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functional parcellation 
of the default mode network: 
a large‑scale meta‑analysis
Shaoming Wang1,2,4, Lindsey J. Tepfer1,4, Adrienne A. Taren3,4 & David V. Smith1*

the default mode network (DMn) consists of several regions that selectively interact to support 
distinct domains of cognition. Of the various sites that partake in DMN function, the posterior 
cingulate cortex (PCC), temporal parietal junction (TPJ), and medial prefrontal cortex (MPFC) are 
frequently identified as key contributors. Yet, it remains unclear whether these subcomponents of 
the DMN make unique contributions to specific cognitive processes and health conditions. To address 
this issue, we applied a meta-analytic parcellation approach used in prior work. This approach used 
the Neurosynth database and classification methods to quantify the association between PCC, 
TPJ, and MPFC activation and specific topics related to cognition and health (e.g., decision making 
and smoking). Our analyses replicated prior observations that the PCC, TPJ, and MPFC collectively 
support multiple cognitive functions such as decision making, memory, and awareness. To gain insight 
into the functional organization of each region, we parceled each region based on its coactivation 
pattern with the rest of the brain. This analysis indicated that each region could be further subdivided 
into functionally distinct subcomponents. Taken together, we further delineate DMN function 
by demonstrating the relative strengths of association among subcomponents across a range of 
cognitive processes and health conditions. A continued attentiveness to the specialization within the 
DMN allows future work to consider the nuances in sub-regional contributions necessary for healthy 
cognition, as well as create the potential for more targeted treatment protocols in various health 
conditions.

The default mode network (DMN) underlies a striking array of divergent processes, from interpreting a social 
exchange to contemplating future plans. As a result of this broad functional spectrum, the DMN is a focal point 
of active interrogation: decades of research detail its involvement in a wide range of healthy cognitive functions 
and psychiatric  illnesses1–3. For instance, early in its discovery, the DMN earned a reputation for self-referen-
tial  processing4 and mind-wandering5 after evidence emerged that the network played a role in spontaneous 
thought processes when study participants were not actively engaged in a directed task. Later, studies involving 
autobiographical memory  retrieval6, self-judgements7,8, prospective  thinking6, decision-making9,10, and social 
 cognition11 were also found to evoke activation across the DMN, indicating that the same networked areas may 
play an indirect role across these psychological  processes10. Ongoing research revealed that the DMN tended 
to engage many of the same subregions, particularly the medial prefrontal cortex (MPFC), posterior cingulate 
cortex (PCC), and left and right temporal-parietal junction (left- and right-TPJ)12,13. These four regions have been 
shown to preferentially activate when the brain is at rest, and decrease when engaged in a goal-directed  task14.

In addition to studies linking the DMN to various cognitive processes, recent efforts have explored the DMN’s 
role in health problems, including psychopathology and neurological disorders. A growing body of literature 
suggests that DMN dysfunction may underlie disease states including Alzheimer’s disease, schizophrenia, ADHD, 
Parkinson’s disease, depression, and  anxiety15. Decreased activity of the DMN at rest and decreased task-induced 
deactivation of the DMN has been observed in individuals with  autism16,17, particularly in the  MPFC18,19. Patients 
with anxiety disorders show reduced deactivation of MPFC and increased deactivation of  PCC15, while the 
component regions of DMN appear to change during major depressive episodes, with activity of the thalamus 
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and subgenual cingulate increasingly seen at  rest20. Alzheimer’s patients not only show altered DMN responses 
at rest, but different task-induced deactivation patterns during a working memory  task21 and regional activation 
differences within the  PCC22. In schizophrenia, both resting state and task-based DMN response changes have 
been associated with positive disease  symptoms3,15,23.

While the aforementioned disease states share the commonality of generally altered DMN function, the 
findings from these studies also suggest that altered activity in different DMN nodes may be specific to different 
health conditions; for instance, with the PCC specifically implicated in Alzheimer’s and ADHD, and the MPFC 
in schizophrenia and  anxiety15. However, despite the growing body of knowledge regarding the roles of these four 
DMN subregions in both the cognitive and psychiatric domains, it remains unclear whether further subdividing 
these regions would reveal distinct patterns of activity that show relative differences among one another in their 
contributions to various cognitive process and mental disorders alike.

Evidence for subregional specialization for a range of cognitive functions has been heavily documented in the 
MPFC in particular, exemplifying how a region may play different roles in cognitive function dependent upon 
subregional  activation24–26. For instance, the MPFC as a whole appears to play an important role in self-referential 
processing, but shows a divergence in activity among its subregions: the ventral MPFC deactivates more dur-
ing self-referential judgments while the dorsal MPFC activity  increases8. This ventral-dorsal subspecialization 
within the MPFC appears to extend to other cognitive domains, with ventral MPFC responsible for emotional 
processing and dorsal for cognitive  function8. A recent meta-analysis further delineated regional differences 
in MPFC’s function, identifying anterior, middle, and posterior zones, responsible for episodic memory and 
social processing, cognitive control, and motor function,  respectively27. This previous work suggests there may 
be overlap in function and sub-specialization within MPFC  regions27, opening the door for further research into 
the more fine-grained aspects of MPFC’s function.

Although these previous lines of investigation into DMN functional specialization have largely focused on the 
MPFC, the PCC and the bilateral TPJ may also serve a wide range of functions. For example, the PCC is thought 
to play a key role in focused attention during task-based  activities28,29 and continuous monitoring of internal and 
external stimuli at  rest2. It has also been implicated in episodic memory  retrieval30,31, emotional  processing32, 
and self-referential  processing33. Similarly, the  TPJ34 has been shown to play a role in self-referential  processing4, 
and is important for social cognition along with other DMN regions (PCC and  MPFC11,35). Less is known about 
potential functional subspecialization within the PCC and TPJ, and it is possible that these DMN regions may 
also show intra-regional differences in cognitive processing similar to  MPFC36,37.

To build a better understanding of whether cognitive processes and health conditions are linked to activa-
tion within distinct subunits of the DMN, we used the Neurosynth database and identified core DMN regions 
based on prior work and anatomical landmarks. We also used tools and methods developed in prior  work38,39 
that have successfully characterized the functional substructure of the medial prefrontal  cortex27 and the lateral 
prefrontal  cortex40. Specifically, we employed a naïve Bayesian classifier to quantify the association between 
activation in four particular DMN nodes—the PCC, TPJ, and MPFC activation—and topics pertaining to cog-
nition and health. Our application of these analytical methods to four key regions of the DMN is important 
because it allowed us to quantify how those DMN regions are functionally associated with cognitive processes 
and disease states—thus extending and complementing prior efforts to fractionate the  DMN12,36,37,39,41–46. Our 
primary analyses focused on two key questions. First, are different psychological functions and disease states 
preferentially associated with distinct nodes of the DMN? Second, are there functionally distinct subregions 
within individual DMN nodes?

