev Neurosci 
8:657–661. https:// doi. org/ 10. 1038/ nrn22 13

Schacter DL, Addis DR, Buckner RL (2008) Episodic simulation of 
future events: concepts, data, and applications. Ann N Y Acad 
Sci 1124:39–60. https:// doi. org/ 10. 1196/ annals. 1440. 001

Schilbach L, Bzdok D, Timmermans B et al (2012) Introspective 
minds: using ALE meta-analyses to study commonalities in 
the neural correlates of emotional processing, social & uncon-
strained cognition. PLoS ONE. https:// doi. org/ 10. 1371/ journ al. 
pone. 00309 20

Schneider B, Koenigs M (2017) Human lesion studies of ventromedial 
prefrontal cortex. Neuropsychologia 107:84–93. https:// doi. org/ 
10. 1016/j. neuro psych ologia. 2017. 09. 035

Schultz W (2015) Neuronal reward and decision signals: from theories 
to data. Physiol Rev 95:853–951. https:// doi. org/ 10. 1152/ physr 
ev. 00023. 2014

https://doi.org/10.3389/fnhum.2013.00571
https://doi.org/10.3389/fnhum.2013.00571
https://doi.org/10.3389/fphys.2020.00422
https://doi.org/10.1016/j.neubiorev.2017.11.012
https://doi.org/10.1016/j.neuroimage.2018.01.017
https://doi.org/10.1016/j.neuroimage.2018.01.017
https://doi.org/10.1016/j.neuroimage.2020.117666
https://doi.org/10.1016/j.neuroimage.2020.117666
https://doi.org/10.1016/j.neuroimage.2016.04.054
https://doi.org/10.1016/j.neuroimage.2016.04.054
https://doi.org/10.1002/hbm.21138
https://doi.org/10.1016/j.neuroimage.2019.06.037
https://doi.org/10.1016/j.neuroimage.2019.06.037
https://doi.org/10.1162/jocn_a_00442
https://doi.org/10.1016/j.tics.2004.01.004
https://doi.org/10.1016/j.tics.2004.01.004
https://doi.org/10.1016/j.neuroimage.2005.12.002
https://doi.org/10.1016/j.neuroimage.2005.12.002
https://doi.org/10.1162/0898929042947829
https://doi.org/10.1016/j.neuroimage.2005.06.069
https://doi.org/10.1038/nature03607
https://doi.org/10.1038/nature03607
https://doi.org/10.1101/2021.11.22.469533
https://doi.org/10.1016/j.plrev.2014.03.005
https://doi.org/10.1016/j.plrev.2014.03.005
https://doi.org/10.1371/journal.pone.0123354
https://doi.org/10.1016/j.neuroimage.2011.03.048
https://doi.org/10.1016/j.neuroimage.2011.03.048
https://doi.org/10.1016/j.neuroimage.2016.12.061
https://doi.org/10.1002/hbm.20436
https://doi.org/10.1523/JNEUROSCI.4366-09.2009
https://doi.org/10.1523/JNEUROSCI.4366-09.2009
https://doi.org/10.1016/j.neuroimage.2007.02.041
https://doi.org/10.1073/pnas.98.2.676
https://doi.org/10.1073/pnas.98.2.676
https://doi.org/10.3389/fnins.2013.00237
https://doi.org/10.3389/fnins.2013.00237
https://doi.org/10.1016/j.neuroimage.2004.04.015
https://doi.org/10.1016/j.neuroimage.2004.04.015
https://doi.org/10.1037/0033-2909.86.3.638
https://doi.org/10.1037/0033-2909.86.3.638
https://doi.org/10.1162/0898929041502661
https://doi.org/10.1016/j.conb.2012.11.005
https://doi.org/10.1016/j.conb.2012.11.005
https://doi.org/10.1002/jrsm.1448
https://doi.org/10.1002/jrsm.1448
https://doi.org/10.1016/j.tics.2019.07.003
https://doi.org/10.1016/j.tics.2019.07.003
https://doi.org/10.1016/S1053-8119(03)00230-1
https://doi.org/10.1016/S1053-8119(03)00230-1
https://doi.org/10.1111/j.1467-9280.2006.01768.x
https://doi.org/10.1111/j.1467-9280.2006.01768.x
https://doi.org/10.1038/nrn2213
https://doi.org/10.1196/annals.1440.001
https://doi.org/10.1371/journal.pone.0030920
https://doi.org/10.1371/journal.pone.0030920
https://doi.org/10.1016/j.neuropsychologia.2017.09.035
https://doi.org/10.1016/j.neuropsychologia.2017.09.035
https://doi.org/10.1152/physrev.00023.2014
https://doi.org/10.1152/physrev.00023.2014


