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Abstract Recent evidence suggests considerable overlap
between the default mode network (DMN) and regions
involved in social, affective and introspective processes.
We considered these overlapping regions as the social-
affective part of the DMN. In this study, we established a
robust mapping of the underlying brain network formed by
these regions and those strongly connected to them (the
extended social-affective default network). We first seeded
meta-analytic connectivity modeling and resting-state
analyses in the meta-analytically defined DMN regions that
showed statistical overlap with regions associated with

Electronic supplementary material The online version of this
article (doi:10.1007/s00429-013-0698-0) contains supplementary
material, which is available to authorized users.

M. Amft - D. Bzdok - S. B. Eickhoff
Institute of Clinical Neuroscience and Medical Psychology,
HHU Diisseldorf, Diisseldorf, Germany

D. Bzdok - S. B. Eickhoff (D<)

Institut fiir Neurowissenschaften und Medizin (INM-1),
Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany
e-mail: s.eickhoff @fz-juelich.de

A. R. Laird
Department of Physics, Florida International University, Miami,
USA

A. R. Laird - P. T. Fox
Research Imaging Institute, University of Texas Health Science
Center at San Antonio, San Antonio, USA

P. T. Fox
South Texas Veterans Administration Medical Center,
San Antonio, Texas

L. Schilbach

Department of Psychiatry, University of Cologne, Cologne,
Germany

Published online: 08 January 2014

social and affective processing. Consensus connectivity of
each seed was subsequently delineated by a conjunction
across both connectivity analyses. We then functionally
characterized the ensuing regions and performed several
cluster analyses. Among the identified regions, the amyg-
dala/hippocampus formed a cluster associated with emo-
tional processes and memory functions. The ventral
striatum, anterior cingulum, subgenual cingulum and ven-
tromedial prefrontal cortex formed a heterogeneous sub-
group associated with motivation, reward and cognitive
modulation of affect. Posterior cingulum/precuneus and
dorsomedial prefrontal cortex were associated with men-
talizing, self-reference and autobiographic information.
The cluster formed by the temporo-parietal junction and
anterior middle temporal sulcus/gyrus was associated with
language and social cognition. Taken together, the current
work highlights a robustly interconnected network that
may be central to introspective, socio-affective, that is,
self- and other-related mental processes.

Keywords Default mode network - Meta-analytic
connectivity modeling - Resting-state functional
connectivity - Social cognition - Emotion

Introduction

Following the initial demonstration of brain areas, which
decreases their metabolism upon the commencement of
most cognitive tasks, the so-called “default mode network”
(DMN) of the human brain has become an important focus
of neuroscience research. Marking the beginning of the
DMN, Gusnard and Raichle (2001b) observed that brain
activity decreases during many tasks when compared with
passive mental states (e.g., passive viewing or eyes closed).
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They argued that there might exist a physiological baseline
of brain function in the absence of an external focus of
attention. These brain regions were proposed to show
decreases from baseline during goal-directed behavior and
therefore might be conceptualized as default mode areas
(Raichle et al. 2001). Importantly, the DMN was concep-
tualized as and is still often referred to as “task-negative”
network. This notion was based on increased activation
during task-free states and decreased activation during the
performance of cognitive tasks. In particular, this network
was often distinguished from a set of “task-positive” net-
work, which are activated by goal-directed and attention-
demanding tasks (Fox et al. 2005; Sridharan et al. 2008).
However, this earlier view of the default mode has since
been revised continuously. While regions associated with
the DMN indeed deactivate during many goal-directed
tasks, several functions are now known to be associated
with increased default mode activity. Some default mode
areas are associated with the performance of memory
functions (Schacter et al. 2007; Spreng et al. 2009).
Moreover, there are several default mode areas that sub-
serve theory of mind tasks and are involved in social
processing (Adams et al. 2010; Mars et al. 2012a). Corbetta
and Shulman (2002) found the right TPJ associated with
attention, although in the past several authors emphasized
deactivations in default mode areas during attentional
tasks. Finally, delay discounting tasks are also accompa-
nied by brain areas which are part of the default mode
(Hoffman et al. 2008), just to mention a few. Hence, “task-
negative” network might not be the right term to concep-
tualize the default mode. Rather it seems that the DMN is
de-activated during many experiments but at the same time
may also be recruited by others.

It is further important to appreciate that the contention
of anti-correlation between task-positive and task-negative
brain regions (Fox et al. 2005) has recently been chal-
lenged. For example, Murphy et al. (2009) suggested that
particular correction techniques (e.g., global signal
regression method) are the cause of anti-correlated func-
tional networks. Finally, the synonymous use of “default
mode” and “resting state” (RS) (Damoiseaux et al. 2006;
Fransson 2005) has added confusion to the field. While RS
describes a method of functional brain imaging that is
performed in the absence of an experimental paradigm,
DMN denotes a neurobiological network.

Recent evidence then suggested that the DMN shows
considerable overlap with regions involved in social,
affective and introspective processes (Northoff et al. 2006;
Schilbach et al. 2012). Several key areas of the DMN, such
as the medial prefrontal and the posterior inferior parietal
cortices are reliably activated by social cognition tasks,
such as theory of mind paradigms, perspective taking and
inter-personal inference (Amodio and Frith 2006; Bzdok
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et al. 2013a; Forbes and Grafman 2010; Mars et al. 2012a).
Saxe and Kanwisher (2003), for example, found the
temporo-parietal junction to be involved in theory of mind
tasks. Bzdok and colleagues ( 2012b) found several default
mode regions to be involved in theory of mind, moral
cognition and empathy. Moreover, Amodio and Frith
(2006) highlighted the role of the medial prefrontal cortex
in social cognition and self-other referencing. Psychologi-
cally, such convergence would indicate that people, when
allowed to let their mind wander in the absence of specific
tasks, show a strong disposition to engage in thoughts
about themselves and their fellow men (Schilbach et al.
2008). Likewise, the DMN has also been associated with
emotional processing (Laird et al. 2009). A meta-analysis
by Sergerie et al. (2008) revealed activation of amygdala
(which sometimes is discussed as default mode region)
during emotional processing, especially when face stimuli
are presented (See also Baas et al. (2004)). Rainville et al.
(1997) further found the anterior cingulate cortex to be
involved in pain affect. In spite of this evidence, it must be
noted, that several default mode areas have also been
implicated in tasks other than social cognition or emotional
processing. For example, the right temporo-parietal junc-
tion is, apart from social cognition, consistently associated
with attentional processes (Corbetta and Shulman 2002)
and its left homologue with language processes (Binder
et al. 2009). Moreover, some other DMN regions are fre-
quently associated with memory processes (Spreng et al.
2009) or delay discounting tasks (Hoffman et al. 2008).
Taken together, literature indicates that a lot of default
mode regions are routinely involved in social cognition and
affective processing (Adams et al. 2010; Mars et al. 2012a;
Saxe and Kanwisher 2003). However, the default mode has
also been associated with several other mental functions.
This can be understood as social cognition and affect
related mental activities playing a central role within spe-
cific parts of the DMN (but not within the DMN as a
whole).