Results
To determine how the PCC, MPFC, and TPJ coactivated with the rest of the brain, we begun by searching for the 
term “DMN” in Neurosynth to create a functional mask, which we then constrained to the 4 anatomical regions 
of interest to the present study (PCC, MPFC, left and right TPJ) using the Harvard–Oxford probabilistic atlas 
in FSL (Fig. 1A). Note that our TPJ region corresponded to what was labeled as “posterior-TPJ” in a previous 
 study47. After generating the DMN mask through functional mapping, we applied k-means clustering to deter-
mine whether the four subregions of the DMN showed functional segregation. When evaluating coactivation 
and functional preference profiles for the whole DMN, our contrasts reflect comparisons across DMN nodes; 
when investigating functional segregation of each DMN node, contrasts within a single DMN region represent 
comparisons among the clusters within an individual region. We note that our instantiation of our naïve Bayesian 
classifier, which was used to determine whether topics predicted activity in a region or cluster, used a fourfold 
cross-validation scheme, and classification accuracy was assessed by calculating the mean score across all four 
folds, scored using the area under the curve of the receiver operating characteristic (AUC-ROC). Permutation-
based analyses accounted for the variability in the standard deviation values across folds.

Coactivation and functional preference profiles for the DMN regions. Next, we sought to charac-
terize functional similarities and differences across DMN regions. To determine how these four regions within 
the DMN coactivate with voxels across the brain, we adopted an approach used by previous  work27,40, and identi-
fied voxels with a greater probability of coactivating with each ROI relative to the other regions within the DMN. 
First, we found that the four ROIs within the DMN coactivate with each other: the PCC and MPFC strongly 
coactivated, and also showed coactivation with both the left and right TPJ (Fig. 1B). This pattern corresponds 
with long-standing evidence that coactivation among the various components within the DMN represents a 
typical characteristic of the network. In addition to the “collective” coactivation pattern among the four ROIs, we 
also found that the four regions showed coactivation overlap in ways that were not shared among all four ROIs. 
For instance, relative to the MPFC, the PCC and bilateral TPJ showed stronger coactivation with the hippocam-
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pus. Additionally, we found that relative to the PCC and bilateral TPJ, the MPFC showed stronger coactivation 
with both the amygdala and the ventral striatum, regions known for emotion processing and decision-making 
(Fig. 1B). Putting our coactivation results in perspective, these patterns demonstrate that there are both func-
tional similarities and differences that characterize how these four regions within the DMN may operate relative 
to one another.

To further explore functional properties among DMN regions, we performed a meta-analysis to select stud-
ies that activated a given ROI, and then trained a naive Bayesian classifier to predict which studies activated the 
 region27. From our classifier, we extracted the log odds ratio to determine whether a topic predicts activation in 
a particular cluster, with positive values indicating that a topic is indeed predictive of cluster activation. We first 
described functional preference profiles based on cognitive processes, followed by those related to health condi-
tions. Cognitive predictors were limited to 20 psychological topics—words that represent co-occurrence among 
fMRI study abstracts within the Neurosynth database, e.g., cognitive processes and health conditions—previ-
ously shown to be relevant to DMN function. We found that all four regions of interest within the DMN were 
primarily associated with the topics “social”, “decision making”, “awareness”, and “memory” (Fig. 1C), consistent 
with previous evidence suggesting DMN involvement across these domains. We also found that activity among 
the four DMN regions were differentially associated with certain topics: fear, emotion and reward topics were 
associated with activity in the MPFC; emotion topics were associated with PCC activity; and math, semantics, 
and reading topics were associated with activity in the left TPJ. Next, we assessed the 8 disorder-related topics 
to examine whether regions within the DMN were differentially associated with various health conditions as 
well. We found that some disorders were associated with the MPFC or PCC: topics relating to smoking, eat-
ing disorder and depression were associated with activity in the MPFC, and topics pertaining to smoking and 
Alzheimer’s/Parkinson’s disease were associated with activity in the PCC (Fig. 1D). These results are consistent 
with observed coactivation patterns among regions within the DMN, again supporting the notion that there are 
functional similarities as well as differences among these four regions of the DMN, including function relating 
to psychiatric and health conditions.

Next, we evaluated whether the strengths of associations between a topic and a particular region were signifi-
cantly distinct compared to other regions within the DMN. Our post hoc analysis suggested that despite their 
associations, none of the topics showed a statistically greater preference for one region over another within the 
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Figure 1.  Overview of methods. (A) We searched for the topic “DMN” in Neurosynth to create a functional 
mask, and then constrained the mask to 4 anatomical regions that belong to the DMN by using the Harvard–
Oxford probabilistic atlas. (B) We applied k-means clustering to determine functionally different subregions 
within each of the 4 regions. (C) We generated whole-brain coactivation profiles to reveal functional networks 
for different regions. (D) Functional profiles were generated to identify which cognitive processes or health 
conditions best predicted each region’s (or subregion’s) activity. Figure was created using Python and Adobe 
Illustrator.
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DMN (or any of the subregions in the results that follow). Note that we caution interpretation of these results 
because these comparisons were post hoc and  exploratory27 (Fig. 2).

Functional distinctions within DMN subregions. We clustered individual voxels inside the MPFC, 
bilateral-TPJ and PCC based on their meta-analytic coactivation with voxels in the rest of the brain to elucidate 
more fine-grained functional differences among  subregions27,48,49. We used silhouette scoring to select optimal 
solutions for each region, and generated coactivation and functional preferences profiles for each subregion. We 
describe the results for four regions separately.

Within the MPFC, we identified two clusters based on the silhouette score (Fig. 3A, left panel): a dorsal clus-
ter (Fig. 3A right panel, orange) and a ventral cluster (Fig. 3A right panel, green). Our analysis did not reveal 
that either cluster coactivated more strongly with the rest of the brain. When exploring which topics predicted 
activation in these clusters, we found that both the dorsal and ventral MPFC clusters were associated with social, 
emotion, reward, decision-making, awareness, and memory; whereas the ventral cluster was associated with fear 
(Fig. 3B). Additionally, both clusters in MPFC were associated with depression and smoking, and the ventral 
cluster was associated with eating disorders (Fig. 3C; again, with no significant difference between the strength 
of association among cluster and topic associations).