1733Brain Structure and Function (2022) 227:1711–1734 

1 3

Seli P, Risko EF, Smilek D, Schacter DL (2016) Mind-wandering with 
and without intention. Trends Cogn Sci 20:605–617. https:// doi. 
org/ 10. 1016/j. tics. 2016. 05. 010

Sha Z, Xia M, Lin Q et al (2018) Meta-connectomic analysis reveals 
commonly disrupted functional architectures in network modules 
and connectors across brain disorders. Cereb Cortex 28:4179–
4194. https:// doi. org/ 10. 1093/ cercor/ bhx273

Sha Z, Wager TD, Mechelli A, He Y (2019) Common dysfunction of 
large-scale neurocognitive networks across psychiatric disorders. 
Biol Psychiatry 85:379–388. https:// doi. org/ 10. 1016/j. biops ych. 
2018. 11. 011

Shirer WR, Ryali S, Rykhlevskaia E et al (2012) Decoding subject-
driven cognitive states with whole-brain connectivity patterns. 
Cereb Cortex 22:158–165. https:// doi. org/ 10. 1093/ cercor/ bhr099

Shulman GL, Fiez JA, Corbetta M et al (1997) Common blood flow 
changes across visual tasks: II. Decreases in cerebral cortex. J 
Cogn Neurosci 9:648–663. https:// doi. org/ 10. 1162/ jocn. 1997.9. 
5. 648

Smallwood J, McSpadden M, Schooler JW (2008) When attention mat-
ters: the curious incident of the wandering mind. Mem Cogn 
36:1144–1150. https:// doi. org/ 10. 3758/ MC. 36.6. 1144

Smallwood J, Bernhardt BC, Leech R et al (2021) The default mode 
network in cognition: a topographical perspective. Nat Rev Neu-
rosci. https:// doi. org/ 10. 1038/ s41583- 021- 00474-4

Smith SM, Fox PT, Miller KL et al (2009) Correspondence of the 
brain’s functional architecture during activation and rest. Proc 
Natl Acad Sci 106:13040–13045. https:// doi. org/ 10. 1073/ pnas. 
09052 67106

Smith V, Duncan J, Mitchell DJ (2021) Roles of the default mode 
and multiple-demand networks in naturalistic versus symbolic 
decisions. J Neurosci. https:// doi. org/ 10. 1523/ jneur osci. 1888- 
20. 2020

Sonuga-Barke EJS, Castellanos FX (2007) Spontaneous attentional 
fluctuations in impaired states and pathological conditions: a 
neurobiological hypothesis. Neurosci Biobehav Rev 31:977–986. 
https:// doi. org/ 10. 1016/j. neubi orev. 2007. 02. 005

Sormaz M, Murphy C, Wang HT et al (2018) Default mode network 
can support the level of detail in experience during active task 
states. Proc Natl Acad Sci U S A 115:9318–9323. https:// doi. org/ 
10. 1073/ pnas. 17212 59115

Spiers HJ, Maguire EA (2006) Spontaneous mentalizing during an 
interactive real world task: an fMRI study. Neuropsychologia 
44:1674–1682. https:// doi. org/ 10. 1016/j. neuro psych ologia. 2006. 
03. 028

Sporns O, Tononi G, Kötter R (2005) The human connectome: a struc-
tural description of the human brain. PLoS Comput Biol 1:0245–
0251. https:// doi. org/ 10. 1371/ journ al. pcbi. 00100 42

Spreng RN (2012) The Fallacy of a “task-negative” network. Front 
Psychol 3:1–5. https:// doi. org/ 10. 3389/ fpsyg. 2012. 00145

Spreng RN, Andrews-Hanna JR (2015) The default network and social 
cognition. Brain Mapp an Encycl Ref 3:165–169. https:// doi. org/ 
10. 1016/ B978-0- 12- 397025- 1. 00173-1