This view has previously been put forward by Schilbach
and colleagues (2012). They took three different meta-
analytic approaches to delineate regions that are (1) part of
the DMN and regions consistently involved in social cog-
nition, (2) part of the DMN and associated with affective
processing, (3) part of the DMN and involved in EMO and
SOC. Aside from underlining the commonalities between
the DMN and social-affective processing, this analysis
highlighted the insufficiencies of a purely “task-negative”
view on the DMN. In particular, while the DMN has tra-
ditionally been conceptualized as “task-negative” network,
this recent meta-analysis showed that at least parts of this
“task-negative” network are reliably engaged by social-
affective processing. Based on this evidence, we here
performed a conjunction analysis of the DMN and those
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regions that are consistently recruited by either social or
affective tasks. This conjunction of regions involved in
unconstrained (DMN) as well as in either social or affec-
tive processing, yielded a consistent set of seven brain
regions: the amygdala, anterior cingulate cortex, precu-
neus, dorsomedial prefrontal cortex, subgenual cingulate
cortex and bilateral temporo-parietal junction (Fig. 1). Put
differently, based on a large-scale meta-analysis involving
many hundreds of neuroimaging experiments, it could be
shown that several brain regions are both part of the default
mode as well as being consistently associated with social
cognition and emotional processes. In this context, it may
be noted, that it is tempting to assign all of the DMN these
functions. Still, we here opted for a more cautious
approach. Hence, rather than associating “the DMN” with
socio-affective processing, we specifically use this notion
for those aforementioned regions where this association
could be quantitatively shown. We therefore conceptualize
the aforementioned brain regions as a social-affective
default (SAD). That is, the SAD should reflect a (not purely
“task-negative”) component within the whole DMN. Even
more so, it could be conceptualized as specialized sub-
network strongly related to for social cognition and affec-
tive processing.

The DMN attracted a lot of attention due to the fact that
aberrations in this network were observed in a number of
psychiatric disorders such as schizophrenia, autism and
Alzheimer’s disease (Buckner et al. 2008; Greicius et al.
2004; Menon 2011). Orosz et al. (2012) moreover linked
parts of the DMN, in particular the posterior inferior
parietal lobe, the posterior cingulate cortex as well as
amygdala and anterior cingulate to the pathophysiology of
major depression (Hamani et al. 2011). Intriguingly, most
of these disorders are related to disturbed social and
affective processing. This fits the observation that aberra-
tions are mostly found in default mode regions that are
strongly associated with social and affective processing
and points to a potential importance of the SAD subsystem
in the context of mental illnesses. In turn, understanding
the characteristics of this network and the functions of its
individual components should thus provide importance to
the pathophysiology of common mental disorders.

In spite of the relatively large body of work devoted to
the brain’s “default mode”, the concept of the here pro-
posed SAD network has surprisingly few precedents. The
SAD can be conceptualized as network of brain regions
that are part of the DMN and also consistently activated by
socio-affective tasks. Given that somewhat hybrid nature of
the SAD [as it de-activates in most cognitive tasks (“task-
negative”) but is activated by social and affective pro-
cesses (“task-positive”)], it remains elusive whether the
SAD regions are robustly connected to each other in both
task-based functional connectivity and resting state.

Moreover, it may well be argued, that its components as
outlined above may entertain robust connectivity with
regions not (traditionally) associated with the DMN.
Therefore, the aim of our study was to define an “exten-
ded” social-affective default (eSAD). This eSAD would
then reflect a network of brain regions that are (1) part of
the default mode and additionally involved in either social
cognition or affective processing or (2) strongly and con-
sistently connected to these. In other words, we wanted to
identify an extended SAD network comprising regions of
the DMN that are likewise associated with socio-affective
processing (SAD) as well as those regions that are inti-
mately coupled with these. Moreover, the functional roles
and specialization, beyond the expected but broad category
of socio-affective processing are yet to be characterized.
Finally, a key question is how connectivity and function of
the different regions in the eSAD relate to each other. That
is, are there subgroups of eSAD regions that are closer to
each other, e.g., in terms of their sustained functions? The
aim of the present study was thus to test whether SAD
regions show consistent connectivity to each other or to other
brain regions outside the SAD, and hereby provide a robust
definition of the eSAD. Moreover, we wanted to functionally
characterize the ensuing regions and to cluster them based on
similarities in connectional and functional patterns.

To this end, we performed task-dependent and task-
independent functional connectivity analyses from seed
regions that are part of the default mode while also being
involved in either social or affective processing (quantitative
definition of SAD regions). In particular, we performed
MACM analysis and resting-state functional connectivity
analysis for each of the SAD regions. Computing the con-
junction across both approaches then allowed to define the
consensus functional connectivity maps for each seed. The
eSAD was then identified by testing for regions showing
overlap between these consensus functional connectivity
maps across seed regions, i.e., regions that showed robust
connectivity with multiple SAD regions. To identify the
eSAD, we only considered regions, in which at least two of
these consensus functional connectivity maps overlapped.
Resulting regions were then characterized by quantitative
behavioral inference using the BrainMap database. Finally,
similarities between the eSAD regions’ connections and
functions were investigated by hierarchical and non-hierar-
chical cluster analyses as well as multidimensional scaling.

Materials and methods
Meta-analytic connectivity modeling

Functional connectivity (FC) of regions of interest during
task performance was delineated by meta-analytical
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connectivity modeling (MACM) (Laird et al. 2009). The
idea behind this approach is that FC reflects the correlation
of activity in spatially distinct brain regions. That is,
regions that are functionally connected with particular seed
regions should coactivate above chance with those in
neuroimaging studies. For mapping task-based coactivation
of our seed regions, we used the neuroimaging findings
stored in the BrainMap database (Laird et al. 2011). At the
moment, it contains the published coordinates from almost
2,500 functional neuroimaging papers and covers about
25 % of the entire literature. Compared to other databases,
BrainMap offers the highest number of available papers
and the most extensive metadata associated with these (see
Derrfuss and Mar 2009). For more than 15 years, studies
have been added to from all different fields of neuroim-
aging by people interested in all kinds of processes.
Moreover, there are no specific inclusion criteria beyond
the reporting of activation coordinates in a standard ste-
reotaxic space. Therefore, this database provides the cur-
rently most comprehensive and broad coverage of the
neuroimaging literature.

In the present work, we only considered normal
mapping experiments (no between-group comparisons,
no interventions) of healthy subjects, whereas those on
psychiatric or neurological disorders were excluded. This
resulted in ~ 7,500 eligible experiments. Using this pool
of neuroimaging results, MACM can then be used to test
for statistical relationships between activation probabili-
ties of different areas. Importantly, this inference is
performed independently of the paradigms used or other
experimental factors but is solely based on the likelihood
of observing activation in a target region given that
activation is present within the seed area. This com-
pletely data-driven approach thus avoids selection biases
that may result from adhering to current cognitive
ontologies, which might not always overlap with the
organizational modes of brain function. In practice, the
first step of the MACM analysis was to identify those
experiments, which activate each particular seed. That is,
we searched for experiments in BrainMap that show
activation within each particular seed region of interest.
We provide the workspaces in the supplemental material,
which allows to identify those experiments and to repli-
cate our study (see supplementary online material). This
approach resulted in a heterogeneous number of experi-
ments for the different seeds, which potentially would
have biased the analysis towards those that featured a
high number of associated experiments. Consequently,
we normalized the seeds by identifying experiments in
BrainMap that show activation in voxel that surround the
seed voxels. In particular, we successively added neigh-
boring voxel to the seed-volumes until all seeds were
activated by the same number of BrainMap experiments.
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In particular, we targeted for 164 experiments, which was
the highest number observed for any individual seed. Put
differently, all other seeds were normalized to this
highest number to provide experiment pools of identical
size and hence an unbiased analysis. After normalizing
the seed regions, the initial step of the actual MACM
analysis was to identify all those experiments in Brain-
Map database that were associated with the respective
seed (which always yielded a set of 164 experiments
given the normalization procedure). No additional con-
straints were applied, i.e., we filtered experiments only
based on the location of the reported maxima, not on the
investigated topic, their experimental design, analysis
approach etc. The reason for this completely data-driven
approach is, that any additional filter would represent a
strong a priori hypothesis on how the eSAD network is
organized that would bias the subsequent analysis. Sub-
sequently, a quantitative meta-analysis was employed to
test for convergence across all foci reported in these
experiments. Given that experiments were identified by
activation in the seed, highest convergence will evidently
be found in this region itself. Significant convergence
outside of it, in turn, then indicates consistent coactiva-
tion and hence task-based functional connectivity.
Meta-analysis was performed using the revised version
(Eickhoff et al. 2009, 2012) of the ALE approach. The key
idea behind ALE is to treat all foci in those experiments
that activate the seed not as single points, but as centers for
3D Gaussian probability distributions that reflect the spatial
uncertainty associated with neuroimaging results. For each
experiment, the probability distributions are then combined
into a modeled activation (MA) map using the recently
proposed approach that prevents undue summation
between foci (Turkeltaub et al. 2012). ALE scores were
then calculated by taking the voxel-wise union of these
individual MA maps. The aim of the next step was to
identify those voxels where the convergence across
experiments (the ALE score) was higher than expected
under a null distribution of spatial independence, i.e., to
distinguish “true” convergence between experiments from
random overlap (i.e., noise). For statistical inference, ALE
results were thus assessed against a null distribution of
random spatial association between experiments, which
was done by a recently proposed analytical method
(Eickhoff et al. 2012). This method consists of nonlinear
integration of histograms to derive the null distribution of
ALE values under spatial independence. p values were then
calculated for each ALE score reflecting the probability of
observing ALE scores with a more extreme value under
this null distribution. Finally, the ALE map reflecting the
coactivation of each seed was thresholded at p < 0.05
(cluster-level FWE corrected for multiple comparisons;
cluster-forming threshold p < 0.001 at voxel-level).
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Resting-state connectivity