Our silhouette score analysis revealed that a three-cluster solution was optimal for the right-TPJ (Fig. 4A, 
left panel): a dorsal cluster (Fig. 4A, green), a ventral one (Fig. 4A, yellow) and a posterior cluster (Fig. 4A, 
purple). All three clusters were strongly coactivated with the left-TPJ (Fig. 4B). The ventral cluster showed more 
coactivation with the PCC. Although topic-cluster associations did not differ amongst each other, activity in 
all three clusters were associated with social, memory, and awareness topics, with decision making associated 
with the dorsal cluster (Fig. 4C). No subregions showed any association with disorder-related topics (Fig. 4D).
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Figure 2.  Meta-analytic coactivation and functional profiles for the DMN. (A) Functionally defined regions 
within DMN: medial prefrontal cortex (MPFC), posterior cingulate cortex (PCC), left and right temporal 
parietal junction (left- and right-TPJ). (B) Coactivation profiles for 4 regions. Colored voxels indicate 
significantly greater coactivation with the region of same color (A) than control regions. Some regions were 
involved in overlapping functional networks whereas some did not show the same degree of overlap across 
functional networks. Related subcortical structures are labeled as: Hipp hippocampus, Amyg amygdala, VS 
ventral striatum. Strength of association with cognitive and disorder topics measured by LOR. (C) Functional 
profiles were generated by determining which cognitive topics best predicted each DMN cluster’s activity. All 
regions within DMN were primarily involved with social, decision making, awareness, and memory. Distinct 
functions were also observed across MPFC, PCC and left-TPJ. Log-odds ratio (LOR) is used to measure strength 
of association, and color-coded dots corresponding to each region are used to indicate significance (p < 0.05, 
corrected) based on permutation testing. (D) DMN and health conditions. Functional profiles related to health 
conditions were generated to determine whether regions within the DMN were differentially recruited by 
psychological diseases.
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We identified three clusters within the left-TPJ with silhouette scoring (Fig. 5A, left panel): an anterior cluster 
(Fig. 5A right panel, red), a posterior cluster (Fig. 5A right panel, yellow) and a ventral cluster (Fig. 5A right 
panel, green). We directly contrasted the coactivation patterns of each subregion. We found all three regions 
strongly coactivate with the right-TPJ. In addition, the posterior and ventral clusters showed stronger coactiva-
tion with the PCC (Fig. 5B). While both clusters also strongly coactivated with the MPFC, the posterior cluster 
showed strong coactivation with the ventral MPFC, whereas the ventral cluster coactivated with the dorsal MPFC 
more (Fig. 5B). Consistent with functional patterns typically associated with the DMN, all clusters in the left-
TPJ were primarily predicted by social, decision-making, memory, and awareness (Fig. 5C). We found that the 
ventral cluster demonstrated an association with reading, semantics and emotion; the anterior cluster showed an 
association with reading and working memory; and the posterior cluster was associated with priming (Fig. 5C). 
No subregions within the left-TPJ showed any association with disorder-related topics (Fig. 5D). Note that the 
parcellations within the left- and right- TPJ partially mirror each other (Table 1), which increases confidence in 
the clustering of coactivation  patterns27,40. 

We identified three clusters within the PCC with silhouette scoring (Fig. 6A, left panel): a dorsal cluster 
(Fig. 6A right panel, blue), a medial cluster (Fig. 6A right panel, yellow) and a ventral cluster (Fig. 6A right panel, 
red). The medial cluster showed stronger coactivation with the bilateral-TPJ and MPFC, whereas the ventral 
cluster more strongly coactivated with the hippocampus (Fig. 6B). Similar to this coactivation pattern, all clusters 
in the PCC were predicted by memory, awareness, and decision-making, with the medial region showing an 
association with social cognition and emotion topics (Fig. 6C). When looking at the disorder topics, we found 
that all PCC clusters were associated with Alzheimer’s/Parkinson’s disease; the dorsal cluster was associated with 
smoking; and the ventral cluster was associated with PTSD (Fig. 6D), although these cluster-topic associations 
between the dorsal and ventral clusters were not significantly different in strength compared to each other.

Discussion
Previous research has linked the default mode network to a wide range of cognitive functions and disease states. 
Numerous studies have elucidated the functional architecture of the network through coactivation- or connec-
tivity-based  analysis36–39,42,45,50,51. Yet, a comprehensive understanding of the mappings between psychological 
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Figure 3.  Coactivation-based clustering and functional preference profiles of MPFC. (A) We identified two 
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Strength of association with cognitive and disorder topics measured by LOR. (B) Functional preference profiles 
of the MPFC for cognitive topics. Both clusters in MPFC were predicted by social, emotion, reward, decision-
making, awareness and memory, whereas the ventral cluster was predicted by fear. (C) MPFC and health 
conditions. Both clusters in the MPFC were recruited by depression and smoking, but only the ventral cluster 
was associated with eating disorders.
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functions and different nodes within the default mode network remains in its early stages. To address this 
question, the present study builds upon previous work that used a high-powered meta-analysis of functional 
neuroimaging data to parcellate the MPFC and LFC by topic modeling of psychological  functions27,40. Our 
findings help further characterize the functional specialization and subspecialization in two other key DMN 
regions, the PCC and TPJ. Here, we report coactivation among DMN regions and between the DMN and 
hippocampus, amygdala, and striatum. Overlap in function among DMN regions was observed with all four 
ROIs for social cognition, decision-making, awareness, and memory. DMN regions were also differentiated by 
function: the MPFC was associated with emotion, reward, and fear; the PCC was associated with emotion; and 
the left-TPJ was associated with math, semantics, working memory, and reading. Moreover, we found that two 
of the DMN regions were associated with psychopathology and neurological diseases: we found that the PCC 
was associated with Alzheimer’s, Parkinson’s disease, and smoking and the MPFC was associated with smoking, 
eating disorders and depression. Further examination of these DMN ROIs revealed that they could be divided 
into subregions based on cognitive and disease-related functional subspecialization.

Across all four DMN nodes, we observed consistent patterns of involvement with social cognition, memory, 
decision making and awareness. Our analyses also showed strong coactivation patterns between PCC and TPJ, 
suggesting their interactive roles in support of functions, such as social cognition and memory processes 36,37,47. 
These findings recapitulate the notion that nodes within DMN jointly contribute to multiple psychological 
 processes7,14,45. In addition, our results also revealed that the MPFC, as compared to other nodes, has more 
heterogeneous functional characteristics. We show that the MPFC coactivates with subcortical regions, such as 
the amygdala and ventral striatum. Consistent with this pattern, our analysis further shows that the MPFC is 
strongly associated with fear, emotion and reward, consolidating the vast literature on MPFC’s interactions with 
regions related to affect and reward  learning11,52.

Within the MPFC, our finding of a strong association between the ventral cluster and fear is consistent with 
prior work implicating vmPFC in extinction of conditioned  fear53,54. Our analyses further delineate psychological 
disorders associated with the MPFC. In particular, depression, which has been previously associated with altered 
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Figure 4.  Coactivation-based clustering and functional preference profiles of the right-TPJ. (A) We identified 
three clusters within the right-TPJ using silhouette scoring: a dorsal cluster (green), a ventral cluster (yellow) 
and a posterior cluster (purple). Strength of association with cognitive and disorder topics measured by LOR. 
(B) Coactivation contrasts for the right-TPJ. All clusters strongly coactivated with the left-TPJ. The ventral 
cluster showed more coactivation with PCC. (C) Functional preference profiles of the right-TPJ. All clusters in 
the right-TPJ were predicted by social, memory, and awareness, while only the dorsal cluster was predicted by 
decision making. (D) Right-TPJ and health conditions. No subregions were significantly associated with disease-
related topics. Figure was created using Python and Adobe Illustrator.
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DMN  patterns55, loaded most strongly onto the MPFC. In patients with major depressive disorder, increased 
functional connectivity of the MPFC has been  observed56, as well as increased MPFC activation during self-
referential  processing57. The fact that both dorsal and ventral MPFC clusters were associated with depression 
lends further support to previous work suggesting involvement of both MPFC subregions in major depressive 
disorder, with dorsal MPFC activation during depressive self-comparisons and ventral MPFC activation during 
the attentional component of depressive self-focus58.

