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Abstract

The human dorsomedial prefrontal cortex (dmPFC) has been implicated in various complex cognitive processes, including
social cognition. To unravel its functional organization, we assessed the dmPFC’s regional heterogeneity, connectivity patterns,
and functional profiles. First, the heterogeneity of a dmPFC seed, engaged during social processing, was investigated by
assessing local differences in whole-brain coactivation profiles. Second, functional connectivity of the ensuing dmPFC clusters
was compared by task-constrained meta-analytic coactivation mapping and task-unconstrained resting-state correlations.
Third, dmPFC clusters were functionally profiled by forward/reverse inference. The dmPFC seed was thus segregated into 4
clusters (rostroventral, rostrodorsal, caudal-right, and caudal-left). Both rostral clusters were connected to the amygdala and
hippocampus and associated with memory and social cognitive tasks in functional decoding. The rostroventral cluster
exhibited strongest connectivity to the default mode network. Unlike the rostral segregation, the caudal dmPFC was divided by
hemispheres. The caudal-right cluster was strongly connected to a frontoparietal network (dorsal attention network), whereas
the caudal-left cluster was strongly connected to the anterior midcingulate cortex and bilateral anterior insula (salience
network). In conclusion, we demonstrate that a dmPFC seed reflecting social processing can be divided into 4 separate
functional modules that contribute to distinct facets of advanced human cognition.

Key words: connectivity-based parcellation, default mode network, functional connectivity, lateralization, social cognition

Introduction

Itis often claimed that the prefrontal cortex has expanded in vol-
ume in humans (cf. Bonin 1941; Passingham 1973) primarily to
enable increasingly complex social behavior (cf. social brain
hypothesis, Humphrey 1978; Dunbar and Shultz 2007). Recent evi-
dence however paints a more complicated picture (cf. Semende-
feri et al. 2002). Some evidence suggests that BA10 may be the
only area larger in humans than great apes (Semendeferi et al.

2001; Petrides et al. 2012). The human prefrontal white-matter
volume is also enlarged relative to its gray-matter volume (Schoe-
nemann et al. 2005), especially in the language-dominant hemi-
sphere (Smaers et al. 2011). From yet another perspective,
increased gyrification (i.e., extent of cortical folding) of the pre-
frontal cortex might also set humans apart from monkeys as re-
ported in cross-species comparisons of brain morphology (Rilling
and Insel 1999). Consequently, the cognitive specialization of the
human primate brain for maintaining sophisticated social
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systems (Byrne and Whiten 1988; Dunbar 1998) goes hand in
hand with a mosaic evolution and reorganization of the (medial)
prefrontal cortex (Holloway 1968; Hoffman 2014).

Some findings have moreover drawn much interest to the
more ventral portions of the medial prefrontal cortex (mPFC) as
contributing to particularly advanced human cognition, includ-
ing social cognition (cf. Amodio and Frith 2006; Mitchell 2009).
Yet, a systematic review of the ventral versus dorsal aspects of
the medial frontal lobe in social information processing based
on lesion studies, experimental neuroimaging studies, and func-
tional and structural connectivity highlighted the dorsomedial
prefrontal cortex (dmPFC) as hierarchically higher and more
tuned to processing uncertainty (Bzdok, Langner, Schilbach, En-
gemann, et al. 2013). Additionally, functional decoding revealed
high-level social cognitive tasks to be more strongly associated
with activation of the dorsal than ventral mPFC. In fact, the
dmPFC was “the only” point of convergence in the whole brain
when comparing neural activity selective for complex social
judgments on visual face stimuli (Bzdok, Langner, et al. 2012)
and on auditory voice stimuli (Hensel et al. forthcoming). This
suggests that neural processing in the dmPFC reaches across sen-
sory input channels and across different types of social judg-
ments. Indicating a role extending beyond social cognition
alone, coordinate-based meta-analyses of neuroimaging reports
demonstrated that convergence of brain activity in the human
frontal lobe was consistently “largest” in the dmPFC for not
only social cognitive processes such as theory of mind (Spreng
et al. 2009; Mar 2011) and moral reasoning (Bzdok, Schilbach,
et al. 2012), but also “nonsocial” semantic processing (Binder
et al. 2009) and autobiographical memory retrieval (Spreng
et al. 2009). Importantly, as a key node within the default mode
network, the dmPFC was also frequently observed during the ab-
sence of task (Raichle et al. 2001; Laird, Eickhoff, Li, et al. 2009). In
sum, research based on disparate methods suggests the dmPFC
to be one of the highest associative centers in the frontal lobe.
It may moreover be particularly relevant for highly demanding
and uniquely human social cognitive tasks.

It is important to appreciate that distinct parts of the dmPFC
may be recruited by different high-level cognitive functions. More
generally, the anatomical subdivisions of the entire human mPFC
were first mapped out by Brodmann’s cytoarchitectonic studies
(Brodmann 1909). Later anatomical studies confirmed a “cyto-
architectonic segregation” within the mPFC in monkeys (Car-
michael and Price 1994) and humans (Ongiir et al. 2003). This
evidence from different species together suggests that regional
anatomical specialization in the mPFC enables regional “func-
tional segregation.” The cytoarchitectonical subdivision of the
mPFC into BA 11 (orbitofrontal cortex), BA 10 (ventral mPFC and
most of frontal pole), and BA 9 (dorsal mPFC and small part of
frontal pole) might however not exhaustively capture local func-
tional heterogeneity in that region. As a rare example in fMRI re-
search, topographically distinct parts of the human dmPFC were
recruited in neuroimaging contrasts of social, emotional, mem-
ory, and attentional tasks from independent neuroimaging stud-
ies (Gilbert, Henson, et al. 2010). This hints at a very fine-grained
scale of functional specialization in the highly evolved dmPFC in
humans. How the various functions converge or diverge with
respect to their dmPFC representations, however, is currently
largely unknown.

We therefore revisited the functional heterogeneity of the
human dmPFC in high-level social cognition. Due to the lack of
established anatomical boundaries of the dmPFC, we derived a
seed region based on neural activation during social judgments
across visual (Bzdok, Langner, et al. 2012) and auditory stimuli

(Hensel et al. forthcoming). First, we conducted connectivity-
based parcellation (Johansen-Berg et al. 2004; Eickhoff et al.
2011) extracting meta-data from hundreds of previous imaging
studies. This analysis tested whether regional differences in the
dmPFC’s whole-brain functional connectivity patterns enable
identification of distinct subregions. Second, the ensuing con-
nectivity-derived subregions in the dmPFC VOI were character-
ized by determining their brain-wide connectivity profiles
based on 2 complementary measures of functional connectivity:
Meta-analytic connectivity modeling (MACM) capturing brain ac-
tivity in experimental settings and resting-state functional con-
nectivity (RSFC) capturing brain activity outside of experimental
constraints. This analysis tested what parts of the brain relate to
the delineated subregions congruently in the presence and ab-
sence of defined psychological tasks. Third, we decoded the de-
rived subregions’ functional associations by correspondence
with the extensive meta-data in the BrainMap database (Fox and
Lancaster 2002) by means of forward and reverse inference. This
last analysis tested whether subregions in the dmPFC are more ro-
bustly associated with particular types of paradigms or contrasts
than would be expected by chance. Taken together, the present
study should thus provide a statistically defensible characteriza-
tion of subdivisions, connectivity, and functions associated with
advanced social processing of the human dmPFC.

Materials and Methods

Defining the Volume of Interest

Since no anatomical boundaries have been established for the
dmPFC, a “volume of interest” (VOI) for the current study was
formed by combining contrast analyses from 2 prior neuroima-
ging studies. Both used functional magnetic resonance imaging
(fMRI) to compare brain activity underlying complex social judg-
ments (trustworthiness and attractiveness) with emotional (hap-
piness) and cognitive (age) judgments. In the first study (Bzdok,
Langner, et al. 2012) visually presented facial stimuli were evalu-
ated, whereas auditorily presented vocal stimuli of everyday sen-
tences were evaluated in the second study (Hensel et al
forthcoming). In both studies, we found brain activity exclusively
related to social judgments by parceling out brain activity shared
with emotional and cognitive judgments. Testing for topograph-
ical convergence between these 2 independent contrast analyses
revealed the dmPFC as “the only” region that featured specific
brain activity related to complex social judgments congruently
across visual and auditory stimuli. Subsequent to sagittal mirror-
ing for symmetry, this VOI reflecting the part of the dmPFC that
was specifically recruited by complex social judgments provided
the basis for all present analyses (Fig. 1).