Resting-state fMRI images of 153 healthy volunteers
(mean age 41.1 = 18.0 years; 92 males) from the NKI/
Rockland sample were obtained through the 1,000 func-
tional connectomes project (http://www.nitrc.org/projects/
fcon_1000/). The retrospective analysis of these (anony-
mized) datasets was approved by the local ethics commit-
tee of Heinrich-Heine University in Diisseldorf. During the
resting-state scans, subjects were instructed to keep their
eyes closed and to think about nothing in particular but not
to fall asleep. For each subject, 260 resting-state EPI
images were acquired on a Siemens TimTrio 3T scanner
using blood-oxygen-level-dependent (BOLD) contrast
[gradient-echo EPI pulse sequence, TR =2.5s, TE =
30 ms, flip angle = 80° voxel size = 3.0 x 3.0 x
3.0 mm, 38 axial slices (3.0 mm thickness) covering the
entire brain]. The first four scans were excluded from
further processing analysis using SPMS8 to allow for mag-
net saturation. The remaining EPI images were first cor-
rected for movement artifacts by affine registration using a
two-pass procedure in which the images were first aligned
to the initial volume and subsequently to the mean after the
first pass. Then, images were spatially normalized to the
MNI single subject template using the unified segmentation
approach (Ashburner and Friston 2005). The ensuing
deformation was applied to the individual EPI volumes. To
improve signal-to-noise ratio and for compensating resid-
ual anatomical variations, the normalized images were
smoothed by a 5 mm FWHM Gaussian kernel. To reduce
spurious correlations, variance that could be explained by
the following nuisance variables was removed from each
voxel’s time series (Reetz et al. 2012; Satterthwaite et al.
2013; zu Eulenburg et al. 2012): (1) The six motion
parameters derived from the image realignment, (2) the
first derivative of the realignment parameters, and (3) mean
gray matter, white matter and CSF signal per time point as
obtained by averaging across voxels attributed to the
respective tissue class in the SPM8 segmentation. Data
were then filtered preserving frequencies between 0.01 and
0.08 Hz, noting that meaningful resting-state correlations
will predominantly be found in these frequencies given that
the hemodynamic response function acts as a band-pass
filter on the observable neuronal activation changes.

For the analysis of resting-state connectivity, we used
the same (normalized) seed regions as for the MACM
analysis. The key idea behind resting-state functional
connectivity analysis is to extract the fMRI time series
from each seed (represented by the first eigenvariate of
the individual voxels’ time series) and comparing it to
time courses of all other gray matter voxel in brain by
computing linear correlation coefficients (Jakobs et al.

2012; Sommer et al. 2012). These voxel-wise correlation
coefficients were then transformed into Fisher’s Z scores
and tested for consistency across subjects using the
standard SPM 8 implementations (random-effects
ANOVA including non-sphericity correction accommo-
dating the resting-state connectivity maps for the differ-
ent seeds are correlated measures per subject ,allowing
for unequal variance across subjects and seeds). Results
were then thresholded using the same significance criteria
as for the MACM analysis (p < 0.05 cluster-level FWE
corrected for multiple comparisons, cluster-forming
threshold p < 0.001).

Identification of the extended SAD

The aim of our study was to establish a robust definition of
the extended social-affective default (eSAD). That is, we
wanted to identify those brain regions that are part of the
default mode but at the same time also involved in social or
affective processing as well as those that are strongly
connected to multiple of these regions. We therefore sought
to identify areas showing robust task-dependent as well as
task-independent functional connectivity with more than
one of the meta-analytically defined seed regions. To this
end, we first performed a conjunction analysis of the task-
dependent (MACM) and task-independent (resting state)
whole-brain functional connectivity maps for each seed
individually by computing their intersection after family-
wise error (FEW) corrected thresholding. This process
resulted in one consensus functional connectivity map for
each seed, reflecting areas consistently interacting with that
seed across brain states. This, in turn, allowed identifying
the “extended” SAD (eSAD) as those regions that are
significantly connected with multiple of the seed regions,
i.e., those regions in which the consensus (task-based and
task-independent) functional connectivity maps of more
than one seeds-regions overlapped. In this it must be noted,
that the consensus connectivity maps themselves were
derived by a statistical conjunction of the resting-state and
MACM connectivity maps of a particular seed. That is,
each location in the consensus functional connectivity map
showed statistically significant resting-state and MACM
connectivity to that seed. In turn, regions of the eSAD,
which are defined by significant overlap between two or
more consensus connectivity maps, thus needed to show
statistically significant resting-state and MACM connec-
tivity with more than one of the seeds, i.e., show up as
significant in at least four different connectivity analyses
(resting state and MACM for at least two seeds). An
additional extended threshold of k > 50 voxel was then
applied to remove smaller areas of presumably spurious
overlap.
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Connectivity of the eSAD regions

The task-dependent (MACM) and task-independent (rest-
ing-state) whole-brain functional connectivity of each of
the identified eSAD regions was computed using the same
data and approach as described for the original seed (from
the Schilbach et al. 2012 meta-analysis). That is, for each
of the eSAD regions delineated in the above analysis, we
computed the significant coactivation pattern using the
BrainMap database as well as the significant resting-state
correlations in 152 subjects. Again, all analyses were
thresholded at p < 0.05 (cluster-level FWE corrected for
multiple ~ comparisons,  cluster-forming  threshold
p < 0.001). In this context, it should be noted, that we
sought statistical inference on these connectivity maps to
display those regions showing significant functional con-
nectivity with the eSAD regions. For the later cluster
analysis (cf. below), however, the features were given by
the un-thresholded functional connectivity maps repre-
senting the voxel-wise strength of the coactivation and
resting-state correlations with each particular eSAD seed,
respectively.