Consistent with previous literature on the PCC, the present study shows associations between the PCC 
and social cognition. It has been shown that the PCC is a central node of the DMN for social cognition – e.g., 
ascribing mental states to  others11,12,59 and social  feedback60—and has functional interactions at rest with infe-
rior parietal and superior temporal  regions11. While previously the role of the PCC in social cognition has not 
been well-delineated, our results suggest that a medial cluster of the PCC may be most strongly associated with 
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Figure 5.  Coactivation-based clustering, meta-analytic coactivation contrasts and functional preference profiles 
of the left-TPJ. (A) We identified three clusters within the left-TPJ based on silhouette scoring: an anterior 
cluster (red), a posterior cluster (yellow) and a ventral cluster (green). (B) Coactivation contrasts of the left-TPJ. 
All three regions strongly coactivate with the right-TPJ. The posterior and ventral clusters showed stronger 
coactivation with the right-TPJ. The posterior cluster showed more coactivation with the ventral MPFC whereas 
the ventral cluster more strongly coactivated with the dorsal MPFC. Strength of association with cognitive and 
disorder topics, of the left-TPJ measured by LOR (Functional preference profiles). (C) All clusters in the left-TPJ 
were primarily predicted by social, decision-making, memory, and awareness. The ventral cluster was strongly 
associated with reading, semantics and emotion whereas the anterior cluster showed stronger association with 
reading and working memory. The posterior cluster was more strongly predicted by priming. (D) Left-TPJ and 
health conditions. No subregions showed strong associations with disease-related topics. Figure was created 
using Python and Adobe Illustrator.

Table 1.  Percent overlapping voxels within subregions of left- and right-TPJ.

% Overlap Left-TPJ

Right-TPJ Anterior Ventral Posterior

Dorsal 0.50 0.28 0.01

Ventral 0.01 0.63 0.00

Posterior 0.04 0.33 0.51
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social  cognition61. The same medial PCC cluster was shown to be specific to emotion; while there is relatively 
less evidence for the role of PCC in emotion, previous work has shown that the PCC activates in response to 
emotional words and may mediate interactions between emotional and memory  processes32, consistent with 
our parallel finding of an association between the PCC and  memory62. In addition to a primary association 
with memory, all PCC clusters loaded on Alzheimer’s/Parkinson’s disease, consistent with previous reports of 
PCC-DMN functional connectivity in patients with Alzheimer’s disease and mild cognitive  impairment63. This 
association may also be linked to our finding of PCC-hippocampal coactivation, as previous research has sug-
gested disrupted resting state functional connectivity between PCC and hippocampus as a mechanism underling 
Alzheimer’s  disease63.

Our analyses also highlight the association of both the dorsal and ventral PCC with smoking. Although most 
prior neuroimaging studies of smoking behavior focus on anterior cingulate and subcortical circuitry, nicotine 
has also been shown to consistently enhance functional connectivity between the PCC and medial frontal/
anterior cingulate cortex, as well as local connectivity between the dorsal and ventral  PCC64. Additionally, 
PCC activity has been associated with  craving65, viewing smoking cessation  messages66,67, and suppressing cue-
induced  craving68. Taken together, these functional distinctions indicate that subregions within the PCC were 
differentially recruited by different cognitive processes, a pattern consistent with previous literature suggesting 
the multifaceted role of the PCC in  cognition43,69,70.

We also report involvement with social cognition within the TPJ, with the left TPJ more strongly associated 
with math, semantics, reading, emotion, and working memory. Within the domain of social cognition, previous 
research has established the TPJ as most associated with mentalizing/heory of mind  functions71. In addition, 
previous work has suggested functional heterogeneity within the TPJ on the basis of its functional and structural 
 connectivity11,41,72. One study in particular attempted to map social cognition in the human brain, including 
parcellating the TPJ using diffusion-weighted imaging with comparison to non-human  primates47. This work 
suggested that the posterior TPJ was most strongly associated with social cognition. Our analysis similarly 

*
****

** *
**

*
***

*

A B

m
en

ta
liz

in
g

at
te

nt
io

n
im

ag
er

y
sp

at
ia

l
re

w
ar

d
aw

ar
en

es
s

se
m

an
tic

s
fe

ar
ca

te
go

riz
at

io
n

sw
itc

hi
ng

la
ng

ua
ge

in
hi

bi
tio

n
ar

ith
m

et
ic

de
ci

si
on

 m
ak

in
g

re
ad

in
g

le
ar

ni
ng W
M

pr
im

in
g

m
em

or
y

em
ot

io
n

PT
SD

AD
H

D

D
ep

re
ss

io
n

Au
tis

m

Ea
tin

g 
di

so
rd

er

Sc
hi

zo
ph

re
ni

a

Sm
ok

in
g

AD

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.5

PCC: Cognitive Topics PCC: Disorder and Health Topics

MPFC

y = 54
Hipp

y = -30

left-
TPJ

right-
TPJ

y = -60

C D

2 3 4 5 6 7 8 90.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24

Number of clusters (k)

Si
lh

ou
et

te
 s

co
re

Dorsal cluster
Medial cluster
Ventral cluster

Dorsal cluster
Medial cluster
Ventral cluster

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.5

St
re

ng
th

 o
f A

ss
oc

ia
tio

n 
(L

O
R

)

St
re

ng
th

 o
f A

ss
oc

ia
tio

n 
(L

O
R

)

Cognitive Topic Ds isorder and Health Topics

Figure 6.  Coactivation-based clustering, meta-analytic coactivation contrasts and functional preference 
profiles of the PCC. (A) We identified three clusters within the PCC on the basis of silhouette scoring: a dorsal 
cluster (blue), a medial cluster (yellow) and a ventral cluster (red). (B) Coactivation contrasts of the PCC. The 
medial cluster showed stronger coactivation with the bilateral-TPJ and MPFC whereas the ventral cluster more 
strongly coactivated with the hippocampus. (C) Functional preference profiles of PCC. All clusters in the PCC 
were predicted by memory, awareness, and decision making, while only the medial region was associated with 
social and emotion topics. (D) PCC and health conditions. All PCC clusters were associated with Alzheimer’s/
Parkinson’s disease. The dorsal cluster was associated with smoking whereas the ventral cluster was associated 
with PTSD. Figure was created using Python and Adobe Illustrator.
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shows strong loading of the ‘social’ term across all TPJ clusters; the previously reported social association with 
the posterior but not anterior TPJ may be a result of the TPJ mask definition, as Mars et al. (2011) included a 
broader anterior area of the TPJ that overlaps further with the inferior parietal lobe.

Although our study provides a comprehensive characterization of the functional roles of the DMN, we note 
that our findings should be viewed with three caveats. First, the classifier used in our analysis did not distinguish 
activations from deactivations. However, it is well established that the DMN might be activated for some pro-
cesses (e.g., social  cognition11,50,73; and deactivated for others (e.g., executive  control74–76). It is thus conceivable 
that a dataset capable of detecting deactivations would potentially extend our current findings and provide a full 
account of the functional architecture of the DMN. Second, the coactivation maps may not be directly related to 
connectivity between brain regions because they are based on correlations. Indeed, correlation between brain 
regions can be driven by a number of factors that are not related to connectivity or coupling, including changes 
in signal-to-noise ratio in either region or a change in another brain  region77,78. A thorough examination of 
connectivity would necessitate integrating behavioral tasks with effective connectivity measures, such as psy-
chophysiological interactions  analysis78–82 (PPI), an avenue for future investigations. This alternative approach 
would provide insight into how specific tasks and processes drive connectivity with the DMN. Finally, the nature 
of the topic modeling oversimplifies the mapping between psychological ontology to complex, dynamic brain 
 activity40,83. For example, each topic used in our analysis represents a combination of many cognitive processes 
operating at different levels. As a result, mappings between specific psychological concepts and brain activity 
may require further parcellation of complex cognitive processes.