Workflow

First, we quantitatively mapped the whole-brain coactivation
profile of each voxel within the VOI using a range of neighbor-
hood-filter sizes. The seed voxels were then grouped based on
similarities of their coactivation profiles by k-means clustering.
Following the selection of the most stable filter-size range, the
optimal clustering solution was identified by the combination
of different metrics for quantifying cluster stability. Second, the
whole-brain connectivity patterns of each derived cluster (i.e.,
subregion within the VOI) were determined based on MACM
and RSFC. Third, the functional patterns of the ensuing clusters
were determined by significant overrepresentation of taxonomic
classes of the BrainMap studies, which describe psychological
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Figure 1. Volume of interest in the dmPFC. The volume of interest (VOI) in the dmPFC was previously identified as the only converging region between 2 neuroimaging
studies on complex social judgments. Both studies contrasted complex social judgments to emotional and cognitive decisions based on visual faces (Bzdok, Langner, et al.
2012) and auditory voices (Hensel et al. forthcoming), respectively. The resulting seed region was sagittally mirrored for symmetry; the VOI was rendered into a T;-

weighted MNI single-subject template using Mango (http:/ric.uthscsa.edu/mango/).

and experimental properties of each stored neuroimaging study
(functional decoding).

Meta-analytic Connectivity Modeling

Delineation of whole-brain coactivation maps for each voxel of
the dmPFC seed region was performed based on the BrainMap
database (www.brainmap.org; Fox and Lancaster 2002; Laird
et al. 2011). We constrained our analysis to fMRI and PET experi-
ments from “normal mapping” neuroimaging studies (no inter-
ventions, no group comparisons) in healthy participants, which
report results as coordinates in stereotaxic space. These inclu-
sion criteria yielded ~7500 eligible experiments at the time of
analysis. Please note that we considered all eligible BrainMap ex-
periments because any preselection based on taxonomic cat-
egories would have constituted a strong a priori hypothesis
about how brain networks are organized. However, it remains
elusive how well psychological constructs, such as emotion and
cognition, map on regional brain responses (Mesulam 1998; Pol-
drack 2006; Laird, Eickhoff, Kurth, et al. 2009).

The idea of the coactivation analysis is to compute the con-
vergence across (all foci of) those BrainMap experiments where
the seed voxel in question is reported as active (Laird et al.
2013). However, a challenge in constructing coactivation maps
is the limited number of experiments activating precisely at a
particular seed voxel. Hence, pooling across the close spatial
neighborhood has become the dominant approach in MACM ana-
lysis (Cauda et al. 2011; Eickhoff et al. 2011). In the present study,
we realized such pooling across a closely adjacent neighborhood,
as needed to reliably determine the coactivation patterns of a
given seed voxel, by identifying those among the ~7500 eligible
experiments in BrainMap that reported closest activation to
that voxel. That is, the experiments associated with each seed
voxel were defined by activation at or in the immediate vicinity
of this specific seed voxel. In particular, we calculated the re-
spective Euclidean distances between the current seed voxel
and individual foci of all database experiments to identify the
20 up to 200 experiments in steps of 2 (i.e., closest 20, 22,
24, . . ., 120 experiments) that feature the closest foci. The ensu-
ing 51 experiment sets were then individually submitted to ALE
meta-analysis to yield coactivation maps for the current seed
voxel. A final coactivation map for each seed voxel was subse-
quently computed by their voxel-wise median. The seed voxels’
final coactivation map indicates how likely voxels/areas through-
out the brain are to increase metabolic activity concomitantly

with that seed voxel. This approach allows a robust and unbiased
definition of coactivation patterns in spite of the variable and
often rather low number of foci at each particular voxel. This
was implemented by calculating and subsequently sorting the
Euclidean distances between a given seed voxel and any activa-
tion reported in BrainMap. Then, the x nearest activation foci
(i.e., filter size) were associated with that seed voxel.

The retrieved experiments were then used to compute the
brain-wide coactivation profile of a given seed voxel for each of
the 51 filter sizes. In particular, we performed a coordinate-
based meta-analysis over all foci reported in these experiments
to quantify their convergence. Since the experiments were iden-
tified by activation in or near a particular seed voxel, the highest
convergence was evidently found at the location of the seed. Con-
vergence outside the seed, however, indicated coactivation
across task-based functional neuroimaging experiments.

These brain-wide coactivation patterns for each individual
seed voxel were computed by activation likelihood estimation
(ALE). The key idea behind ALE is to treat the foci reported in
the associated experiments not as single points, but as centers
for 3D Gaussian probability distributions that reflect the spatial
uncertainty associated with neuroimaging results. Using the lat-
est ALE implementation (Eickhoff et al. 2009, 2012; Turkeltaub
etal. 2012), the spatial extent of those Gaussian probability distri-
butions was based on empirical estimates of between-subject
and between-template variance of neuroimaging foci (Eickhoff
et al. 2009). For each experiment, the probability distributions of
all reported foci were then combined into a modeled activation
(MA) map by the recently introduced “nonadditive” approach
that prevents local summation effects (Turkeltaub et al. 2012).
The voxel-wise union across the MA maps of all experiments as-
sociated with the current seed voxel then yielded an ALE score for
each voxel of the brain that describes the coactivation probability
of that particular location with the current seed voxel. The ALE
scores of all voxels within gray matter (based on 10% probability
according to the ICBM maps) were recorded before moving to the
next voxel of the seed region.

In sum, quantitative ALE meta-analysis over all foci reported
in the experiments associated with the current seed voxel deter-
mined how likely any other voxel throughout the brain was to
coactivate with that particular seed voxel. Please note that no
threshold was applied to the ensuing coactivation maps at this
point of analysis to retain the complete pattern of coactivation
likelihood (cf. Bzdok, Langner, Schilbach, Jakobs, et al. 2013;
Cieslik et al. 2013).
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Connectivity-Based Parcellation

The unthresholded brain-wide coactivation profiles for all seed
voxels were then combined into a Ng x Nt coactivation matrix,
where Ng denotes the number of seed voxels (1310 voxels in the
present VOI at 2 x 2 x 2 mm?® resolution) and N the number of tar-
get voxels in the gray matter of the reference brain volume at 4 x
4 x4 mm? resolution (~36 000 voxels located within gray matter).
Given the use of 51 different filter sizes, this step resulted in 51 in-
dividual coactivation matrices, each representing the whole-
brain connectivity of the seed voxels at a particular filter size.
The parcellation of the VOI was performed using k-means clus-
tering as implemented in Matlab with K=2, 3,. . ., 5 using one
minus the correlation between the connectivity patterns of
seed voxels as a distance’s measure (i.e., correlation distance).
This parcellation was performed for each of the 51 filter sizes
independently, yielding 4 (k means cluster solutions) x 51 (filter
size) independent cluster solutions (cf. Clos et al. 2013).
K-means clustering is a nonhierarchical clustering method that
uses an iterative algorithm to separate the seed region into a pre-
viously selected number of k nonoverlapping clusters (Forgy
1965; Hartigan and Wong 1979). K-means aims at minimizing
the variance between elements within clusters and maximizing
the variance between clusters by first computing the centroid of
each cluster and subsequently reassigning voxels to the clusters
such that their difference from the nearest centroid is minimal.
For each of the 4 x 51 parcellations we recorded the best solutions
from 100 replications with randomly placed initial centroids.

Selection of Optimal Filter Range

For each of the 51 filter sizes (i.e., seed-voxel-wise connectivity
profiles based on different parameter choices regarding the num-
ber of voxel-associated experiments from the database), the
k-means procedure thus yielded 4 different solutions of parcellat-
ing the dmPFC by subdivision into 2, 3,. . ., and 5 clusters. The
challenge to identify the “optimal” cluster solution is thus further
complicated in the current MACM-based parcellation approach
because not only the optimal number of clusters k (i.e., how
many subregions in the dmPFC) but also the spatial filter size
(i.e., how many database experiments contribute to a seed
voxel’s connectivity map) had to be determined. In previous par-
cellation studies, using MACM, these 2 free parameters were
reduced to a single one by “averaging across all filter sizes”
(Bzdok, Laird, et al. 2012; Cieslik et al. 2013). As an improvement
of this previous approach, we here used a recently introduced
two-step procedure that involves a first decision on those filter
sizes (i.e., the target range of voxel-wise connectivity profiles
from x to y-associated experiments) to be included in the final
analysis and a second decision on the optimal cluster solution
(Clos et al. 2013). That is, we first examined the properties of
each filter size across all cluster solutions and isolated “the
most stable range of filter sizes.” These were then submitted to
further analysis selecting the number of clusters. The first step
was based on the consistency of the cluster assignments for
the individual voxels across the different filter sizes and selecting
the filter range with the lowest number of deviants, that is, voxels
that were assigned differently when compared with the solution
from the majority (mode) of filters. In other words, we identified
those filter sizes that reflected solutions most similar to the con-
sensus solution. Comparing the number of deviant cluster as-
signments (i.e., the number of times a given voxel was assigned
to another than the majority cluster; normalized for K) indicated
that most deviants were present in parcellations based on small
but also very large filter sizes. The filter-size range was set from

36 to 96. This was based on the increase in weighted sum (across
all K) of the z-normalized number of deviant voxel assignments
before and after these values. That is, at the cutoff at z<-0.5,
only those filter sizes were included where the number of devi-
ants was at least half a standard deviation below the average
number of deviants across all filter sizes. This approach avoids
a subjective choice on a particular single filter size and provides
a quantitatively justified selection of the first parameter (filter
sizes). In the subsequent step addressing the choice of the second
parameter (number of clusters), all analyses were then restricted
to the selected filter sizes.