Spreng RN, Grady CL (2010) Patterns of brain activity supporting 
autobiographical memory, prospection, and theory of mind, and 
their relationship to the default mode network. J Cogn Neurosci 
22:1112–1123. https:// doi. org/ 10. 1162/ jocn. 2009. 21282

Spreng RN, Mar RA, Kim ASN (2009) The common neural basis of 
autobiographical memory, prospection, navigation, theory of 
mind, and the default mode: a quantitative meta-analysis. J Cogn 
Neurosci 21:489–510. https:// doi. org/ 10. 1162/ jocn. 2008. 21029

Spreng RN, Stevens WD, Chamberlain JP et al (2010) Default network 
activity, coupled with the frontoparietal control network, sup-
ports goal-directed cognition. Neuroimage 53:303–317. https:// 
doi. org/ 10. 1016/j. neuro image. 2010. 06. 016

Spreng RN, Sepulcre J, Turner GR et al (2013) Intrinsic architecture 
underlying the relations among the default, dorsal attention, and 

frontoparietal control networks of the human brain. J Cogn Neu-
rosci 25:74–86. https:// doi. org/ 10. 1162/ jocn_a_ 00281

Spreng RN, DuPre E, Selarka D et al (2014) Goal-congruent default 
network activity facilitates cognitive control. J Neurosci 
34:14108–14114. https:// doi. org/ 10. 1523/ JNEUR OSCI. 2815- 
14. 2014

Spreng RN, Gerlach KD, Turner GR, Schacter DL (2015) Autobio-
graphical planning and the brain: activation and its modulation 
by qualitative features. J Cogn Neurosci 27:2147–2157. https:// 
doi. org/ 10. 1162/ jocn_a_ 00846

Sridharan D, Levitin DJ, Menon V (2008) A critical role for the right 
fronto-insular cortex in switching between central-executive and 
default-mode networks. Proc Natl Acad Sci 105:12569–12574. 
https:// doi. org/ 10. 1073/ pnas. 08000 05105

Svoboda E, McKinnon MC, Levine B (2006) The functional neuro-
anatomy of autobiographical memory: a meta-analysis. Neu-
ropsychologia 44:2189–2208. https:// doi. org/ 10. 1016/j. neuro 
psych ologia. 2006. 05. 023

Tavor I, Parker Jones O, Mars RB et al (2016) Task-free MRI predicts 
individual differences in brain activity during task performance. 
Science 352:216–220. https:// doi. org/ 10. 1126/ scien ce. aad81 27

Tomasi D, Volkow ND (2011) Functional connectivity hubs in the 
human brain. Neuroimage 57:908–917. https:// doi. org/ 10. 1016/j. 
neuro image. 2011. 05. 024

Toro R, Fox PT, Paus T (2008) Functional coactivation map of the 
human brain. Cereb Cortex 18:2553–2559. https:// doi. org/ 10. 
1093/ cercor/ bhn014

Toro-Serey C, Tobyne SM, McGuire JT (2020) Spectral partitioning 
identifies individual heterogeneity in the functional network 
topography of ventral and anterior medial prefrontal cortex. 
Neuroimage 205:116305. https:// doi. org/ 10. 1016/j. neuro image. 
2019. 116305

Turkeltaub PE, Eden GF, Jones KM, Zeffiro TA (2002) Meta-analysis 
of the functional neuroanatomy of single-word reading: method 
and validation. Neuroimage 16:765–780. https:// doi. org/ 10. 1006/ 
nimg. 2002. 1131

Turkeltaub PE, Eickhoff SB, Laird AR et al (2012) Minimizing within-
experiment and within-group effects in activation likelihood esti-
mation meta-analyses. Hum Brain Mapp 33:1–13. https:// doi. org/ 
10. 1002/ hbm. 21186

Uddin LQ, Iacoboni M, Lange C, Keenan JP (2007) The self and social 
cognition: the role of cortical midline structures and mirror neu-
rons. Trends Cogn Sci 11:153–157. https:// doi. org/ 10. 1016/j. tics. 
2007. 01. 001

Uddin LQ, Clare Kelly AM, Biswal BB et al (2009) Functional con-
nectivity of default mode network components: correlation, anti-
correlation, and causality. Hum Brain Mapp 30:625–637. https:// 
doi. org/ 10. 1002/ hbm. 20531