Functional characterization

The functional characterization of the identified eSAD
regions was based on the BrainMap database that describes
the classes of mental processes isolated by the archived
experiments’ statistical contrasts. The behavioral domains
comprise the main categories cognition, action, perception,
emotion, and introception, as well as their related sub-
categories and denote the mental processes isolated by the
respective contrast. In turn, paradigm classes categorize the
specific task employed, e.g., “theory of mind” or “paired
associate recall” (see http://brainmap.org/scribe/ for the
complete BrainMap taxonomy). As a first step, we thus
filtered the BrainMap database for those experiments that
featured at least one focus of activation within the current
region of interest (each region of the eSAD as defined
above). We then analyzed the behavioral domain and
paradigm class metadata of the retrieved BrainMap
experiments, i.e., those that activated the current seed
region, to determine the frequency of domain ‘hits’ relative
to its likelihood across the entire database. The functional
role of the eSAD areas was thus identified by significant
overrepresentation of behavioral domains and paradigm
classes (Cieslik et al. 2012). More precisely, for quantita-
tive functional inference, we tested whether the conditional
probability of activation given a particular label [P(Acti-
vationlTask)] was significantly higher than the a priori
probability of activation [P(Activation)] as assessed by a
binomial test (p < 0.05, FDR-corrected for multiple
comparisons).
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Clustering of ROIs

The last goal of the present study was to delineate the
similarities and differences between the delineated eSAD
regions’ with respect to their connectional and functional
profiles. That is, we investigated, whether we could iden-
tify subgroups or cliques within the above-defined eSAD
network, which are formed by regions with similar con-
nectivity patterns or functions. This question was addressed
by different cluster-analytical approaches, which were
applied to three sets of raw data (all un-thresholded to
reflect the full information): (1) the functional profiles (2)
the whole-brain coactivation maps or (3) the whole-brain
resting-state functional connectivity maps. In this context,
“clustering” or “cluster-analysis” is the task of assigning
objects (the eSAD regions) into groups or “clusters” so
that objects within a cluster show similar features, while
features of objects in different clusters are more distinct to
each other. In other words, we grouped the identified eSAD
regions in such manner, that regions in the same group or
cluster were as similar as possible with respect to their
function or connectivity, whereas the function or connec-
tivity was maximally different between the groups or
clusters. Clustering the eSAD was performed based on
three heterogeneous algorithms. First, K-means clustering,
which is a non-hierarchical clustering method that uses an
iterative algorithm to separate the seed region into a pre-
viously selected number of K non-overlapping clusters
(Forgy 1965; Hartigan and Wong 1979). K-means aims at
minimizing the variance within clusters and maximizing
the variance between clusters by first computing the cen-
troid of each cluster and subsequently reassigning voxels to
the clusters such that their difference from the centroid is
minimal. Second, hierarchical clustering is an approach in
which clusters are formed by first linking the seeds that
were more similar to each other and then performing a
complete linkage of the clusters (Eickhoff et al. 2011).
Third, we used multidimensional scaling, an approach that
allows to visualize the regions’ similarities in a 2D room
with dissimilar regions being farther from each other than
similar ones. This was done using Sammon’s nonlinear
mapping as the goodness-of-fit criterion. We used all three
types of cluster analyses given of the fact that they all have
different characteristics (hierarchical clustering is a local
approach, whereas K-means is more global and multidi-
mensional scaling is particularly useful to represent the
overall relational pattern). This allowed us to compare
these different approaches with different advantages and
identify convergent evidence. Taken together, the afore-
mentioned cluster analyses allowed us to identify sub-
groups or cliques of brain regions within the eSAD, which
share similarities in function, MACM coactivation and
resting-state connectivity.
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Results
Normalized regions

The initial seed regions were provided by the work of
Schilbach et al. (2012) as those, which deactivate during
most (but not all) goal-directed cognitive tasks and which
are additionally involved in either social cognition or
emotion. These regions were: left amygdala (center of
gravity —22/—6/—24, in MNI space), anterior cingulate
cortex (0/38/10), precuneus (—2/—52/26), dorsomedial
prefrontal cortex (—2/52/14), subgenual cingulate cortex
(—2/32/—8) and the bilateral temporo-parietal junction (left
—46/—64/18; right 50/—60/18). They were then normal-
ized to feature 164 activations in BrainMap by iteratively
expanding regions containing less than that number of foci.
The normalized seed regions entering the MACM and
resting-state functional connectivity analyses are displayed
in Fig. 1.

Resting state and MACM

To establish a functional connectivity map for each seed
that is robustly present across task-dependent and task-free
states, we first performed MACM and resting-state func-
tional connectivity analysis for each seed and subsequently
computed the conjunction across these. This procedure
resulted in one consensus functional connectivity map for
each seed region as exemplified for dorsomedial prefrontal
cortex in Fig. 2. The consensus functional connectivity
maps of all seeds are provided in Fig. 3.

Regions forming the eSAD

In total, we identified twelve distinct brain regions in which
the consensus (task-based and task-independent) functional

Posterior
cingulate
cortex/

Precuneus [RifS

Fig. 1 Seed regions. This figure illustrates the seeds derived meta-
analytically by Schilbach et al. (2012) as being part of the DMN and
additionally are involved in either social cognition or emotion. Seeds

Anterior |
cortex

connectivity maps of multiple seeds-regions overlapped.
More precisely, in all but one of these twelve regions (the
exception being the aMTS/aMTG), we found an overlap of
at least three consensus functional connectivity maps. The
identified regions are thus considered to form the “exten-
ded” social-affective default (eSAD). The respective
regions were located in the anterior cingulate cortex (ACC,
center of gravity 0/38/10), subgenual cingulate cortex
(SGC, —2/32/-8), precuneus/posterior cingulate cortex
(PCC/PtC, —2/—52/26), dorsomedial prefrontal cortex
(dmPFC, —2/52/14), bilateral temporo-parietal junction
(TPJ, 50/—60/18 and —46/—66/18), bilateral ventral basal
ganglia (VBG, —6/10/—8 and 6/10/—8), left anterior middle
temporal sulcus/gyrus (aMTS/aMTG, —54/—10/—20),
bilateral amygdala/hippocampus (Amy/Hippo, 24/—8/—22
and —24/—10/—20) and ventromedial prefrontal cortex
(vmPFC; —2/50/—10). The location of these regions is
illustrated in Fig. 4a, while Fig. 4b illustrates, which of the
consensus functional connectivity maps of our seven
(normalized) seed regions, i.e., the meta-analytically
defined regions, contained the respective eSAD regions.

Functional characterization of the eSAD regions

We characterized the functions associated with each of the
eSAD regions outlined above by testing for significantly
over-represented behavioral domain and paradigm classes
among those experiments in BrainMap that activate the
respective region. We found that the ACC was significantly
associated with emotional processes, cognition, reward as
well as introception (gustation, sexuality). The SGC was
associated with the same behavioral domains and paradigm
classes as the ACC apart from a missing association with
sexual introception studies. Testing those experiments that
activated the ventral basal ganglia revealed the behavioral

cingulate 88
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Subgenual ght

o
cingulate

cortex

have been normalized using BrainMap database. They are displayed
on coronal, sagittal and axial sections of the MNI single subject
template
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(d) Consensus functional connectivity
map

domains on emotion, cognition and introception as well as
an association with reward delay discounting tasks. The
key difference between right and left ventral basal ganglia
was that this region was stronger associated with sexuality
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«Fig. 2 Workflow from normalized region to consensus functional

connectivity map of seeds. a Exemplary seed region in the
dorsomedial prefrontal cortex. b For MACM analysis, we first
identified all experiments in BrainMap database that reported
activation within the seed and then tested for convergence across
all foci reported in these experiments using the revised ALE
approach. Brain regions that show consistent MACM coactivation
with the dorsomedial prefrontal seed comprise precuneus, posterior
cingulate cortex, amygdala/hippocampus, left temporo-parietal junc-
tion, anterior cingulate cortex, left ventral basal ganglia and
ventromedial prefrontal cortex. ¢ Significant resting-state functional
connectivity with the dorsomedial prefrontal cortex was found
extensively within the medial frontal lobe (including ventromedial
prefrontal cortex, anterior cingulate cortex, subgenual cingulate
cortex), as well as with the precuneus, posterior cingulum, thalamus,
cerebellum, temporal pole and amygdala/hippocampus. d The con-
junction analysis of the task-dependent (MACM) and task-indepen-
dent (resting-state) functional connectivity analyses resulted in a
consensus functional connectivity map comprising the anterior
cingulate cortex, subgenual cingulate cortex, precuneus, ventral basal
ganglia left, amygdala/hippocampus right, ventromedial prefrontal
cortex and left temporo-parietal junction