Selection of the Optimal Number of Clusters

We subsequently determined “the optimal solution of K clusters”
(restricted to the 51 selected filter sizes as outlined in the last
paragraph). The “true” number of clusters is unknown for most
real-world clustering problems, including neurobiological re-
search. Finding an “optimal” number of clusters is widely ac-
knowledged to be an unresolved issue (cluster validity problem)
in computer science, pattern recognition, machine learning,
and beyond (Jain et al. 1999; Handl et al. 2005). The absence of a
mathematically perfect solution (Tibshirani et al. 2001) prompted
the development of a diversity of cluster validity criteria to weigh
the quality of obtained cluster solutions. In the present study, the
choice of the k was therefore indicated by majority vote of 4 dif-
ferent criteria describing information-theoretic, cluster separ-
ation, and topological properties of the various cluster solutions.

First, as an information-theoretic criterion, we assessed the
similarity of cluster assignments for each filter size between
the current solution (K) and the neighboring solutions (K-1
and K+1) by using the variation of information (VI) metric
(Meila 2007). The VI metric has been previously used for selecting
the best fitting K-means parcellation model of a given brain re-
gion by Kelly et al. (2010) and Kahnt et al. (2012). The VI between
2 cluster solutions C and C’ was computed by

VI(C,C'), = H(C),, + H(C)), — 2I(C,C)),

where H represents the amount of information (entropy) present
in the cluster solutions C and C’, respectively, and I is the mutual
information shared by the 2 cluster solutions C and C'. For each
filter size, the VI metric was computed between a given K solution
and the subsequent K + 1 solution. Solutions were considered
stable either if there was an increase in VI from the current to
the subsequent set of solutions (primary criterion) or if there
was a decrease from the previous to the current clustering step
(secondary criterion).

Second, as a cluster separation criterion, the silhouette coeffi-
cient (Kaufman and Rousseeuw 1990) is a general measure of
how similar a given voxel is to voxels in its own cluster compared
with voxels in other clusters (averaged across voxels of a filter
size). This value ranges from —1 to +1. Good solutions are those
with a higher silhouette value compared with the K — 1 solution
(primary criterion) or whose silhouette coefficient is at least
not decreased compared with the previous K — 1 solution (sec-
ondary criterion).

Third, as a topological criterion, we assessed the percentage
of voxels not related to the dominant parent cluster compared
with the K — 1 solution. This measure is related to the hierarchy
index (Kahnt et al. 2012) and corresponds to the percentage vox-
els that are not present in hierarchy, K, compared with the previ-
ous K - 1 solution. That is, voxels assigned, for example, to the
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blue cluster in the K = 3 solution stemming from a subset of vox-
els previously assigned to the green cluster (in the K=2 solution)
would be excluded if the majority of the blue cluster voxels actu-
ally stemmed from the red cluster (in the K =2 solution). “Good
solutions” for a given K cluster parcellation were those wherein
the percentage of lost voxels was below the median across all
possible solutions (cluster parcellations 2-5), where the respect-
ive clustering step resulted in a local minimum and/or the follow-
ing clustering step featured a maximum in the percentage of lost
(hierarchically inconsistent) voxels.

Fourth, as a consistency criterion, we considered the percent-
age of misclassified voxels (deviants) across-filter sizes of a given
cluster solution. This criterion indirectly reflects the amount of
noise and potentially local effects in the clustering. In particular,
the criterion addresses the across-filter stability, that is, the aver-
age percentage of voxels for each filter size that were assigned to
a different cluster compared with the most frequent assignment
of these voxels across all filter sizes. Those K parcellations were
considered good solutions whose percentages of deviants (pre-
sumably reflecting noise and local variance) were not increased
compared with the K — 1 solution and, in particular, if the subse-
quent K + 1 solution lead to a higher percentage of deviants.

These different criteria estimating cluster stability conjointly
allowed for an investigator-independent, cross-confirmed identi-
fication of the cluster solution indicating the highest within-clus-
ter homogeneity and between-cluster heterogeneity. In other
words, they identified the parcellation of the dmPFC that was
most supported by the similarities and differences of the seed-
voxel-wise whole-brain connectivity profiles.

Characterization of the Clusters: Task-Dependent
Connectivity

To determine the significant functional connectivity of the
derived “clusters,” another MACM was performed. In the first
step, we identified all experiments in the BrainMap database
that featured at least one focus of activation in a particular cluster
(derived from the coactivation-based parcellation). That is, in
contradistinction to the above MACM analyses, we did not select
experiments activating at or close to a particular voxel but rather
all those that activated in one of the CBP-derived clusters. Next,
an ALE meta-analysis was performed on these experiments as
described above.

In contrast to the MACM underlying the coactivation-based
parcellation, where ALE maps were not thresholded to retain
the complete pattern of coactivation likelihoods, statistical
inference was now performed. To establish which regions were
significantly coactivated with a given cluster, ALE scores for
the MACM analysis of this cluster were compared with a null-
distribution reflecting a random spatial association between
experiments with a fixed within-experiment distribution of foci
(Eickhoff et al. 2009). This random-effects inference assesses
above-chance convergence between experiments, not clustering
of foci within a particular experiment. The observed ALE scores
from the actual meta-analysis of experiments activating within
a particular cluster were then tested against ALE scores obtained
under a null-distribution of random spatial association yielding a
P-value based on the proportion of equal or higher random va-
lues (Eickhoff et al. 2012). The resulting nonparametric P-values
were transformed into Z-scores and thresholded at a cluster-
level corrected threshold of P <0.05 (cluster-forming threshold
at voxel-level P <0.001).

Differences in coactivation patterns between the identified
clusters were tested by performing MACM separately on the

experiments associated with either cluster and computing the
voxel-wise difference between the ensuing ALE maps. All experi-
ments contributing to either analysis were then pooled and ran-
domly divided into 2 groups of the same size as the 2 original sets
of experiments defined by activation in the first or second cluster
(Eickhoff et al. 2011). ALE scores for these 2 randomly assembled
groups, reflecting the null-hypothesis of label-exchangeability,
were calculated and the difference between these ALE scores
was recorded for each voxel in the brain. Repeating this process
10000 times then yielded a voxel-wise null-distribution on the
differences in ALE scores between the MACM analyses of the 2
clusters. The “true” differences in ALE scores were then tested
against this null-distribution yielding a P-value for the difference
at each voxel based on the proportion of equal or higher differ-
ences under label-exchangeability. The resulting P-values were
thresholded at P>0.95 (95% chance of true difference), trans-
formed into Z-scores, and inclusively masked by the respective
main effects, that is, the significant effects in the MACM for the
particular cluster.

Finally, we computed the specific coactivation pattern for all
clusters, that is, brain regions significantly more coactivated
with a given cluster than with any of the other ones. This specific
cluster-wise coactivation pattern was computed by performing a
conjunction analysis over the differences between this cluster
and the remaining clusters.

Characterization of the Clusters: Task-Independent
Connectivity

Significant cluster-wise whole-brain connectivity was likewise
assessed using resting-state correlations as an independent mo-
dality of functional connectivity for cross-confirmation across
disparate brain states. RSFC fMRI images were obtained from
the Nathan Kline Institute “Rockland” sample, which are avail-
able online as part of the International Neuroimaging Datashar-
ing Initiative (http:/fcon_1000.projects.nitrc.org/indi/pro/nki.
html). In total, the processed sample consisted of 132 healthy
subjects between 18 and 85 years (mean age: 42.3 + 18.08 years;
78 males, 54 females) with 260 echo-planar imaging (EPI) images
per subject. Images were acquired on a Siemens TrioTim 3T
scanner using blood oxygen level-dependent (BOLD) contrast
[gradient-echo EPI pulse sequence, repetition time (TR)=2.5s,
echo time (TE) =30 ms, flip angle = 80°, in-plane resolution = 3.0 x
3.0 mm, 38 axial slices (3.0 mm thickness), covering the entire
brain]. The first 4 scans served as dummy images allowing for
magnetic field saturation and were discarded prior to further pro-
cessing using SPM8 (www.fil.ion.ucl.ac.uk/spm). The remaining
EPIimages were then first corrected for head movement by affine
registration using a two-pass procedure. The mean EPI image for
each participant was spatially normalized to the MNI single-sub-
ject template (Holmes et al. 1998) using the “unified segmenta-
tion” approach (Ashburner and Friston 2005) and the ensuing
deformation was applied to the individual EPI volumes. Finally,
images were smoothed by a 5-mm FWHM Gaussian kernel to im-
prove signal-to-noise ratio and account for residual anatomical
variations.