Uddin LQ, Yeo BTT, Spreng RN (2019) Towards a universal taxonomy 
of macro-scale functional human brain networks. Brain Topogr 
32:926–942. https:// doi. org/ 10. 1007/ s10548- 019- 00744-6

van den Heuvel MP, Sporns O (2011) Rich-club organization of the 
human connectome. J Neurosci 31:15775–15786. https:// doi. org/ 
10. 1523/ JNEUR OSCI. 3539- 11. 2011

Van Dijk KRA, Hedden T, Venkataraman A et al (2010) Intrinsic func-
tional connectivity as a tool for human connectomics: theory, 
properties, and optimization. J Neurophysiol 103:297–321. 
https:// doi. org/ 10. 1152/ jn. 00783. 2009

Vatansever D, Menon DK, Manktelow AE et al (2015a) Default mode 
network connectivity during task execution. Neuroimage 122:96–
104. https:// doi. org/ 10. 1016/j. neuro image. 2015. 07. 053

Vatansever D, Menon DK, Manktelow AE et al (2015b) Default mode 
dynamics for global functional integration. J Neurosci 35:15254–
15262. https:// doi. org/ 10. 1523/ JNEUR OSCI. 2135- 15. 2015

Vatansever D, Menon DK, Stamatakis EA (2017) Default mode con-
tributions to automated information processing. Proc Natl Acad 

https://doi.org/10.1016/j.tics.2016.05.010
https://doi.org/10.1016/j.tics.2016.05.010
https://doi.org/10.1093/cercor/bhx273
https://doi.org/10.1016/j.biopsych.2018.11.011
https://doi.org/10.1016/j.biopsych.2018.11.011
https://doi.org/10.1093/cercor/bhr099
https://doi.org/10.1162/jocn.1997.9.5.648
https://doi.org/10.1162/jocn.1997.9.5.648
https://doi.org/10.3758/MC.36.6.1144
https://doi.org/10.1038/s41583-021-00474-4
https://doi.org/10.1073/pnas.0905267106
https://doi.org/10.1073/pnas.0905267106
https://doi.org/10.1523/jneurosci.1888-20.2020
https://doi.org/10.1523/jneurosci.1888-20.2020
https://doi.org/10.1016/j.neubiorev.2007.02.005
https://doi.org/10.1073/pnas.1721259115
https://doi.org/10.1073/pnas.1721259115
https://doi.org/10.1016/j.neuropsychologia.2006.03.028
https://doi.org/10.1016/j.neuropsychologia.2006.03.028
https://doi.org/10.1371/journal.pcbi.0010042
https://doi.org/10.3389/fpsyg.2012.00145
https://doi.org/10.1016/B978-0-12-397025-1.00173-1
https://doi.org/10.1016/B978-0-12-397025-1.00173-1
https://doi.org/10.1162/jocn.2009.21282
https://doi.org/10.1162/jocn.2008.21029
https://doi.org/10.1016/j.neuroimage.2010.06.016
https://doi.org/10.1016/j.neuroimage.2010.06.016
https://doi.org/10.1162/jocn_a_00281
https://doi.org/10.1523/JNEUROSCI.2815-14.2014
https://doi.org/10.1523/JNEUROSCI.2815-14.2014
https://doi.org/10.1162/jocn_a_00846
https://doi.org/10.1162/jocn_a_00846
https://doi.org/10.1073/pnas.0800005105
https://doi.org/10.1016/j.neuropsychologia.2006.05.023
https://doi.org/10.1016/j.neuropsychologia.2006.05.023
https://doi.org/10.1126/science.aad8127
https://doi.org/10.1016/j.neuroimage.2011.05.024
https://doi.org/10.1016/j.neuroimage.2011.05.024
https://doi.org/10.1093/cercor/bhn014
https://doi.org/10.1093/cercor/bhn014
https://doi.org/10.1016/j.neuroimage.2019.116305
https://doi.org/10.1016/j.neuroimage.2019.116305
https://doi.org/10.1006/nimg.2002.1131
https://doi.org/10.1006/nimg.2002.1131
https://doi.org/10.1002/hbm.21186
https://doi.org/10.1002/hbm.21186
https://doi.org/10.1016/j.tics.2007.01.001
https://doi.org/10.1016/j.tics.2007.01.001
https://doi.org/10.1002/hbm.20531
https://doi.org/10.1002/hbm.20531
https://doi.org/10.1007/s10548-019-00744-6
https://doi.org/10.1523/JNEUROSCI.3539-11.2011
https://doi.org/10.1523/JNEUROSCI.3539-11.2011
https://doi.org/10.1152/jn.00783.2009
https://doi.org/10.1016/j.neuroimage.2015.07.053
https://doi.org/10.1523/JNEUROSCI.2135-15.2015