on the right and with gustation on the left hemisphere. The
vmPFC was activated by experiments dealing with emotion
(especially fear), cognition, reward and imagination. Both
the PCC/PrC and the dmPFC were preferentially activated
by studies probing social cognition, emotion, memory and
theory of mind (TOM). The dmPFC was moreover asso-
ciated with subjective emotional picture discrimination
tasks and cognition, whereas PCC/PrC was associated
with language processing. Left and right TPJ were acti-
vated by experiments on social cognition and TOM. In
addition, the left TPJ was associated with language, the
right with imagination and observation of objects and
scenes as well as olfaction. The aMTS/aMTG showed a
diverse functional profile comprising language, explicit
memory, motor learning, reading, drawing, listening and
TOM. Finally, the ROIs in the amygdala/hippocampus
region were activated above chance by studies on emo-
tional processes, explicit memory and face discrimination.
In addition, the right side was associated with olfaction,
reward and cognition.

MACM and resting-state functional connectivity
of eSAD regions

To characterize the regions of the eSAD in more detail,
we additionally performed MACM- and resting-state
functional connectivity analyses of each area separately.
Figure 5 illustrates the results (p < 0.05, cluster-level
FWE corrected for multiple comparisons) of these task-
dependent and task-independent functional connectivity
analyses as well as a graphical representation of the
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c)Posterioclngulae cortex /Precuneus

Fig. 3 Consensus functional connectivity maps. This figure illus-
trates the conjunction of MACM and resting state connectivity maps.
a Consensus map of anterior cingulate cortex, comprises dorsomedial
prefrontal cortex, gyrus cinguli, ventral basal ganglia, ventromedial
prefrontal cortex, precuneus, subgenual cingulate cortex. b Consensus
map of amygdale, comprises contralateral amygdala/hippocampus,
precuneus, right ventral basal ganglia, ventromedial prefrontal cortex,
subgenual cingulate cortex. ¢ Consensus map of posterior cingulate
cortex/precuneus, comprises posterior cingulate cortex, amygdala/
hippocampus, anterior cingulate cortex, subgenual cingulate cortex,

orr!prr
| A |

'*’39"

Fig. 4 Constituent nodes of the eSAD. a The 12 eSAD regions
resulting from an overlap of multiple consensus maps are displayed
on the MNI single subject template. b Summary of the definition of

functional decoding using the BrainMap database (sum-
marized in the last paragraph) for three exemplary eSAD
regions, the left amygdala/hippocampus region, the

f)Temporo-parietal junctionright

dorsomedial prefrontal cortex, ventromedial prefrontal cortex, ante-
rior middle temporal sulcus, temporo-parietal junction. d Consensus
map of subgenual cingulate cortex, comprises precuneus, amygdala/
hippocampus, anterior cingulate cortex, ventromedial prefrontal
cortex, ventral basal ganglia. e Consensus map of left temporo-
parietal junction, comprises dorsomedial prefrontal cortex, precuneus,
occipital lobe, right temporo-parietal junction, anterior middle
temporal sulcus. f Consensus map of right temporo-parietal junction,
comprises left temporo-parietal junction and precuneus

(b) El, |s8| 284 8|5= |22
58 |5 _|23|88g238|82 |8®
52 25 |EE (82582 |86 |65
E5 |72 |85 |BEQ858 |58 |58
<3 52 £35S |8E |8 2
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& a G S |2 2
ACC X X X X
Amy/Hippo left X X X X
dmPFC X X X X X
PCC/PrC X X X X X
SGC X X X
TPJ left X X X X
TPJ right X X X
Amy/Hippo X X X X
right
vmPFC X X X X X
aMTS/ aMTG X X
vBG right X X
vBG left X X

the eSAD regions (rows) from overlap in the consensus functional
connectivity maps of the seed regions from Schilbach et al. 2012
(columns)

dorsomedial prefrontal cortex and the left ventral basal
ganglia. The full details on all twelve regions are pre-
sented in the supplementary material.
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(a) dmPFC

Fig. 5 a—c Functional characterization, MACM and resting state
analysis of the eSAD regions. The panel on left column presents
results of MACM analysis on surface and orthogonal sections of the
MNI template. The one in the middle column illustrates results of

Clustering of the eSAD regions

Three clusters were highly consistently revealed across the
different clustering algorithms (K-means, HC and MDS)
and aspects (resting state, MACM and function) (see Fig.
6). Most conspicuously, the two amygdala/hippocampus
regions were always clustered together as were the two
(left/right) regions in the ventral basal ganglia and the two
TPJ regions (again left/right). The last cluster moreover
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resting state analysis. The panel on right side illustrates the functional
decoding of the regions. The behavioral domains are shown on fop,
whereas paradigm classes are provided below

routinely also contained the left aMTS/aMTG. Among
these three cluster, it is interesting to note, that in particular
the cluster formed by the bilateral amygdala/hippocampus
was rather isolated, i.e., showed connections and functions
that were dissimilar to those of the other eSAD regions,
while the same is, to a lesser extent, true for the cluster
formed by the bilateral TPJ and the aMTS/aMTG, which is
only related to one other region, namely the PCC/PrC, in
terms of function and coactivations. The latter region, i.e.,
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the PCC/PrC moreover features consistently strong simi-
larities in function and connectivity to the dmPFC. The
remaining medial regions on the frontal lobe, i.e., the
vmPFC, the ACC and SGC formed a more heterogeneous
cluster in which the similarity between elements were
rather strongly dependent on the assessed feature (function,
coactivation profiles or resting-state functional connectiv-
ity profiles). Among these, the vmPFC usually had the
closest association with the dmPFC, whereas the ACC was
most similar to the ventral basal ganglia. The latter finally,
showed a rather isolated resting-state functional connec-
tivity profile.

Discussion
Methodical considerations

To robustly establish the extended variant of the SAD, we
performed individual task-dependent (MACM) and task-
independent (resting state) analyses for each seed region
derived from a neuroimaging meta-analysis on the DMN by
Schilbach et al. (2012). The authors performed three dif-
ferent conjunction analyses to identify brain regions that are
(1) part of the default mode (DMN) and involved in social
cognition (SOC), (2) part of the DMN and involved in
emotional processes (EMO), (3) part of the DMN and
involved in EMO and SOC. The conjunction analyses across
the meta-analytic results related to DMN and SOC or DMN
and EMO, i.e., regions involved in unconstrained (DMN) as
well as in either social or affective processing, yielded the
preliminary seeds. These were fed into analyses identifying
the “extended” social-affective default in human brain as
those regions that were consistently connected to multiple of
these original meta-analytically derived seeds across brain
states, i.e., the presence (MACM) or absence (resting-state
functional connectivity) of a task.