The time-series data of each individual seed voxel were pro-
cessed as follows (Zu Eulenburg et al. 2012; Satterthwaite et al.
2013): To reduce spurious correlations, variance that could be ex-
plained by the following nuisance variables was removed: 1) The
6 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
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class in the SPM 8 segmentation (Reetz et al. 2012). All of these
nuisance variables entered the model as first-order and also as
second-order terms (Jakobs et al. 2012). Data were then band-
pass filtered preserving frequencies between 0.01 and 0.08 Hz
since meaningful resting-state correlations will predominantly
be found in these frequencies given that the BOLD-response
acts as a low-pass filter (Biswal et al. 1995; Fox and Raichle 2007).

To measures cluster-wise task-independent connectivity,
time courses were extracted for all gray-matter voxels of a
given cluster. The cluster time course was then expressed as
the first eigenvariate of these voxels’ time courses. Pearson cor-
relation coefficients between the time series of the CBP-derived
dmPFC clusters and all other gray-matter voxels in the brain
were computed to quantify RSFC. These voxel-wise correlation
coefficients were then transformed into Fisher’s Z-scores and
tested for consistency in a flexible factorial model across sub-
jects. The main effect of connectivity for individual clusters
and contrasts between those were tested using the standard
SPMB8 implementations with the appropriate nonsphericity cor-
rection. Results were cluster-level thresholded at P <0.05 (clus-
ter-forming threshold at voxel-level: P <0.001), analogous to the
MACM-based difference analysis. The “specific” resting-state cor-
relations for a given cluster were then computed by performing a
conjunction analysis over the differences between this cluster
and the remaining clusters, analogous to the MACM-based clus-
ter analyses above.

Characterization of the Clusters: Conjunction across
Connectivity Types and Clusters

To delineate areas showing task-dependent and task-independ-
ent functional connectivity with the derived subregions in the
dmPFC, we performed a conjunction analysis of the MACM and
RSFC results using the strict minimum statistics (Nichols et al.
2005; Rottschy et al. 2013).

Regions connected with “individual clusters” in both connect-
ivity modalities were delineated by computing the intersection of
the (cluster-level family-wise-error corrected) connectivity maps
from the 2 connectivity analyses detailed above. In this way, each
dmPFC cluster is associated with a network of areas that are con-
gruently connected to that cluster across 2 disparate brain states,
that is, task-focused and mind-wandering cognitive sets.

Characterization of the Clusters: Function

Finally, the identified clusters were individually submitted to
functional decoding (Balsters et al.2014; Muller et al. 2014; Amft
et al. forthcoming). Please note that this functional characteriza-
tion constitutes a post hoc procedure that is subsequent to and
independent of the connectivity analyses. The functional charac-
terization was based on the BrainMap meta-data that describe
each neuroimaging experiment included in the database. Behav-
ioral domains code the mental processes isolated by the statistic-
al contrasts (Fox, Laird, et al. 2005) and comprise the main
categories cognition, action, perception, emotion, and interocep-
tion, as well as their related subcategories. Paradigm classes cat-
egorize the specific task employed (see http:/brainmap.org/
scribe/ for the complete BrainMap taxonomy).

“Forward inference” on the functional characterization tests
the probability of observing activity in a brain region given knowl-
edge of the psychological process, whereas “reverse inference”
tests the probability of a psychological process being present
given knowledge of activation in a particular brain region. In
the forward inference approach, a cluster’s functional profile

was determined by identifying taxonomic labels for which the
probability of finding activation in the respective cluster was sig-
nificantly higher than the a priori chance (across the entire data-
base) of finding activation in that particular cluster. Significance
was established using a binomial test (P <0.05). That is, we tested
whether the conditional probability of activation given a particu-
lar label [P(Activation|Task)] was higher than the baseline prob-
ability of activating the region in question per se [P(Activation)].
In the reverse inference approach, a cluster’s functional profile
was determined by identifying the most likely behavioral do-
mains and paradigm classes given activation in a particular clus-
ter. This likelihood P(Task|Activation) can be derived from P
(Activation|Task) as well as P(Task) and P(Activation) using
Bayes’ rule. Significance was then assessed by means of a z?
test (P <0.05). In sum, forward inference assessed the probability
of activation given a psychological term, while reverse inference
assessed the probability of a psychological term given activation.

In the context of quantitative functional decoding, it is im-
portant to appreciate that this approach aims at relating defined
psychological tasks to the examined brain regions instead of
claiming “a unique role” of a brain region for any psychological
task (Poldrack 2006; Yarkoni et al. 2011). Put differently, an asso-
ciation of task X to brain region Y obtained in these analyses does
not necessarily imply that neural activity in region Y “is limited
to” task X.

Anatomical Localization

The SPM Anatomy Toolbox (Eickhoff et al. 2005, 2007) was used to
allow for investigator-independent anatomical localization of
imaging results. By means of maximum probability maps
(MPMs), activation clusters were automatically assigned to the
most likely cytoarchitectonic area. MPMs are drawn from earlier
microscopic investigations, including the intersubject variability
and aided by algorithmic definition of microanatomical borders
of brain areas (Zilles and Amunts 2010). Please note that not all
areas have yet been cytoarchitectonically mapped. Not all activa-
tion clusters could thus be assigned to a cytoarchitectonic map.

Results

Parcellation

To determine the optimal parcellation of the dmPFC VOI, metrics
quantified model fit for comparison between cluster solutions
(Fig. 2). Information-theoretic, cluster separation, topological,
and consistency criteria agreed in favoring the four-cluster solu-
tion as featuring the highest stability. First, the information-
theoretic criterion indicated VI to decrease from 3 to 4 clusters
and to increase toward 5 clusters. This minimum of variation
thus reflected highest integrity of information in the four-cluster
solution. Second, as cluster separation criterion, the silhouette
coefficient showed an increase from 3 to 4 clusters, whereas
this metric decreased again in 5 clusters. Four clusters thus
exhibited highest similarity among the voxels in each cluster.
Third, as topological criterion, the percentage of voxels not re-
lated to the dominant parent cluster was minimal in the four-
cluster solution. Four clusters thus contained the least amount
of regrouped voxels and therefore highest continuity with their
dominant parent cluster from the k — 1 solution. Comparing to
the three- and five-cluster solutions, the four-cluster solution
showed highest hierarchical consistency. Fourth, as a consist-
ency criterion, the percentage of misclassified voxels decreased
in the four-cluster solution, whereas 5 clusters lost across-filter
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stability. In sum, these 4 criteria measuring model fit all favored
the four-cluster solution as the most stable segregation of the
dmPFC VOI (Fig. 3).
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Figure 2. Cluster criteria for model selection. Four different criteria for model fit
indicated highest stability in the four-cluster parcellation. (A) Variation of
information decreased from 3 to 4 clusters and increased in a five-cluster
solution. (B) The average silhouette coefficient rose with the number of clusters
up to a maximum with 4 clusters. (C) The percentage of voxels not related to
the dominant parent cluster was lowest with 4 clusters. (D) The percentage of
misclassified voxels decreased at for clusters, before becoming unstable at the
five-cluster solution. Thus, information-theoretic, cluster separation, and
topological criteria identified the four-cluster solution as the best fitting model.