In addition to these limitations, we also note that our approach for defining and fractionating the DMN merits 
additional consideration. For example, we defined the DMN based on a combination of anatomy and function 
and then parcellated individual nodes of DMN. Although an analogous approach has been used in prior  studies12, 
we note that other studies have parcellated networks using responses from all  nodes61. Both approaches assume 
a given network is composed of distinct nodes, which depends critically on the definition of those  nodes84,85. To 
address this issue, some papers have defined networks using continuous maps (e.g., those derived from independ-
ent component analysis) and have examined connectivity with those maps using dual-regression  analysis86–88. We 
believe that integrating this approach with our current analytical  framework27,40 and unthresholded whole-brain 
 maps89 will help future studies refine functional parcellations of the DMN. We also note that in our process of 
parcellating four regions within the DMN, our clusters had become relatively small, which may have limited our 
ability to find differences between cluster-topic associations among each DMN node. Future work may be able 
to address this limitation by using image-based meta  analyses90,91, which may be possible as more researchers 
heed calls to share unthresholded statistical  maps82,89,92.

To conclude, the present study applied a meta-analytic approach to characterize functional mappings among 
cognitive processes, health conditions, and the DMN. Although the DMN as a whole contributes to multiple 
cognitive processes, we identified distinct functional properties for each region, and extended these results by 
identifying further parcellation of functions for specific subregions. These results help clarify the functional roles 
of the DMN across a large corpus of neuroimaging studies and add to the body of literature that has focused on 
refining the theoretical and computational framework associated with the  DMN93.

Methods
Our analysis was based on version 0.6 of the Neurosynth dataset (i.e., articles up to July 2015), which contains 
activation data from more than 12,000 fMRI  studies94.

DMN mask. First, to find regions that are functionally related but restricted to the four anatomical regions 
within the DMN that we are interested in, we created a DMN mask that constrained wider functional activation 
within an anatomical  atlas95 (Fig. 1A). Specifically, we performed a meta-analytical association test by searching 
the term “DMN" in Neurosynth to create a functional mask that specifically mapped the term “DMN” to brain 
regions. We chose an association test (formerly named a “reverse inference”) because it can help estimate the 
relative specificity between brain activity and the  DMN94,96. The resulting mask included 9,650 activations from 
366 studies, and thus identified voxels in studies where the term “DMN” was mentioned in their abstract given 
brain activation. All of the images are thresholded with a false discovery rate of 0.01. Next, we constrained the 
mask to the four DMN regions of interest by using the Harvard–Oxford probabilistic  atlas97 at P > 0.25, which 
included the medial prefrontal cortex (MPFC), the posterior cingulate cortex (PCC), and the left and right tem-
poral parietal junction (left- and right-TPJ). This constraint was applied in the interest of specifying the output 
of our functional mapping and subsequent parcellation to a precise set of standardized coordinates within the 
four regions of interest.

Coactivation-based clustering. To determine more fine-grained functional differences within the four 
primary DMN regions of interest, we applied a clustering method used by previous  work27 to cluster individual 
voxels inside each of the four regions based on their meta-analytic coactivation with voxels in the rest of the 
 brain38 (Fig. 1B). To assess coactivation patterns for each of the four regions, we correlated the activation pattern 
of each voxel with the rest of the brain across all 366 studies. The resulting coactivation matrix is large and would 
require intensive computational power; to mitigate this, the coactivation matrix was passed through a principal 
component analysis (PCA), where the dimensionality of the matrix was reduced to 100  components27,40. Once 
the coactivation was reduced, we calculated the Pearson correlation distance between every voxel with each 
whole-brain PCA component in each of the four DMN regions. We then grouped the voxels within each separate 
region into 2–9 clusters by applying a k-means clustering algorithm to the correlation distance  coefficients98. 
Finally, to determine the number of clusters for each region, we computed silhouette coefficients, allowing us 



10

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:16096  | https://doi.org/10.1038/s41598-020-72317-8

www.nature.com/scientificreports/

to measure cohesion within each  cluster99. Previous reports caution that issues may arise when identifying the 
appropriate number of clusters due to variations in goals and levels of analysis used across  investigations83,100; 
however, recent work has confirmed that the silhouette score can successfully assess cluster  solutions27,40,101,102.

Coactivation profiles. Next, we analyzed how the whole-brain coactivation patterns differed between 
regions to reveal their functional  networks27 (Fig. 1C). To accomplish this, we began by setting up contrasts 
among each of the four regions’ coactivation patterns (e.g., the MPFC against the PCC, left TPJ and right TPJ) 
to detect the coactivation differences between each region. Specifically, we performed a meta-analytic contrast 
between studies that activated the region of interest (ROI; “active studies”) and studies that activated the other 
three regions of interest (“inactive studies”), to  identify the voxels in the rest of the brain that had a greater 
probability of coactivating with a given ROI than other regions within the DMN. For instance, the purple voxels 
in Fig. 2B indicates that these voxels in particular (in this case, within the amygdala and striatum) tend to co-
activate alongside the MPFC rather than the PCC, the left TPJ or the right TPJ. To generate coactivation images 
that highlight coactivation profiles that emerged as a result of contrasting the four DMN ROIs, we conducted a 
two-way chi-square test between two sets of studies—the active and inactive studies—and calculated p values to 
threshold the coactivation images using False Discovery Rate (q < 0.01). The resulting images were binarized and 
visualized using the NiLearn Library in  Python103.

Meta-analytic functional preference profiles. To map between functional states (e.g., cognitive pro-
cesses and health conditions) and the MPFC, PCC, and TPJ regions of the DMN, we re-purposed a set of 60 top-
ics—generated as a part of a previous  study27—which represent words that co-occur among fMRI study abstracts 
in the Neurosynth database. The set of 60 topics, which were produced in the exact same manner as seen in Pol-
drack et al.105), were derived from Dirichlet allocation topic  modeling104, which is beneficial in reducing the level 
of redundancy and ambiguity in term-based meta-analysis maps in  Neurosynth27. Per Poldrack et al.105 and De 
La Vega et al.27, topics that were irrelevant to either cognitive processes or health conditions (for instance, topics 
pertaining to experimental methods and design; N = 23 topics) were excluded from the original set of 60 gener-
ated topics. After the exclusion step, we were left with 37 topics: 29 cognitive topics (e.g., mentalizing, attention, 
imagery) and 8 disorder-related topics (e.g., PTSD, ADHD, Autism).”

We generated functional preference profiles by identifying which cognitive processes or health conditions best 
predicted activity within a given cluster across studies (Fig. 1D). Considering the redundancy and ambiguity in 
term-based meta-analytic maps (e.g., “memory” could refer to working memory or episodic memory), we fol-
lowed the lead of Yarkoni et al. (2011), and trained a naive Bayesian  classifier27 to evaluate two sets of studies. One 
set of studies included those that activated a cluster and the other set did not; a study was defined as activating a 
given cluster if at least 5% of voxels in the cluster were activated in that study. The classifier was then trained to 
predict whether a study activated a particular cluster, given the semantic representation of the latent conceptual 
structure underlying descriptive terms featured in the  study27,40. Our instantiation of the classifier employed a 
fourfold cross-validation scheme, the default variance smoothing in scikit-learn (i.e., 1e−09), and did not utilize 
any priors. Input variables included the 60 psychological and health topics to predict whether activation is likely 
given the latent concepts within a study. As a final measure of our model’s performance, we calculated the mean 
score across all four folds, and scored them using a classification summary metric that considers the sensitivity 
and specificity: the area under the curve of the receiver operating characteristic (AUC-ROC).