These two complementary analyses revealed that the
functional connectivity of the seeds is not identical but
depends on the brain state at hand, i.e., more introspective,
unconstrained cognition on one hand and mind states induced
by a specific task set on the other (see Fig. 2). For the defi-
nition of the eSAD, we thus only considered brain regions that
were congruently connected to the seeds across both mental
states. In particular, performing both MACM and resting-
state analyses allowed for creating consensus maps of each
individual seed. The ensuing consensus maps illustrated the
overlap of task-dependent coactivation and task-independent
correlations of the seeds and hence those regions featuring
robust functional interactions with the respective seed inde-
pendently of the current state (Jakobs et al. 2012; Reetz et al.
2012). The set of regions that were identified in the consensus
functional connectivity map of multiple seeds, i.e., that

featured robust coupling independent of the current state with
more than one seeds, then constituted the here proposed
“extended social-affective default” (eSAD). It contains not
only the regions of the DMN that are at the same time also
consistently recruited by social-affective tasks (Bzdok et al.
2013c; Schilbach et al. 2012) but, moreover, also the brain
areas which show a robust functional connectivity with these
and may hence be considered part of the same network sys-
tem. Interestingly, several of these regions have so far not
been widely viewed to directly relate to the DMN. Never-
theless, they were shown here to feature strong and consistent
connectivity to social and affective default mode areas across
disparate brain states, i.e., task and rest, highlighting the
“hybrid” role of the SAD as a “default” and (social-affective)
task network.

Importantly, the combined use of MACM and resting-
state analyses should not only provide a focus on the state-
independent functional connectivity but also reduce the
influence of random noise and systematic confounds on the
computed connectivity maps. That is because potentially
disturbing factors should differ in both methods (which are
performed on independent datasets) and therefore their
effect should be eliminated or at least minimized by per-
forming two different types of analyses. The concurrent use
of MACM and resting state therefore is a feasible and
attractive approach for the establishment of a network
formation consistent across mental states as well as less
susceptible to potential noise and biases.

PCC/PrC and dmPFC

PCC/PrC and dmPFC feature a lot of similarities in con-
nectivity and function, which is reflected by consistent
allocation of these two regions into a common cluster. This
cluster showed connectivity to a particularly high quantity
of eSAD regions (see Fig. 4b), among these ACC and
vmPFC. Especially the latter region showed strong con-
nectivity to the dmPFC in resting-state analyses (see
Fig. 5) potentially mediated by dense axonal interconnec-
tions (Kringelbach and Rolls 2004). In terms of function,
this cluster was furthermore similar to the cluster formed
by bilateral TPJ and aMTS/aMTG as all of these regions
were associated with language processes. Behavioral
inference revealed that both PCC/PrC and dmPFC were
associated with social cognition, mindreading and memory
functions. In addition, the dmPFC was associated with
passive observation and viewing, whereas the PCC/PrC
was associated with semantic processing which could
explain the similarities in function and connectivity to the
cluster formed by TPJs and aMTS/aMTG.

As mentioned, the cluster formed by PCC/PrC and
dmPFC showed strong connectivity to many other eSAD
regions (see Fig. 4b), which points to them as an important
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Fig. 6 Clustering of eSAD regions. Illustration of the clustering
results based on disparate approaches: non-hierarchical K-means
clustering performed at different levels, hierarchical cluster analysis
(HC, correlation-distance and complete linkage criteria) as well as
multidimensional scaling for the projection of inter-regional

node of the (extended) social-affective default. This mat-
ches, using a different analytical approach, the conclusions
from Schilbach et al. (2012). They showed the PCC/PrC
and dmPFC to be the core regions of that part of the default
mode which is related to social, affective and introspective
processing. Indeed, there are also several studies indicating
the critical role of the PCC/PrC in the DMN (Buckner et al.
2008, 2009; Fransson and Marrelec 2008; Laird et al.
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differences in 2D space. Top row illustrates clustering referring to
function. Middle row shows clustering referring to similarities in
whole-brain coactivation. Bottom row illustrates clustering based on
resting state connectivity

2009). Because of its important functional role (Cavanna
and Trimble 2006; Schilbach et al. 2012) and its diverse
functional connectivity, this region is discussed as “core
node” (Andrews-Hanna et al. 2010b; Margulies et al. 2009)
within the DMN. In this context, it is noteworthy that, the
PCC/PrC is supposed to be involved in a wide spectrum of
highly integrated tasks (Cavanna and Trimble 2006) which
again supports the idea of PCC/PrC being central nodes
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within the DMN and potentially, as shown here, also the
eSAD network.

Our analyses revealed an involvement of the cluster
consisting of the PCC/PrC and dmPFC in social-cognitive
abilities by association with theory of mind tasks. There are
several hints in the neuroscience literature that support this
assumption. Mar (2011) found a network consisting of
mPFC, PCC/PrC and bilateral TPJ to be involved in theory
of mind. Such a mentalizing network might be important
for inferring other people’s thoughts as well as for empathy
(Schnell et al. 2011). This also fits with findings from Saxe
and Powell (2006) which implicated the PrC/PCC in
attributing mental states to other individuals. Moreover,
this cluster has been related to watching social interactions
(Iacoboni et al. 2004). This fits with our findings that
dmPFC is associated with passive observation. It seems
that engaging in observation of social scenes makes people
think about social relationships (Iacoboni et al. 2004).
Another behavioral domain associated with this cluster
seems to be moral cognition (Amodio and Frith 2006). The
authors link activation within mPFC to mentalizing and
moral judgments. Bzdok et al. (2012b) also related dmPFC
to moral judgments and moral cognition i.e., functions that
should rely on the aforementioned social-cognitive abilities
including mentalizing. Given the present and previous
involvement of PCC/PrC and dmPFC in theory of mind,
empathy and moral judgments, it seems that this cluster is
associated with other-related processing, i.e., thinking
about other people’s thoughts, feelings and intentions. Our
hypothesis is supported by Denny et al. (2012) who
emphasize the role of dmPFC and vmPFC in both self- and
other-related judgments with the dmPFC preferentially
being involved in making judgments about the external
world. Mitchell and colleagues (2006) further assume that
activation within the dmPFC is higher when people judge
about opinions they do not identify themselves with. In line
with our results, both dmPFC and PCC/PrC were fre-
quently linked to social-cognitive abilities involving other-
related processing.

In addition, our analyses also indicated the involvement
of this cluster in autobiographical memory, in line with a
recent quantitative meta-analysis (Spreng et al. 2009).
Schacter et al. (2007) consider parts of the DMN including
PCC/PrC to be related to memory functions as well as
thinking about the future (for further discussion see below).
The involvement of PCC/PrC and dmPFC in autobio-
graphical memory could indicate a possible role for this
cluster in self-related processing, noting that autobio-
graphical memory might be essential for self-reflection
(Johnson et al. 2002). This fits findings from Cavanna and
Trimble (2006) who stress the involvement of PCC/PrC in
a wide spectrum of tasks, among these self-processing and
self-awareness. All these aspects finally are supported by

Qin and Northoff (2011) which consider cortical midline
structures to be related to the self and, thus potentially, self-
awareness (Northoff et al. 2006). Moreover, Vogt and
Laureys (2005) link PCC/PrC and retrosplenial cortices to
self-reflection and consciousness awareness in general.
Finally, it has to be mentioned that self-referential mental
tasks seem to be associated with increases from baseline in
dmPFC (Gusnard et al. 2001a), which again supports the
involvement of this cluster in self-related processing.
Taken together, we conclude that PCC/PrC and dmPFC are
involved in both self- and other-related processing. In this
context, it is noteworthy that Timmermans et al. (2012)
suggested that social cognition and self-relevance rely on
the same brain mechanism which is activation in dmPFC
and PCC/PrC. Interestingly, with their hybrid neural net-
work approach, they hypothesize that learning about one-
self results from learning about the external world
including other person. The involvement of PCC/PrC and
dmPFC in both self- and other-related processing could
further indicate a possible role of this cluster in self-other
distinction which is supported by Lombardo et al. (2010)
who suppose a shared neuronal network (including PCC/
PrC) for both self-and other-mentalizing. In this context,
however, it must be acknowledged, that these functions
were likewise attributed to the bilateral TPJ in the previous
literature, i.e., those regions the most similar to the current
cluster among the other eSAD regions.