Individual Cluster Connectivity

To characterize each individual dmPFC cluster’s functional con-
nectivity, cluster-level corrected meta-analytic coactivations
(MACM) were assessed for the 4 individual clusters (Fig. 4, top).
The rostroventral (green), rostrodorsal (blue), and caudal-left
(yellow) clusters coactivated with the ventromedial prefrontal
cortex (vimPFC), anterior cingulate cortex (ACC), posterior cingu-
late cortex (PCC), left inferior parietal cortex [IPC; areas PGp and
PGa (Caspers et al. 2006)], inferior frontal gyrus (IFG), amygdala,
and hippocampus (for medial temporal cytoarchitectonic alloca-
tions, please see Table 1). Despite this partially overlapping con-
nectivity pattern, several differences between clusters were
observed: The left IFG was connected to the rostroventral green
cluster, the rostrodorsal blue cluster, and the caudal-left yellow
cluster, but coactivations of the rostrodorsal and caudal-left clus-
ters extended substantially further into the left anterior insula.
Additionally, only the caudal-left yellow cluster was connected
to the anterior midcingulate cortex predominantly in the left
hemisphere (aMCC; Vogt 2005). With respect to medial temporal
connectivity, the caudal-left yellow cluster mainly coactivated
with the left amygdalar laterobasal nuclei group (LB; Amunts
et al. 2005), whereas the 2 rostral clusters (green and blue) were
more connected to the amygdalar superficial nuclei group (SF;
Amunts et al. 2005) and the left hippocampus (Table 1). In the
right hemisphere, only the rostrodorsal blue cluster was signifi-
cantly connected to the right amygdalar SF. This cluster further
coactivated with the right extrastriate area V5 (hOc5; Malikovic
et al. 2007). In contrast, only the rostroventral green cluster
showed bilateral connectivity to IPC (bilateral areas PGp, left
area PGa) and featured largest coactivations with vmPFC and
PCC. Connectivity to all of the above-mentioned regions was ab-
sent for the caudal-right red cluster. Instead, the red cluster only
coactivated with the left superior frontal sulcus (SFS). The rostro-
ventral (green), rostrodorsal (blue), and caudal-left (yellow) clus-
ters were also connected to the SFS, but in distinct, more rostral
regions extending to the adjacent superior frontal gyrus (SFG).
After this assessment of task-dependent connectivity, we
also determined the task-independent, RSFC for each individual
cluster (Fig. 4, middle). Compared with the MACM analyses, RSFC
yielded more extensively distributed connectivity patterns, al-
though both analyses (MACM and RSFC) were cluster-level cor-
rected at the same threshold of P<0.05. All 4 clusters were
connected to large frontal regions including bilateral vmPFC,
OFC, frontal pole, SFG, SFS, IFG (area 45 in the left hemisphere;
Amunts et al. 1999), ACC, MCC, and the precentral gyri (areas
4a, 4p; Geyer et al. 1996; and 6; Geyer 2004). The similarly exten-
sive parietal connections of all clusters included bilateral PCC,

Figure 3. Connectivity-based parcellation results. Connectivity-based parcellation divided the dmPFC VOI into 4 connectionally homogeneous subregions, a caudal-right
(red), rostroventral (green), rostrodorsal (blue), and caudal-left cluster (yellow). The results were rendered into a T;-weighted MNI single-subject template using Mango.
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Figure 4. Connectivity of the individual dmPFC clusters. Functional connectivity profiles of each dmPFC cluster based on meta-analytic connectivity modeling (MACM; top
rows), resting-state functional connectivity (RSFC; middle rows), and the conjunction of RSFC and MACM results (RSFC and MACM; bottom rows). All results were cluster-
level corrected at P <0.05. All images were rendered into a T;-weighted MNI single-subject template using MRIcron (http:/www.nitrc.org/projects/mricron/).

precuneus, central sulci and postcentral gyri (areas 1, 3a, and 3b;
Geyer et al. 1999), parietal opercula (areas OP2 and OP3; Eickhoff
et al. 2006), superior parietal lobes (area 7M; Scheperjans et al.
2008), and IPC (bilateral PGa. PGp, and left PFm; Caspers et al.
2006). Furthermore, all clusters featured connectivity to bilateral
middle frontal gyrus and inferior frontal gyri and the cerebellum
(lobule VIIa crus I and II; Diedrichsen et al. 2009). Subcortically,
connectivity of the clusters was commonly found in the bilateral
thalami, caudate nuclei, hippocampi (cornu ammonis, fascia
dentata, and subiculum; Amunts et al. 2005), and the left amyg-
dala (LB and SF). Only the caudal-right (red), rostroventral (green),
and rostrodorsal (blue) clusters were connected to the right
amygdala (SF, rostroventral, and -dorsal clusters also LB). Not-
ably, although all clusters were also connected to the left

dorsolateral prefrontal cortex (dIPFC), only the red cluster showed
right-hemispheric dIPFC connectivity.

After the separate characterization of functional connectivity
in task and rest, each clusters’ congruent connectivity across
both the presence (MACM) and absence (RSFC) of task was inves-
tigated by a conjunction analysis (cf. Materials and Methods,
Fig. 4, bottom). Congruent connectivity of the rostroventral
green cluster, the rostrodorsal blue cluster, and the caudal-left
yellow cluster included bilateral vmPFC, the adjacent ACC, the
PCC as well as left IPC (left area PGp, extending into PGa espe-
cially for the rostroventral green cluster), and IFG. In the medial
temporal lobe, congruent effects confirmed the rostroventral
green and rostrodorsal blue clusters’ connectivity to LB, SF
(amygdala), and the cornu ammonis (hippocampus), whereas
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Table 1 Quantified topographical overlap of individual clusters’ task-dependent connectivity pattern (MACM) with cytoarchitectonic maps in the
left medial temporal lobe (congruent MACM and RSFC connectivity added in brackets)

Rostroventral cluster (green) Rostrodorsal cluster (blue) Caudal-left cluster (yellow)

Left amygdala

Connectivity overlap with SF
Connectivity overlap with CM
Connectivity overlap with LB

SF overlap with connectivity
CM overlap with connectivity
LB overlap with connectivity
Left hippocampus

Connectivity overlap with HATA
Connectivity overlap with CA
Connectivity overlap with SUB
HATA overlap with connectivity
CA overlap with connectivity
SUB overlap with connectivity

20.30% (22.20%)
1.20% (0.10%)
33.70% (17.70%)
22.90% (12.60%)
4.90% (0.10%)

23.60% (6.20%)

1.80% (0.00%)
25.60% (42.80%)
4.60% (8.40%)
71.10% (0.00%)
7.20% (6.00%)
2.00% (1.80%)

33.50% (27.10%)
2.50% (0.10%)
22.90% (36.20%)
54.20% (18.80%)
14.20% (0.20%)
22.90% (15.50%)

0.40% (0.00%)
15.10% (33.90%)
0.40% (0.80%)
22.20% (0.00%)
6.10% (5.80%)
0.20% (0.20%)

2.70% (8.70%)
0.10% (0.00%)
85.00% (51.00%)
1.60% (0.60%)
0.20% (0.00%)
30.40% (2.10%)

0.00% (0.00%)
5.20% (29.80%)
0.00% (0.00%)
0.00% (0.00%)
0.70% (0.50%)
0.00% (0.00%)

Using the SPM Anatomy Toolbox (Eickhoff et al. 2005), we tested for topographic overlap of clusters’ coactivations with probabilistic cytoarchitectonic maps of the
amygdala and hippocampus (Amunts et al. 2005). The table exhibits left-hemispheric results only, since only the rostrodorsal cluster (blue) featured connectivity with
the right medial temporal lobe (predominantly SF). Please note that the caudal-right cluster (red) did not show any significant meta-analytic connectivity to the
medial temporal lobes. Anterior dmPFC clusters (green and blue) showed most robust coactivation with left hippocampus and amygdalar SF and LB. The caudal-left

cluster (yellow) predominantly connected with left LB. Bold for visual accessibility.

SF, superficial nuclei group; CM, centromedial nuclei group; LB, laterobasal nuclei group; CA, cornu ammonis; SUB, subiculum.

Specific cluster connectivity

Figure 5. Specific connectivity of the individual dmPFC clusters. Depicting connectivity patterns which are stronger connected to a given dmPFC cluster, compared with all
3 other clusters based on meta-analytic connectivity modeling (MACM,; top row) and resting-state functional connectivity (RSFC; middle row). Specific connectivity is
rendered for caudal-right (red), rostroventral (green), rostrodorsal (blue), and caudal-left (yellow) cluster. All images were rendered into a T;-weighted MNI single-

subject template using MRIcron.

the caudal-left yellow cluster was predominantly connected to
the amygdalar LB (Table 1). In the right hemisphere, additional
congruent connectivity to the IPC (right area PGp) was found for
the rostroventral green cluster, whereas the right amygdala
(mostly SF) was congruently connected to the rostrodorsal
blue cluster. The caudal-right red cluster was congruently
connected to the left SFS, located posteriorly to SFS and SFG
connectivity of the rostral green and blue clusters as well as
the caudal-left yellow cluster.

Specific Cluster Connectivity

Due to the large similarity of functional connectivity of the
dmPFC clusters (apart from the red cluster), a subsequent ana-
lysis targeted those brain regions that are more strongly

connected to a given dmPFC cluster than the respective 3 other
clusters (Fig. 5). To isolate these regions for one cluster, its func-
tional connectivity was contrasted to those of all other clusters in
3 separate comparisons. Topographical overlap between these 3
difference maps was finally tested by an AND conjunction. For
example, the specific connectivity of cluster 1, compared with
all other dmPFC clusters, was computed by the following
conjunction: (clusterl-cluster2) AND (clusterl-cluster3) AND
(clusterl—cluster 4).