Next, we extracted the log-odds ratio (LOR) of a topic, defined as the log of the ratio between the probability 
of a given topic in studies that activated a given cluster ROI and the probability of the topic in studies that did 
not activate the same cluster ROI, for each cluster separately. A positive LOR value indicates that a topic is pre-
dictive of activation in a given cluster. Based on LOR values, we identified 20 cognitive topics that loaded most 
strongly to the entire DMN mask for further analysis and then applied a procedure used in a previous study 
to determine the statistical significance of these  associations27. To do so, we performed a permutation test for 
each region-topic log odds ratio 1,000 times. This resulted in a null distribution of LOR for each topic and each 
region. We calculated p values for each pairwise relationship between topics and regions and then adjusted the 
p-values using a False Discovery Rate at 0.01 to account for multiple comparisons within 20 selected cognitive 
topics and 8 disease-related topics (separately). We reported associations significant at the corrected p < 0.05 
threshold. Finally, to determine whether certain topics showed greater preference for one region or cluster versus 
another, we conducted exploratory, post hoc comparisons by determining whether the 99.9% confidence intervals 
(CI) of the LOR of a specific topic for one region or cluster overlapped with the 99.9% CI of the same topic for 
another region. We use a more stringent threshold than that of previous  work27 due to the increased number of 
comparisons we make across DMN regions. We used bootstrapping to generate CIs, sampled with replacement, 
and recalculated log-odds ratios for each cluster 1,000 times.

Data availability
All data are publicly available on Neurosynth database (https ://neuro synth .org).

Code availability
In addition, all analysis code can be found on our lab GitHub (https ://githu b.com/DVS-Lab/dmn-parce llati on). 
All images can be found on NeuroVault (https ://ident ifier s.org/neuro vault .colle ction :6262).

Received: 9 January 2020; Accepted: 19 August 2020

https://neurosynth.org
https://github.com/DVS-Lab/dmn-parcellation
https://identifiers.org/neurovault.collection:6262


11

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16096  | https://doi.org/10.1038/s41598-020-72317-8

www.nature.com/scientificreports/

References
 1. Shulman, G. L. et al. Common blood flow changes across visual tasks: I. Increases in subcortical structures and cerebellum but 

not in nonvisual cortex. J. Cogn. Neurosci. 9, 624–647 (1997).
 2. Raichle, M. E. et al. A default mode of brain function. Proc. Natl. Acad. Sci. USA 98, 676–682 (2001).
 3. Garrity, A. G. et al. Aberrant “default mode” functional connectivity in schizophrenia. Am. J. Psychiatry 164, 450–457 (2007).
 4. Davey, C. G., Pujol, J. & Harrison, B. J. Mapping the self in the brain’s default mode network. Neuroimage 132, 390–397 (2016).
 5. Brewer, J. A. et al. Meditation experience is associated with differences in default mode network activity and connectivity. Proc. 

Natl. Acad. Sci. 108, 20254–20259 (2011).
 6. Spreng, R. N. & Grady, C. L. Patterns of brain activity supporting autobiographical memory, prospection, and theory of mind, 

and their relationship to the default mode network. J. Cogn. Neurosci. 22, 1112–1123 (2010).
 7. Buckner, R. L., Andrews-Hanna, J. R. & Schacter, D. L. The brain’s default network: Anatomy, function, and relevance to disease. 

Ann. N. Y. Acad. Sci. 1124, 1–38 (2008).
 8. Gusnard, D. A., Akbudak, E., Shulman, G. L. & Raichle, M. E. Medial prefrontal cortex and self-referential mental activity: 

Relation to a default mode of brain function. Proc. Natl. Acad. Sci. 98, 4259–4264 (2001).
 9. Greene, J. D., Sommerville, R. B., Nystrom, L. E., Darley, J. M. & Cohen, J. D. An fMRI investigation of emotional engagement 

in moral judgment. Science 293, 2105–2108 (2001).
 10. Harrison, B. J. et al. Consistency and functional specialization in the default mode brain network. Proc. Natl. Acad. Sci. 105, 

9781–9786 (2008).
 11. Mars, R. B. et al. On the relationship between the “default mode network” and the “social brain”. Front. Hum. Neurosci. 6, 1–9 

(2012).
 12. Leech, R., Kamourieh, S., Beckmann, C. F. & Sharp, D. J. Fractionating the default mode network: Distinct contributions of the 

ventral and dorsal posterior cingulate cortex to cognitive control. J. Neurosci. 31, 3217–3224 (2011).
 13. Braga, R. M., Sharp, D. J., Leeson, C., Wise, R. J. S. & Leech, R. Echoes of the brain within default mode, association, and het-

eromodal cortices. J. Neurosci. 33, 14031–14039 (2013).
 14. Raichle, M. E. The brain’s default mode network. Annu. Rev. Neurosci. 38, 433–447 (2015).
 15. Broyd, S. J. et al. Default-mode brain dysfunction in mental disorders: A systematic review. Neurosci. Biobehav. Rev. 33, 279–296 

(2009).
 16. Assaf, M. et al. Abnormal functional connectivity of default mode sub-networks in autism spectrum disorder patients. Neuroim-

age 53, 247–256 (2010).
 17. Padmanabhan, A., Lynch, C. J., Schaer, M. & Menon, V. The default mode network in autism. Biol. Psychiatry Cogn. Neurosci. 

Neuroimaging 2, 476–486 (2017).
 18. Kennedy, D. P., Redcay, E. & Courchesne, E. Failing to deactivate: Resting functional abnormalities in autism. Proc. Natl. Acad. 

Sci. 103, 8275–8280 (2006).
 19. Kennedy, D. P. & Courchesne, E. The intrinsic functional organization of the brain is altered in autism. Neuroimage 39, 1877–1885 

(2008).
 20. Greicius, M. D. et al. Resting-state functional connectivity in major depression: Abnormally increased contributions from 

subgenual cingulate cortex and thalamus. Biol. Psychiatry 62, 429–437 (2007).
 21. Rombouts, S. A. R. B., Barkhof, F., Goekoop, R., Stam, C. J. & Scheltens, P. Altered resting state networks in mild cognitive 

impairment and mild Alzheimer’s disease: An fMRI study. Hum. Brain Mapp. 26, 231–239 (2005).
 22. He, Y. et al. Regional coherence changes in the early stages of Alzheimer’s disease: A combined structural and resting-state 

functional MRI study. Neuroimage 35, 488–500 (2007).
 23. Bluhm, R. L. et al. Spontaneous low-frequency fluctuations in the BOLD signal in schizophrenic patients: Anomalies in the 

default network. Schizophr. Bull. 33, 1004–1012 (2007).
 24. Mitchell, J. P., Macrae, C. N. & Banaji, M. R. Dissociable medial prefrontal contributions to judgments of similar and dissimilar 

others. Neuron 50, 655–663 (2006).
 25. Bzdok, D. et al. Segregation of the human medial prefrontal cortex in social cognition. Front. Hum. Neurosci. 7, 232 (2013).
 26. Bado, P. et al. Functional dissociation of ventral frontal and dorsomedial default mode network components during resting state 

and emotional autobiographical recall. Hum. Brain Mapp. 35, 3302–3313 (2014).
 27. de la Vega, A., Chang, L. J., Banich, M. T., Wager, T. D. & Yarkoni, T. Large-scale meta-analysis of human medial frontal cortex 

reveals tripartite functional organization. J. Neurosci. 36, 6553–6562 (2016).
 28. Small, D. M. et al. The posterior cingulate and medial prefrontal cortex mediate the anticipatory allocation of spatial attention. 