In conclusion, PCC/PrC and dmPFC thus seem to be
similarly involved in several shared functions, including
theory of mind and autobiographical memory. Previous and
present findings indicate that this cluster might therefore be
relevant for self-and other-related processing. There is
furthermore evidence that both are jointly important for
successful simulation of future events (Buckner and Carroll
2007; Iacoboni et al. 2004), based on the idea of shared
networks between episodic remembering and envisioning
the future. This is supported by Andrews-Hanna and col-
leagues (2010a) who point out an increased activity in
default mode areas during passive epochs, supposing that
people spent a majority of their time thinking about their
past and future (Bar 2007; Schilbach et al. 2008). Con-
sidering the aforementioned aspects, we thus assume that
PCC/PrC and dmPFC are associated with self-projection,
which combines autobiographical memory, imagining the
future and perspective taking (Buckner and Carroll 2007;
Spreng et al. 2009) and might be regions within the eSAD
relevant for successful (social) future behavior.

TPJ and aMTS/aMTG
Another subgroup is formed by bilateral TPJs and the

aMTS/aMTG which showed similarities in connectivity
and function. With respect to task-based functional
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connectivity (MACM), these three areas differed rather
markedly from other eSAD regions. While this cluster
showed few coactivation with frontal areas, bilateral TPJ
and aMTS/aMTG all featured pronounced coactivation
with areas of parietal and temporal lobes (cf. Fig. 3).
Whereas there is indirect evidence for anatomical con-
nection between the posterior IPL/TPJ and prefrontal cor-
tex in the literature (Caspers et al. 2011; Mars et al. 2012b),
these connections might be absent in non-human primates
including macaques (see review by Mars et al. 2012b). This
observation could indicate a growing importance of the
respective connections in the evolution from non-human to
human primates, although they were not picked up in our
functional connectivity analyses. In terms of function and
coactivation (MACM), the brain region featuring the most
similarities to this cluster is the PCC/PrC.

The functional decoding of the bilateral TPJ regions
characterized them as brain regions associated with social
cognition, especially theory of mind tasks such as mind-
reading, which matches the assumption that the TPJ is
more specifically involved in the representation of other
people’s mental states than in the visual appearance of
human bodies in general (Saxe and Kanwisher 2003). This
fits findings from Decety and Lamm (2007) pointing out
the relevance of inferior parietal lobule for theory of mind
and empathy. Moreover, several studies indicate that the
TPJ is functionally lateralized (Seghier and Price 2012).
This fits well with our finding of the left TPJ’s particular
involvement in language processes and semantic knowl-
edge retrieval. Our results thus resonate well with findings
from Binder et al. (2009) who suggest a left-lateralized
network involved in language processes and highlight the
role of left inferior parietal lobule. Considering the
involvement of left TPJ in both social cognition and lan-
guage processes, we would thus propose that this region
might be (among other processes) involved in communi-
cation. This idea is supported by Stephens et al. (2010) who
suggest TPJ to be involved in speaker—listener neural
coupling during communication. In contrast, the right TPJ
was (apart from involvement in social processes) here
additionally associated with imagination and action
observation and therefore seems to play a role for atten-
tional processes and perhaps even impression formation.
Mende-Siedlecki et al. (2012) underline the latter aspect by
stressing the involvement of this region in updating
impression in the context of evaluating behavior of other
individuals. In a non-social context, the importance of right
TPJ for attention and reorientation has likewise been
emphasized (Corbetta and Shulman 1998; Langner and
Eickhoff 2012; Mitchell 2008). Also, a recent connectivity-
based parcellation of the right TPJ demonstrated its distinct
involvement in both social and attentional classes of neural
processes (Bzdok et al. 2013b). We therefore conclude that
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the right TPJ is not exclusively related to theory of mind
and other types of social processing but is moreover
associated to attention. Taken together, bilateral TPJ is
associated with social-cognitive processes such as theory of
mind tasks, whereas the left TPJ is also involved in lan-
guage processing and the right TPJ in attention, suggesting
a hemispheric lateralization.

Several previous studies also pointed to a particular role
of TPJ in self-processing and self-other distinction. Blanke
and Arzy (2005), for example, analyzed TPJ activation
during out-of-body-experiences and came to the conclusion
that TPJ is an important node of self-processing and spatial
unity of self and body. Self-processing moreover includes
the identification of self-relevant information compared to
non-self-referential information. The findings of a meta-
analysis by Decety and Lamm (2007) in which they indi-
cated the right TPJ in self-processing and self-awareness as
well as self-other distinction highlights the role of this
brain region in the discrimination between self-relevant
and other-related information. This also fits with the find-
ings of Northoff et al. (2006) as well as Qin and Northoff
(2011). As mentioned above, the TPJ was shown to be
involved in theory of mind tasks. Such tasks e.g., attrib-
uting feeling, beliefs and thoughts to another person
probably requires self-reflection, comparing one’s own
mental states to those of another person as well as auto-
biographical memory (Dimaggio et al. 2008). This aspect
again supports the possible importance of this cluster for
self-referential processing.

The aMTS/aMTG is a rather distinct eSAD region
showing less connectivity to other brain regions of this
network (only precuneus and left TPJ, see Fig. 4b). This is
also reflected by the fact that only two consensus maps of
the original seeds overlapped in the aMTS/aMTG, whereas
at least three consensus maps overlapped in all other eSAD
regions. We nevertheless considered the aMTS/aMTG to
be part of the eSAD region as it still was a brain region that
showed overlap of multiple consensus maps. Although the
aMTS/aMTG might be considered rather distinct given its
connectivity and functional profile, it shares some simi-
larities to the cluster formed by TPJs, e.g., the involvement
of this area in language-related processes. This fits with
findings from Binder et al. (2009) who suppose a role for
middle temporal gyrus in semantic processes. Our analyses
further showed that aMTS/aMTG is associated to many
other functions. Apart from the involvement of this region
in theory of mind and semantics, it is noteworthy that
aMTS/aMTG is further associated with memory processing
and auditory perception. These findings could indicate the
role of this brain region in speech perception as well as
storing these pieces of information on language and speech
in memory, i.e., auditory memory and potentially the
ensuing semantic knowledge.
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Taken together, the cluster formed by TPJs and aMTS/
aMTG seems to be involved in several aspects of social
cognition (theory of mind, perspective taking) and social
interaction such as communication, the latter mainly based
on the associations of the left-hemispheric regions with
language processing. In other words, this cluster may be
associated with processing and, thus perhaps even,
exchanging social relevant information, pointing to a
potentially important role in communication for this eSAD
region. The right TPJ] moreover might be related to atten-
tion. We further assume a possible role for these brain
regions in self-related processing including self-awareness
and self-other distinction, albeit noting that the role for TPJ
in self-processing is still a matter of conjecture.