In the MACM analysis, such specific connectivity patterns
were only found for the rostroventral green cluster and the cau-
dal-left yellow cluster (Fig. 5, top row). The rostroventral green
cluster, more than all other dmPFC clusters, was connected to
left PCC and bilateral IPC (area PGp), that is, regions that form
the core of what is known as the default mode network (Buckner
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et al. 2008). The caudal-left yellow cluster, in turn, was specifical-
ly connected to the (left) aMCC.

In the RSFC analysis, the rostroventral green cluster and the
caudal-left yellow cluster showed similar functional connectivity
(Fig. 5, bottom row) as in the specific MACM analyses. The rostro-
ventral green cluster was specifically connected to the left PCC.
The yellow cluster featured specific connectivity to left aMCC
and—in addition to the MACM results—also the bilateral anterior
insula.

Furthermore, RSFC analyses also revealed specific connectivity
for the right-caudal red cluster and the rostrodorsal blue cluster:
The right-caudal cluster was specifically connected to the right
dIPFC, superior parietal cortex (7A, 7M; Scheperjans et al. 2008),
intraparietal sulcus (hIP1, hIP3; Choi et al. 2006), IPC (PGa, PFm,
PGp), dorsal PCC, and precuneus, middle temporal gyrus (MTG),
and inferior temporal gyrus (ITG) as well as left cerebellum (lobule
VIIa crus II). The rostrodorsal blue cluster further showed specific
connectivity to left IFG, temporal pole and bilateral MTG, middle
occipital gyri (MOG), and cerebelli (lobule VIIa right Crus I, left
crus II).
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It is noteworthy that RSFC yielded more distributed connec-
tions than MACM in all dmPFC clusters. RSFC thus also revealed
more extensive specific connectivity patterns.

Functional Decoding of Clusters

After mapping the dmPFC subdivisions and delineating the ensu-
ing clusters’ connectivity, their functional profiles were deter-
mined based on cognitive terms from the BrainMap taxonomy
(Fig. 6). For the sake of robustness, we focused on taxonomic as-
sociations that were significant in both the forward and reverse
inference. Forward inference derives brain activity from a psy-
chological term, whereas reverse inference derives a psycho-
logical term from brain activity (cf. methods). Behavioral
domains (BDs) and paradigm classes (PCs) of all 4 clusters indi-
cated a shared association with cognition as well as emotion.
In line with this observation, the rostroventral green cluster,
the rostrodorsal blue cluster, and the caudal-left yellow cluster
showed common involvement in emotional discrimination
tasks.
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Figure 6. Functional decoding of individual dmPFC clusters. Each cluster’s significant associations with psychological terms (Behavioral Domains and Paradigm Classes)
from the BrainMap database (http:/www.brainmap.org). Forward inference determines above-chance brain activity given the presence of a psychological term, whereas
reverse inference determines the above-chance probability of a psychological term given observed brain activity. The x-axis indicates relative probability values.
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Besides these commonalities in very broad functional do-
mains, clusters were more specifically characterized by those
taxonomic associations that were not found in any other
dmPFC cluster. The caudal-right red cluster, unlike any other
dmPFC cluster, was related to reward tasks. In contrast, the cau-
dal-left dmPFC cluster 4 showed specific involvement in the vis-
ual-perceptual and spatial discrimination tasks. Rostrally in the
dmPFC, the rostroventral green cluster featured specific involve-
ment in language tasks, comprising semantic discrimination and
covert reading. The rostrodorsal blue cluster revealed specific
functional associations with different types of basic emotions.

Importantly, no commonalities were found for the left- and
right-caudal cluster, except for the broad domains of emotion
and cognition. Overlapping functional involvements were simi-
larly rare between rostral and caudal clusters: only the blue and
the yellow clusters were congruently related to film viewing. In
contrast, both rostral clusters (blue and green) showed much
more overlap in their functional profile. Rostral clusters related
to social cognitive tasks, including theory of mind (e.g., perspec-
tive taking), episodic recall, and passive viewing. Please note that
passive viewing may be a commonly co-labeled condition of so-
cial, emotional and cognitive tasks in the BrainMap database.

Discussion

The dmPFC subserves sophisticated manipulations of social in-
formation. Increasing evidence, however, suggests that the part
of the human dmPFC related to high-level social cognition may
contain functionally heterogeneous subregions (Amodio and
Frith 2006; Gilbert, Gonen-Yaacovi, et al. 2010; Gilbert, Henson,
et al. 2010). For example, different social cognition tasks, such
as theory of mind, moral judgments, and empathy have been
shown to recruit regionally distinct portions of the dmPFC
(Mitchell et al. 2006; Gilbert, Henson, et al. 2010; Bzdok, Schilbach,
et al. 2012). Therefore, the present study formally tested for het-
erogeneity in the dmPFC as defined by increased activation dur-
ing complex social judgments that generalized across visual and
auditory sensory input (Bzdok, Langner, et al. 2012; Hensel et al.
forthcoming). By capitalizing on coactivation patterns in the
BrainMap database (Fox and Lancaster 2002), the dmPFC seed
was segregated into 4 clusters: 2 rostral ones (dorsal and ventral)
and 2 caudal ones (left and right; Fig. 3). The rostral clusters, es-
pecially the rostroventral cluster, were strongly connected to the
PCC and the IPC, components of the default mode network
(DMN). Furthermore, both rostral clusters featured functional
connections to the amygdala and hippocampus in the limbic sys-
tem as well as functional associations with memory and social
cognitive tasks. In contrast, the 2 caudal clusters were hemi-
spherically divided and predominantly connected to the respect-
ive ipsilateral hemispheres. The caudal-right cluster was
connected to a right-lateralized frontoparietal attentional net-
work. The caudal-left cluster was connected to the left aMCC
and bilateral anterior insulae, proposed to correspond to a sali-
ence network. Our results thus support a differentiation within
the dmPFC as delineated by its response to higher-level social
cognition by regionally distinct functional relations to limbic, at-
tentional, and default mode networks as well as corresponding
functional assignments.

Connections to the Limbic System

The 2 rostral clusters (green and blue) were congruently con-
nected (across MACM and RSFC) to the left amygdala (assigned
to LB and SF nuclei groups) and left hippocampus (assigned to

CA and HATA). In contrast, the caudal-left yellow cluster was con-
gruently connected only to the left amygdala (assigned to LB) but
not hippocampus. Importantly, white-matter bundles of the
amygdala or fornix-carried bundles of the hippocampus were
scarcely connected to the rostral or caudal dmPFC as measured
by diffusion MRI (dMRI) in humans (Croxson et al. 2005). Another
dMRI study in humans (Greicius et al. 2009) even concluded that
the medial temporal lobe (including amygdala and hippocam-
pus) and dmPFC appear not to have direct connections to the
dmPFC.

Importantly, however, observed functional connections do
not need to coincide with observed structural connections, and
vice versa (cf. Greicius et al. 2009; Eickhoff et al. 2010). In fact,
the present functional connectivity of the “rostral” dmPFC
(green and blue clusters) with the amygdala and hippocampus
is likely to be mediated by third-party regions, such as the PCC
or RSC (cf. Morris et al. 1999; Lavenex et al. 2002; Kobayashi and
Amaral 2003). This would be in line with our results as the only
dmPFC cluster without significant connectivity to either amyg-
dala or hippocampus (the red cluster) was also the only cluster
without congruent connectivity to the PCC. In turn, the present
functional connectivity of the “caudal” dmPFC (the yellow clus-
ter) to the amygdala (i.e., LB and SF) may actually reflect existing
axonal connections as well as a gradual rostro-caudal shift in
cytoarchitecture. That is because the pregenual ACC (pACC), ad-
jacent to the dmPFC/BAY, has frequently been observed to be ax-
onally connected to the amygdala in animals (Devinsky et al.
1995). More specifically, tracer injection in the pACC of rhesus
monkeys labeled the LB (in line with functional connectivity of
the yellow cluster) in the amygdala but no area in the hippocam-
pus (Vogt and Pandya 1987). We therefore note a convergence be-
tween earlier reports of axonal connectivity in monkeys and
present reports of functional connectivity in humans. The caudal
portion of the present dmPFC seed might thus relate to the
known gradual rostro-caudal cytoarchitectonic change from the
dmPFC to the pACC (Sarkissov 1955; Vogt and Pandya 1987). This
shift from only functional amygdala connectivity of the “rostral”
dmPFC to “both” functional and structural amygdala connectiv-
ity in the “caudal” dmPFC indicates a shift in our dmPFC seed be-
tween cytoarchitectonically different regions from the dmPFC
proper (BA 9) to the pACC (p32).