Neuroimage https ://doi.org/10.1016/S1053 -8119(02)00012 -5 (2003).
 29. Castellanos, F. X. et al. Cingulate—precuneous interactions: A new locus of dysfunction in adult attention-deficit/hyperactivity 

disorder. NIH Public Access 63, 332–337 (2008).
 30. Cabeza, R., Dolcos, F., Graham, R. & Nyberg, L. Similarities and differences in the neural correlates of episodic memory retrieval 

and working memory. Neuroimage 16, 317–330 (2002).
 31. Greicius, M. D., Krasnow, B., Reiss, A. L. & Menon, V. Functional connectivity in the resting brain: A network analysis of the 

default mode hypothesis. Proc. Natl. Acad. Sci. USA. 100, 253–258 (2003).
 32. Maddock, R. J. The retrosplenial cortex and emotion: new insights from functional neuroimaging of the human brain. Trends 

Neurosci. 22, 310–316 (1999).
 33. Northoff, G. et al. Self-referential processing in our brain—A meta-analysis of imaging studies on the self. Neuroimage 31, 

440–457 (2006).
 34. Schurz, M., Radua, J., Aichhorn, M., Richlan, F. & Perner, J. Fractionating theory of mind: A meta-analysis of functional brain 

imaging studies. Neurosci. Biobehav. Rev. 42, 9–34 (2014).
 35. Laird, A. R. et al. Behavioral interpretations of intrinsic connectivity networks. J. Cogn. Neurosci. 23, 4022–4037 (2011).
 36. Bzdok, D. et al. Subspecialization in the human posterior medial cortex. Neuroimage 106, 55–71 (2015).
 37. Bzdok, D. et al. Characterization of the temporo-parietal junction by combining data-driven parcellation, complementary con-

nectivity analyses, and functional decoding. Neuroimage 81, 381–392 (2013).
 38. Eickhoff, S. B. et al. Co-activation patterns distinguish cortical modules, their connectivity and functional differentiation. 

Neuroimage 57, 938–949 (2011).
 39. Ray, K. L. et al. Co-activation based parcellation of the human frontal pole. Neuroimage 123, 200–211 (2015).
 40. de la Vega, A., Yarkoni, T., Wager, T. D. & Banich, M. T. Large-scale meta-analysis suggests low regional modularity in lateral 

frontal cortex. Cereb. Cortex https ://doi.org/10.1093/cerco r/bhx20 4 (2017).
 41. Bzdok, D. et al. Left inferior parietal lobe engagement in social cognition and language. Neurosci. Biobehav. Rev. 68, 319–334 

(2016).
 42. Eickhoff, S. B., Laird, A. R., Fox, P. T., Bzdok, D. & Hensel, L. Functional segregation of the human dorsomedial prefrontal cortex. 

Cereb. Cortex 26, 304–321 (2016).
 43. Margulies, D. S. et al. Precuneus shares intrinsic functional architecture in humans and monkeys. Proc. Natl. Acad. Sci. 106, 

20069–20074 (2009).

https://doi.org/10.1016/S1053-8119(02)00012-5
https://doi.org/10.1093/cercor/bhx204


12

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:16096  | https://doi.org/10.1038/s41598-020-72317-8

www.nature.com/scientificreports/

 44. Kernbach, J. M. et al. Subspecialization within default mode nodes characterized in 10,000 UK Biobank participants. Proc. Natl. 
Acad. Sci. USA. 115, 12295–12300 (2018).

 45. Laird, A. R. et al. Investigating the functional heterogeneity of the default mode network using coordinate-based meta-analytic 
modeling. J. Neurosci. 29, 14496–14505 (2009).

 46. Andrews-Hanna, J. R., Smallwood, J. & Spreng, R. N. The default network and self-generated thought: Component processes, 
dynamic control, and clinical relevance. Ann. N. Y. Acad. Sci. 1316, 29–52 (2014).

 47. Mars, R. B. et al. Diffusion-weighted imaging tractography-based parcellation of the human parietal cortex and comparison 
with human and macaque resting-state functional connectivity. J. Neurosci. 31, 4087–4100 (2011).

 48. Smith, S. M. et al. Correspondence of the brain’s functional architecture during activation and rest. Proc. Natl. Acad. Sci. 106, 
13040–13045 (2009).

 49. Chang, L. J., Yarkoni, T., Khaw, M. W. & Sanfey, A. G. Decoding the role of the insula in human cognition: Functional parcella-
tion and large-scale reverse inference. Cereb. Cortex 23, 739–749 (2013).

 50. Amft, M. et al. Definition and characterization of an extended social-affective default network. Brain Struct. Funct. 220, 1031–
1049 (2015).

 51. Smith, D. V., Sip, K. E. & Delgado, M. R. Functional connectivity with distinct neural networks tracks fluctuations in gain/loss 
framing susceptibility. Hum. Brain Mapp. 36, 2743–2755 (2015).

 52. Etkin, A., Egner, T. & Kalisch, R. Emotional processing in anterior cingulate and medial prefrontal cortex. Trends Cogn. Sci. 15, 
85–93 (2011).

 53. Milad, M. R. et al. Recall of fear extinction in humans activates the ventromedial prefrontal cortex and hippocampus in concert. 
Biol. Psychiatry 62, 446–454 (2007).

 54. Morgan, M. A. & Ledoux, J. E. Differential contribution of dorsal and ventral medial prefrontal cortex to the acquisition and 
extinction of conditioned fear in rats. Behav. Neurosci. 109, 681–688 (1995).

 55. Belzung, C., Willner, P. & Philippot, P. Depression: From psychopathology to pathophysiology. Curr. Opin. Neurobiol. 30, 24–30 
(2015).

 56. Zhu, X. et al. Evidence of a dissociation pattern in resting-state default mode network connectivity in first-episode, treatment-
naive major depression patients. Biol. Psychiatry 71, 611–617 (2012).

 57. Lemogne, C. et al. Self-referential processing and the prefrontal cortex over the course of depression: A pilot study. J. Affect. 
Disord. 124, 196–201 (2010).

 58. Lemogne, C., Delaveau, P., Freton, M., Guionnet, S. & Fossati, P. Medial prefrontal cortex and the self in major depression. J. 
Affect. Disord. 136, e1–e11 (2012).