1734 Brain Structure and Function (2022) 227:1711–1734

1 3

Sci U S A 114:12821–12826. https:// doi. org/ 10. 1073/ pnas. 17105 
21114

Verdejo-García A, Bechara A (2009) A somatic marker theory of 
addiction. Neuropharmacology 56:48–62. https:// doi. org/ 10. 
1016/j. neuro pharm. 2008. 07. 035

Vincent JL, Patel GH, Fox MD et al (2007) Intrinsic functional archi-
tecture in the anaesthetized monkey brain. Nature 447:83–86. 
https:// doi. org/ 10. 1038/ natur e05758

Wang S, Tepfer LJ, Taren AA, Smith DV (2020) Functional parcella-
tion of the default mode network: a large-scale meta-analysis. Sci 
Rep. https:// doi. org/ 10. 1038/ s41598- 020- 72317-8

Weissman DH, Roberts KC, Visscher KM, Woldorff MG (2006) The 
neural bases of momentary lapses in attention. Nat Neurosci 
9:971–978. https:// doi. org/ 10. 1038/ nn1727

Wen T, Mitchell DJ, Duncan J (2020) The functional convergence and 
heterogeneity of social, episodic, and self-referential thought in 
the default mode network. Cereb Cortex. https:// doi. org/ 10. 1093/ 
cercor/ bhaa1 66

Xue G, Lu Z, Levin IP et al (2009) Functional dissociations of risk and 
reward processing in the medial prefrontal cortex. Cereb Cortex 
19:1019–1027. https:// doi. org/ 10. 1093/ cercor/ bhn147

Yang XF, Bossmann J, Schiffhauer B et al (2013) Intrinsic default mode 
network connectivity predicts spontaneous verbal descriptions 

of autobiographical memories during social processing. Front 
Psychol 3:1–10. https:// doi. org/ 10. 3389/ fpsyg. 2012. 00592

Yeo BTT, Krienen FM, Sepulcre J et al (2011) The organization of the 
human cerebral cortex estimated by intrinsic functional connec-
tivity. J Neurophysiol 106:1125–1165. https:// doi. org/ 10. 1152/ 
jn. 00338. 2011

Yeo BTT, Krienen FM, Chee MWL, Buckner RL (2014) Estimates of 
segregation and overlap of functional connectivity networks in 
the human cerebral cortex. Neuroimage 88:212–227. https:// doi. 
org/ 10. 1016/j. neuro image. 2013. 10. 046

Yeshurun Y, Nguyen M, Hasson U, Nguyen M (2021) The default 
mode network: where the idiosyncratic self meets the shared 
social world. Nat Rev Neurosci 22:181–192. https:// doi. org/ 10. 
1038/ s41583- 020- 00420-w

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1073/pnas.1710521114
https://doi.org/10.1073/pnas.1710521114
https://doi.org/10.1016/j.neuropharm.2008.07.035
https://doi.org/10.1016/j.neuropharm.2008.07.035
https://doi.org/10.1038/nature05758
https://doi.org/10.1038/s41598-020-72317-8
https://doi.org/10.1038/nn1727
https://doi.org/10.1093/cercor/bhaa166
https://doi.org/10.1093/cercor/bhaa166
https://doi.org/10.1093/cercor/bhn147
https://doi.org/10.3389/fpsyg.2012.00592
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1016/j.neuroimage.2013.10.046
https://doi.org/10.1016/j.neuroimage.2013.10.046
https://doi.org/10.1038/s41583-020-00420-w
https://doi.org/10.1038/s41583-020-00420-w

	Tasks activating the default mode network map multiple functional systems
	Abstract
	Introduction
	Methods
	Paradigm Analysis
	Activation likelihood estimation and fail-safe analysis
	Data reduction techniques
	Comparison with the resting-state principal gradients

	Results
	Paradigm Analyses and activation likelihood estimations
	Multidimensional scaling
	Component decompositions
	Comparison with the resting-state principal gradients

	Discussion
	Limitations and future directions
	Conclusions
	Data and code availability of data and material
	References