Connections to the Default Mode Network

Of the 4 delineated clusters, the rostroventral green cluster was
most consistently connected to the PCC and bilateral IPC, that
is, core components of the default mode network. Neural activity
in this network decreases during most tasks and increases during
a small set of high-level tasks, including past, hypothetical, fu-
ture, and navigational thinking (Buckner et al. 2008; Spreng
et al. 2009; Bzdok, Langner, Schilbach, Jakobs, et al. 2013). First,
only the green cluster was connected to the core nodes of this
network (bilateral IPC and PCC, besides mPFC) congruently across
MACM and RSFC. Second, only the green cluster exhibited con-
nectivity to these network nodes when considering specific con-
nectivity according to MACM (all nodes) and RSFC (bilateral PCC).
The green cluster in the rostroventral dmPFC therefore showed
the closest functional coupling with the DMN across task-related
(MACM) and task-unrelated (RSFC) brain states.

This regionally specific dmPFC connectivity is relevant in light
of the diverging literature with respect to the connectivity of the
mPFC to the DMN. Neural activity related to the DMN has been
discussed to be associated with the more “dorsal” mPFC (e.g.,
Weissman et al. 2006; Laird, Eickhoff, Li, et al. 2009; Pisapia
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et al. 2012), more ventral mPFC (e.g., Schilbach et al. 2008; Mars
et al. 2012), both (e.g., Shulman et al. 1997; Gusnard et al. 2001,
Andrews-Hanna et al. 2010), or even with the neighboring ACC
(Shulman et al. 1997; Laird, Eickhoff, Li, et al. 2009). In a recent
fMRI study aimed at segregating the DMN (Bado et al. 2014), the
dorsal mPFC was more active during emotional autobiographical
recall, whereas the ventral mPFC was more metabolically active
during rest. However, dmPFC versus vmPFC were noted to be
preferentially connected to the lateral versus medial compo-
nents of the DMN, respectively (Bzdok, Langner, Schilbach, Enge-
mann, et al. 2013). Another DMN segregation using hierarchical
clustering of fMRI data (Andrews-Hanna et al. 2010) associated
the networks preferentially connected to the dmPFC versus
vmPFC with thinking about the future versus present self. The
authors further compared the functional correlations between
11 regions that composed their DMN. They reported that a region
between dmPFC and vinPFC was connected to “all” DMN regions
as graph-analytically measured by betweenness centrality. This
middle mPFC region (on a ventrodorsal axis) is in close topo-
graphical proximity to the present rostroventral dmPFC cluster.
Thus, previous and present results indicate that approximately
the rostroventral green cluster yields the most consistent DMN
connectivity across the medial prefrontal wall. Functional decod-
ing of the rostroventral dmPFC also revealed implications in
memory tasks, social cognition, and language processing. In-
deed, previous quantitative meta-analyses showed the dmPFC
to be consistently relate to memory, social, and language tasks
(Binder et al. 2009; Spreng et al. 2009; Mar 2011). These results
show that the most DMN-related cluster of the dmPFC is not
only relevant for unconstrained cognition during rest, but also
for some of the most sophisticated cognitive tasks. In sum, the
present results agree with the currently scarce evidence for an
important DMN node in the most frontopolar mPFC, most closely
corresponding to the present rostroventral cluster. The functions
of this DMN node seem to range from task-free to task-con-
strained processing.

Lateralization Effects in the Caudal dmPFC

In contrast to the rostral dmPFC, segregation in the caudal dmPFC
(the caudal-right red cluster and the caudal-left yellow cluster)
revealed hemisphere-specific connectivity patterns. The red
cluster was connected to the left SFS according to MACM and
RSFC and featured specific RSFC to a right-lateralized network
composed of the right aMCC, dIPFC, IPC, precuneus, MTG, and
ITG, as well as the left cerebellum. Although tracing studies in
monkeys coincide with many of these connections (Carmichael
and Price 1996; Barbas et al. 1999; Petrides and Pandya 2007),
they did apparently not report or explicitly address hemispheric
differences in “axonal connectivity.” Nevertheless, “functional
connectivity” of the (right-hemispheric) red cluster revealed
clearly right-lateralized connections. In contrast, the (left-hemi-
spheric) yellow cluster partly shared the connectivity pattern of
the rostral dmPFC clusters, including connection to DMN areas.
In addition, this cluster is specifically connected to the left
aMCC (across MACM and RSFC) and bilateral anterior insula
(RSFC). These findings match structural findings from dMRI in
humans reporting enlarged anterior and midcingulate white-
matter bundles in the left hemisphere (Gong et al. 2005; Wakana
et al. 2007). Axons within this tract connect the dmPFC to the
midcingulate cortex (Yeterian et al. 2012), which itself features
axonal connections to the insula (Vogt and Pandya 1987; August-
ine 1996; Saleem et al. 2007; van den Heuvel et al. 2009). In
sum, functional connectivity of the caudal dmPFC reveals its

preferential involvement in ipsilateral neural networks. This dif-
ference in connectivity most likely explains the hemispheric div-
ision of the caudal dmPFC based on its whole-brain coactivation
patterns.

Explanations for hemispheric lateralization range from inter-
hemispheric inhibition to recruitment of contralateral regions
during demanding tasks (Stephan et al. 2007). Hemispheric spe-
cialization may further subserve the isolation of simultaneously
computed outputs (Chiarello and Maxfield 1996). To the best of
our knowledge, no previous study has described the hemispher-
ically distinct organization in the dmPFC. Yet, each caudal
dmPFC cluster was specifically connected to the adjacent ipsilat-
eral aMCC, which has been previously discussed in terms of lat-
eralization. For example, during a dual task fMRI study, the left
and right aMCC have been demonstrated to parallely encode
the rewards of 2 separate tasks (Charron and Koechlin 2010).
Moreover, left and right aMCC have been found to modulate ipsi-
lateral brain regions in a task-dependent fashion (McIntosh and
Lobaugh 2003; Stephan et al. 2003). When engaging participants
in either verbal or visuospatial tasks on identical stimuli, ana-
lyses based on psychophysiological interactions revealed the
left aMCC to be effectively connected to the left IFG during the
verbal task, whereas the right aMCC was effectively connected
to right IPL during a visuospatial task. This exemplifies how
hemispheric specialization may allow the mediation between
different task networks. Importantly, the present RSFC analyses
indicate that, even in the absence of tasks, caudal dmPFC clusters
are preferentially connected to networks within ipsilateral hemi-
spheres. We thus corroborate absent lateralization in the rostral
dmPFC (Gilbert, Gonen-Yaacovi, et al. 2010) and existing hemi-
spherical specialization in the caudal dmPFC. The present lat-
eralization in the caudal dmPFC might therefore indicate a
functional integration of task-dependent as well as task-inde-
pendent networks.

Interacting Networks in the dmPFC

The sets of brain regions beyond right and left aMCC, connected
to caudal-right and caudal-left dmPFC, respectively, correspond
to well-characterized neural networks (Dosenbach et al. 2007;
Seeley et al. 2007): The frontoparietal connections of the (right-
hemispheric) red cluster (SFG, dIPFC, IPC, and precuneus) largely
correspond to a previously described executive network (Fox,
Snyder, et al. 2005; Seeley et al. 2007). This frontoparietal network
has been linked to attentional modulation of bottom-up process-
ing of visuospatial information, especially in the right hemi-
sphere (McIntosh et al. 1994; Corbetta and Shulman 2002;
Corbetta et al. 2008; Thiebaut de Schotten et al. 2011). In contrast,
aMCC and bilateral anterior insula, connected to the yellow clus-
ter, have been conceptualized as a salience network (Seeley et al.
2007; Menon and Uddin 2010), potentially involved in interocep-
tive awareness (Critchley 2004), pain detection (Vogt 2005; Lamm
et al. 2011), and empathy (Fan et al. 2011; Bzdok, Schilbach, et al.
2012). The general function of the salience network during these
tasks may be the maintenance of pertinent cognitive sets and be-
havioral goals (Bush et al. 2002; O’Doherty et al. 2003; Dosenbach
et al. 2007). Granger causality analyses further suggested the
salience network to mediate between the mostly endogenously
oriented DMN and the mostly exogenously oriented frontoparie-
tal network during tasks (Sridharan et al. 2008; Uddin and Menon
2009; Menon and Uddin 2010; Chiong et al. 2013). In line with this
assumption, task performance increases with causal influence
from the aMCC on the dmPFC. In contrast, the reciprocal
influence of the dmPFC on the aMCC relates to decreasing
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performance (Wen et al. 2013). Concordantly, salience network
lesions impair task performance combined with disinhibited
DMN activation (Bonnelle et al. 2012).