Amygdala/hippocampus

Bilateral amygdala and hippocampus form another cluster
with distinct connectivity and function. In fact, given the
observed (1) similarities in connectivity and (2) involve-
ment in emotion and memory processes (Fig. 5a, b), the
only other eSAD regions featuring similarity to this cluster
are PCC/PrC and dmPFC. The functional characterization
revealed that this cluster is involved in more basic emo-
tional processes such as fear but also sexual introception
and is further activated during explicit memory and the
face processing. The right side moreover is involved in
olfaction, perception of gustation, reward and cognition.
Some of the functions identified indicate that this group of
regions is important for the processing of biologically
relevant information from the environment (Sander et al.
2003; Sergerie et al. 2008). This matches the findings from
Bzdok and colleagues (2012a) who especially linked the
laterobasal nuclei group of human amygdala with higher
level input processing, whereas superficial nuclei were
more linked to social information processing. Moreover,
the association with affective processing may not be sur-
prising given the critical role for this region in emotional
processes (Baas et al. 2004). Sander et al. (2003) have
further stressed the role of amygdala in the general
appraisal of self-relevant environmental stimuli, including
positive and negative emotional stimuli. Our finding of the
amygdala’s association with emotion, including fear (cf.
Fig. 5b), thus matches the current view on the functions of
the amygdala and adjacent anterior hippocampus. It is
important to note that Adolphs et al. (1997) moreover
suppose an important role for this region in long-term
memory, particularly when the subject matter is highly
emotional (cf. Chase et al. 2011 for a clinical extension of
these findings to drug-cue reactivity). This resonates well
with memory-related processes identified in this region in
the current and former studies (cf. Fig. 5b as well as Ser-
gerie et al. (2008)). It must be pointed out, however, that

the amygdala might subserve memory functions, while
episodic memory processing were mainly being attributed
to its close interactions with the hippocampus (Burgess
et al. 2002). That is, there is evidence that the amygdala has
substantial influences on memory processing mediated by
the hippocampus (Adolphs et al. 1997). Consequently,
Phelps (2004) described amygdala and hippocampus as two
distinct memory systems which interact and influence each
other. That is, emotional processes have influence on epi-
sodic memory formation in the adjacent anterior hippo-
campus and hippocampal information in turn influence
processes in amygdala.

We would thus conclude that the cluster formed by
amygdala and anterior hippocampus seems to be impor-
tant in extracting affective information from the envi-
ronment and potentially subsequent memory formation.
Within the eSAD, it seems that the amygdala plays a
critical role for higher level input processing and filtering
of emotionally or behaviorally salient information. This
information in turn may interact with memory processes
mediated by hippocampus. Importantly, there should be a
close interaction between both processes, as emotional
processing seems to rely on hippocampal feedback to
amygdala (Phelps 2004), while salience signals from the
latter may influence storage of information in long-term
memory (Adolphs et al. 1997).

VmPFC, ACC, SGC and vBG

vmPFC, ACC, SGC and vBG are regions within the eSAD
which were not as tightly or consistently grouped into
distinct clusters as the ones discussed up to now. Rather,
these regions form a kind of aggregation in which the
similarity between them is much dependent on the assessed
feature of function or connectivity as well as on the clus-
tering approach. Behavioral inference revealed that all of
the regions within this loose subgroup, i.e., the ACC, SGC,
vmPFC as well as the vBG, were functionally associated
with emotional processes, reward and cognition. In addi-
tion, most of these regions were involved in sensory pro-
cesses. ACC and SGC were related to gustation. Bilateral
vBG in contrast were associated with sexual introception.
The vimPFC is the most distinct region in that ‘group’ with
a distinct relationship to fear processing.

Our finding that this ‘group’ is involved in reward
receives wide support from the literature. Paus (2001)
emphasized the role of ACC in translations to actions as
well as the involvement in reward. Moreover, there are
several studies implicating the role of ventral striatum in
reward-related processing (Schultz 2006). Schilbach et al.
(2010), for example, reported the activation of reward-
related areas, among these ventral striatum, during self-
initiated attention. Another study by Grabenhorst et al.
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(2010) suggests a relation between activation of this brain
region and the reward value/hedonic value of food. They
investigated that activity within ventral striatum directly
correlates with fattiness ratings of subjects consuming
food and indirectly with the pleasantness of it. The aspect
that ventral striatum is associated with reward processing
further is supported by Liu et al. (2007) who investigated
reward-seeking behavior during a monetary decision-
making task. Furthermore, there are several hints in
neuroscience literature that the vmPFC is another brain
region associated to reward (Schilbach et al. 2010). Xue
et al. (2009) support this assumption by claiming that
vmPFC plays an important role in making risky decisions
to win money. All the aforementioned studies could
indicate that the heterogeneous group formed by vBG,
ACC, SGC and vmPFC is associated with motivation
considering that reward is an important determinant
which influences and maintains motivation. The
assumption that ventral basal ganglia encode expected
reward value to modulate actions and therefore represent
motivation signals (Tachibana and Hikosaka 2012) fits
well to our hypothesis. Moreover, processes related to
motivation seem to recruit the ACC, another region
within this heterogeneous cluster (Pessoa 2009). We
therefore conclude that the regions within this somewhat
loose cluster may play an important role in reward and
motivation, behavioral domains, which together enable
goal-directed behavior. In this context, we would also
like to point to the relationship between motivation and,
rewardingly perceived, social interactions.

Apart from that, many studies indicate an important role
for several of the aforementioned brain regions for the
regulation of emotional processes. This fits well with our
findings implicating this “group” in both emotional and
cognitive processes. We would take this to indicate a
potential locus of cognitive modulation of affect, i.e., the
ability to control and re-appraise emotions and in particular
negative affect. This notion resonates well with the
assumption that in particular the ACC is involved in
emotional self-control and problem solving and therefore
enables intelligent behavior (Allman et al. 2001). Other
studies in turn implicate the role of SGC in the mainte-
nance of emotional homoeostasis, a process that may be
particularly disturbed in depression (Mayberg et al. 1999).
Drevets et al. (2008) further stress the role of SGC in the
regulation of mood and emotional behavior and further-
more assume a network involved in emotional regulation
including other brain regions such as amygdala. Keller-
mann et al. (2013), finally, underline this hypothesis by
emphasizing the functional coupling of SGC with the
orbitofrontal cortex and the amygdala as two brain regions
in which affective processing is attenuated by concurrent
cognitive demand.

@ Springer

In summary, the “group” formed by vmPFC, SGC,
ACC and vBG potentially represents brain regions within
the eSAD that are involved in functions at the interface
between affective and executive processes such as reward,
motivation as well as cognitive modulation of affect,
behavioral domains which together might be relevant for
successful emotional behavior.

Summary and conclusions

The aim of the current study was to establish a robust
definition of the SAD mode and to identify brain areas that
are strongly connected to the seeds described by Schilbach
et al. (2012) in task-dependent and task-independent brain
states. We then characterized the connectivity of these
regions and performed quantitative functional decoding
using the BrainMap database. Moreover, we wanted to
investigate the presence of subgroups of regions within the
eSAD which feature similarities in connectivity and
function.

Cluster analysis and behavioral inference allowed us to
demonstrate subgroups among the eSAD regions that share
stronger similarities in connectivity and function. Among
these, PCC/PrC and dmPFC seem to play a critical role in
social cognition and more generally self-and other-related
processing as well as self-projection. A cluster formed by
bilateral TPJs and aMTS/aMTG is involved in social-
cognitive abilities such as mentalizing, and may play a role
in self-awareness and self-other distinction. Moreover, the
additional association of this cluster with language pro-
cessing may provide a link between social cognition and
possibly communication. These aspects confirm the
importance of the two clusters within the social aspects of
the eSAD. Bilateral amygdala and anterior hippocampus as
a further cluster should relate to the extraction of biologi-
cally relevant information from the environment and the
bidirectional relationship between affective processing and
episodic memory. The remaining regions, vmPFC, ACC,
SGC and vBG, finally formed a heterogeneous “group”
involved in several functions at the interface between
affective and executive processes such as reward, motiva-
tion as well as cognitive modulation of affect. These
two latter clusters might form the more affective part of the
eSAD. According to the concept of social-affective pro-
cessing as a “physiological” baseline (Schilbach et al.
2008), we would argue that the eSAD may provide the link
between the traditional (but frequently questioned) “task-
negative” role of the DMN and its consistent activation
during several social-affective tasks. In summary, we
would thus conclude that the delineated eSAD may be
conceptualized as a closely coupled set of regions that form
a social-affective network related to self- and other-related
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mental processes that people maintain during uncon-
strained cognition. Considering the aspect that the default
mode attracted a lot of attention because of aberrations in
patients with psychiatric disorders, it would be interesting
to investigate to what extent the individual regions and
subgroups of the eSAD are affected in such patients.
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