The present results thus demonstrate the DMN, salience net-
work, and right frontoparietal network to be connected to dis-
tinct dmPFC subregions. Specific DMN connectivity was found
with the rostroventral green cluster, the frontoparietal network
connected to the caudal-right (red) cluster and finally the cau-
dal-left dmPFC cluster (yellow) features functional connections
to both salience network and the DMN. These findings suggest
a left-dominant salience processing in the dmPFC, conceivably
modulating DMN activity to improve task performance. Taken to-
gether, the hemispheric specialization of the caudal dmPFC may
allow an isolated computation of the mainly endogenously fo-
cused DMN and the mainly exogenously focused frontoparietal
network. This might potentially be orchestrated by the salience
network.

Understanding Previous Data in the Light of a New
Functional Map

The dmPFC increases neural activity during unconstrained cog-
nition as well as in numerous cognitive and emotional experi-
mental settings (Laird, Eickhoff, Li, et al. 2009; Spreng et al.
2009; Mar 2011, Schilbach et al. 2012). Functional and anatomical
alterations of the dmPFC have been further associated with dis-
eases such as frontotemporal dementia, schizophrenia, and bi-
polar disorder (Schroeter et al. 2008; Minzenberg et al. 2009;
Ellison-Wright and Bullmore 2010). Yet, previous evidence al-
ready indicated heterogeneous dmPFC regions to differentially
respond to social, emotional, memory, and attentional tasks (Gil-
bert, Henson, et al. 2010). Additionally, separate quantitative
meta-analyses on theory-of-mind tasks (ToMs), moral judg-
ments, and empathic processing were associated with activity in-
creases in heterogeneous dmPFC regions (Spreng et al. 2009;
Bzdok, Schilbach, et al. 2012). These previous results indicate
subregionally distinct dmPFC contributions even within the
class of social cognitive processes. As far as we know, no current-
ly available micro- or macroanatomical atlas provides topograph-
ical segregation of the dmPFC. The present connectivity-based
parcellation thus provides a first basis to interpret such previous
data by a more detailed dmPFC map.

As a post hoc analysis, we quantified the regional overlap of 3
previously published coordinate-based meta-analyses of theory of
mind, moral judgments, and empathy (Bzdok, Schilbach, et al.
2012) with each of the 4 CBP-derived dmPFC clusters (Table 2).

This topographical comparison located meta-analytic con-
vergence underlying theory of mind and moral judgments to
the rostral green and blue dmPFC clusters, whereas empathy ac-
tivations converged more caudally (predominantly in the left
cluster) in the dmPFC. This agrees with the rostral dmPFC’s

association with episodic memory and connectivity to the PCC
and hippocampus as shown in the current work. We would
argue that these findings reflect a likely basis for mental scene
construction disregarding processing present sensory input pre-
dominantly in the green cluster (Buckner et al. 2008; Spreng and
Grady 2010). Such hypothetical simulations based on episodic
memory might be more relevant to theory of mind and moral
cognition than empathy processes. Especially, the latter often in-
volves present and thus embodiment-mediated experiences,
such as emotional expressions or pain (Hein and Singer 2008;
Lamm et al. 2011). In contrast, moral judgments involve retrieval,
manipulation, and binding of abstract social knowledge for prob-
abilistic predictions (Moll et al. 2005; Bar 2007). In line with this,
moral judgments showed highest convergence in the rostroven-
tral green cluster, which exhibited most selective DMN connect-
ivity in addition to functional associations with episodic and
semantic memory (Fig. 6). Furthermore, coordinate-based
meta-analyses on theory of mind and autobiographical memory
(Spreng et al. 2009) have reported maxima corresponding to the
rostroventral dmPFC (green cluster).

Intriguingly, the maximum of dmPFC atrophy in frontotem-
poral dementia patients is likewise located in the rostroventral
green cluster (Schroeter et al. 2008). In line with the functional
profile of this dmPFC cluster, diagnostic criteria of frontotempor-
al dementia include early decline in social interpersonal conduct,
loss of insight, and language impairments (Neary et al. 1998). In
contrast to ToMs and moral judgments, empathy showed a rela-
tively high overlap with the caudal red and yellow clusters.

Please note that only the yellow cluster featured connections
to the left aMCC and anterior insulae (salience network), which
is likewise consistently recruited in empathetic judgments (Fan
et al. 2011; Bernhardt and Singer 2012; Bzdok, Schilbach, et al.
2012). Hence, the relatively high caudal dmPFC involvement
during empathy tasks likely corresponds to the caudal-left
cluster’s axonal access to empathy-related circuits. Moreover,
abnormal decrease of gray matter in these regions and the
caudal-left dmPFC (Bora et al. 2010) or caudal bilateral dmPFC
(Ellison-Wright and Bullmore 2010), has been frequently
reported in schizophrenia and bipolar disorder patients. There-
fore, the salience network connectivity of the caudal-left dmPFC
may not only explain its role in emotional tasks, but also psy-
chopathological disturbances such as psychosis (Palaniyappan
and Liddle 2012).

In sum, the present dmPFC parcellation provides a novel
framework for the interpretation of heterogeneous task activa-
tions and disease-related findings. Memory demanding (i.e., po-
tentially mental scene related) social cognitive tasks such as
theory of mind and moral judgments were found to predomin-
antly recruit the rostroventral dmPFC, whereas the more affective
empathy tasks were associated with more caudal-left dmPFC
recruitment.

Table 2 DmPFC recruitment of distinct social tasks and their topographical overlap with individual connectivity-derived dmPFC clusters

Theory of mind
(1558 voxels in dmPFC)

Moral judgment
(2527 voxels in dmPFC)

Empathy
(108 voxels in dmPFC)

Caudal-right cluster (red) 0.00% (0 voxels)
Rostroventral cluster (green) 9
Rostrodorsal cluster (blue)

Caudal-left cluster (yellow) 3.98% (62 voxels)

0.00% (0 voxels) 12.04% (13 voxels)

o o,

22.24% (562 voxels) 35.19% (38 voxels)

Percentage of dmPFC cluster involvement in 3 different social cognitive tasks: meta-analytic convergence underlying Theory of mind, moral judgment, and empathy
(Bzdok, Schilbach, et al. 2012) were tested for topographical overlap with the dmPFC VOI of the present study. These overlapping voxels were further assigned to all
clusters. To illustrate the dissociable subregions’ contributions to each task, color highlights overlap between dmPFC cluster and meta-analytic maps beyond 10%.
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Divergence Between Functional Connectivity Measures

Our analyses indicated that the delineated dmPFC clusters exhib-
ited prominent differences between task-related and task-unre-
lated functional coupling patterns. This observation contrasts
previous bimodal studies of seed regions, such as in the nucleus
accumbens (Cauda et al. 2011), where MACM and RSFC largely
conformed. That is, functional connectivity of the brain’s task
state (MACM) and of the brain’s resting state (RSFC) were repeat-
edly shown to exhibited more similarities than dissimilarities in
the interaction pattern with the rest of the brain but this was not
true in the present study. The dmPFC thus suggests itself as a
candidate region for mediating between neural systems that are
typically more active and less active during task performance,
respectively. This might be true although the dichotomic
distinction of brain systems into so-called task-positive and
task-negative components is increasingly recognized as oversim-
plified (cf. Golland et al. 2007; Zhang and Raichle 2010; Lamm
et al. 2011). A potential mediation between fundamental (and
perhaps even antagonistic) brain states is evidenced by the
caudal-left yellow cluster’s connectivity. During tasks (MACM)
the yellow cluster featured strongest connectivity with the
DMN, whereas during mind-wandering (RSFC) this cluster fea-
tured strongest connectivity to the putative salience network.
This currently underappreciated neurobiological behavior is
challenging to interpret given that the present data are purely
“observational.” Future research should capitalize on targeted
“experimental” investigations using other methods to allow for
its comprehensive characterization.

Conclusion

The present study systematically examined the heterogeneous
nature of the dmPFC, involved in a multitude of high-level cogni-
tive tasks, including social cognition in particular. Detailing the
subdifferentiation of the dmPFC provided a segregation into 4
clusters of coherent whole-brain connectivity. Those located
ventrally versus dorsally in the rostral dmPFC and left versus
right in the caudal dmPFC. Both rostral clusters were functionally
connected to the amygdala and hippocampus as well as involved
in memory and social cognitive tasks. Furthermore, especially
the rostroventral cluster was most strongly connected to the
PCC and IPC. This corroborates previous evidence about this
region as the most important DMN node in the prefrontal
cortex. Caudally, the dmPFC was found to follow right- and left-
hemispheric connectivity patterns that were connected to the
so-called dorsal attention network and the salience network,
respectively. We therefore demonstrate the existence of hemi-
spheric specialization within the dmPFC and its differential
implications in large-scale networks beyond the DMN. The pre-
sent findings are particularly important in light of the dmPFC’s
frequent treatment as a unified region in the neuroimaging
literature. Ultimately, the present mosaic view on dmPFC organ-
ization provides a useful neurobiological model for the interpret-
ation of subregional findings.
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