 59. Leech, R., Braga, R. & Sharp, D. J. Echoes of the brain within the posterior cingulate cortex. J. Neurosci. 32, 215–222 (2012).
 60. Sip, K. E., Smith, D. V., Porcelli, A. J., Kar, K. & Delgado, M. R. Social closeness and feedback modulate susceptibility to the 

framing effect. Soc. Neurosci. 10, 35–45 (2015).
 61. Alcalá-López, D. et al. Computing the social brain connectome across systems and states. Cereb. Cortex https ://doi.org/10.1093/

cerco r/bhx12 1 (2017).
 62. Vatansever, D., Manktelow, A. E., Sahakian, B. J., Menon, D. K. & Stamatakis, E. A. Angular default mode network connectivity 

across working memory load. Hum. Brain Mapp. 38, 41–52 (2017).
 63. Hafkemeijer, A., van der Grond, J. & Rombouts, S. A. R. B. Imaging the default mode network in aging and dementia. Biochim. 

Biophys. Acta Mol. Basis Dis. 1822, 431–441 (2012).
 64. Hong, L. E. et al. Association of nicotine addiction and nicotine’s actions with separate cingulate cortex functional circuits. Arch. 

Gen. Psychiatry 66, 431–441 (2009).
 65. Garavan, H. et al. Cue-induced cocaine craving: Neuroanatomical specificity for drug users and drug stimuli. Am. J. Psychiatry 

157, 1789–1798 (2000).
 66. Chua, H. F. et al. Self-related neural response to tailored smoking-cessation messages predicts quitting. Nat. Neurosci. 14, 426–427 

(2011).
 67. Chua, H. F., Liberzon, I., Welsh, R. C. & Strecher, V. J. Neural correlates of message tailoring and self-relatedness in smoking 

cessation programming. Biol. Psychiatry 65, 165–168 (2009).
 68. Brody, A. L. et al. Neural substrates of resisting craving during cigarette cue exposure. Biol. Psychiatry 62, 642–651 (2007).
 69. Utevsky, A. V., Smith, D. V. & Huettel, S. A. Precuneus is a functional core of the default-mode network. J. Neurosci. 34, 932–940 

(2014).
 70. Acikalin, M. Y., Gorgolewski, K. J. & Poldrack, R. A. A coordinate-based meta-analysis of overlaps in regional specialization 

and functional connectivity across subjective value and default mode networks. Front. Neurosci. 11, 1–11 (2017).
 71. Saxe, R. Uniquely human social cognition. Curr. Opin. Neurobiol. 16, 235–239 (2006).
 72. Schilbach, L. et al. Introspective minds: Using ALE meta-analyses to study commonalities in the neural correlates of emotional 

processing, social & unconstrained cognition. PLoS ONE 7, 2 (2012).
 73. Schilbach, L., Eickhoff, S. B., Rotarska-Jagiela, A., Fink, G. R. & Vogeley, K. Minds at rest? Social cognition as the default mode 

of cognizing and its putative relationship to the ‘default system’ of the brain. Conscious. Cogn. 17, 457–467 (2008).
 74. Anticevic, A., Repovs, G., Shulman, G. L. & Barch, D. M. When less is more: TPJ and default network deactivation during 

encoding predicts working memory performance. Neuroimage 49, 2638–2648 (2010).
 75. Binder, J. R. Task-induced deactivation and the ‘resting’ state. Neuroimage 62, 1086–1091 (2012).
 76. Koshino, H., Minamoto, T., Yaoi, K., Osaka, M. & Osaka, N. Coactivation of the default mode network regions and working 

memory network regions during task preparation. Sci. Rep. 4, 5954 (2015).
 77. Gerstein, G. L. & Perkel, D. H. Simultaneously recorded trains of action potentials: Analysis and functional interpretation. Sci-

ence (80-). https ://doi.org/10.1126/scien ce.164.3881.828 (1969).
 78. Friston, K. J. Functional and effective connectivity: A review. Brain Connect. 1, 13–36 (2011).
 79. Friston, K. J. et al. Psychophysiological and modulatory interactions in neuroimaging. Neuroimage https ://doi.org/10.1006/

nimg.1997.0291 (1997).
 80. O’Reilly, J. X., Woolrich, M. W., Behrens, T. E. J., Smith, S. M. & Johansen-Berg, H. Tools of the trade: Psychophysiological 

interactions and functional connectivity. Soc. Cogn. Affect. Neurosci. 7, 604–609 (2012).
 81. Smith, D. V., Gseir, M., Speer, M. E. & Delgado, M. R. Toward a cumulative science of functional integration: A meta-analysis 

of psychophysiological interactions. Hum. Brain Mapp. 37, 2904–2917 (2016).
 82. Smith, D. V. & Delgado, M. R. Meta-analysis of psychophysiological interactions: Revisiting cluster-level thresholding and sample 

sizes. Hum. Brain Mapp. 38, 588–591 (2017).
 83. Poldrack, R. A. & Yarkoni, T. From brain maps to cognitive ontologies: Informatics and the search for mental structure. Annu. 

Rev. Psychol. 67, 587–612 (2016).
 84. Cole, D. M., Smith, S. M. & Beckmann, C. F. Advances and pitfalls in the analysis and interpretation of resting-state FMRI data. 

Front. Syst. Neurosci. https ://doi.org/10.3389/fnsys .2010.00008  (2010).
 85. Smith, S. M. et al. Network modelling methods for FMRI. Neuroimage 54, 875–891 (2011).
 86. Filippini, N. et al. Distinct patterns of brain activity in young carriers of the APOE-epsilon4 allele. PNAS 106, 7209–7214 (2009).
 87. Smith, S. M., Hyvärinen, A., Varoquaux, G., Miller, K. L. & Beckmann, C. F. Group-PCA for very large fMRI datasets. Neuroim-

age https ://doi.org/10.1016/j.neuro image .2014.07.051 (2014).

https://doi.org/10.1093/cercor/bhx121
https://doi.org/10.1093/cercor/bhx121
https://doi.org/10.1126/science.164.3881.828
https://doi.org/10.1006/nimg.1997.0291
https://doi.org/10.1006/nimg.1997.0291
https://doi.org/10.3389/fnsys.2010.00008
https://doi.org/10.1016/j.neuroimage.2014.07.051


13

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16096  | https://doi.org/10.1038/s41598-020-72317-8

www.nature.com/scientificreports/

 88. Yu, Q. et al. Comparing brain graphs in which nodes are regions of interest or independent components: A simulation study. J. 
Neurosci. Methods 291, 61–68 (2017).

 89. Gorgolewski, K. J. et al. NeuroVault.org: A web-based repository for collecting and sharing unthresholded statistical maps of 
the human brain. Front. Neuroinform. 9, 1–9 (2015).

 90. Clithero, J. A. & Rangel, A. Informatic parcellation of the network involved in the computation of subjective value. Soc. Cogn. 
Affect. Neurosci. https ://doi.org/10.1093/scan/nst10 6 (2013).

 91. Luijten, M., Schellekens, A. F., Kühn, S., Machielse, M. W. J. & Sescousse, G. Disruption of reward processing in addiction. JAMA 
Psychiatry https ://doi.org/10.1001/jamap sychi atry.2016.3084 (2017).

 92. Botvinik-Nezer, R. et al. Variability in the analysis of a single neuroimaging dataset by many teams. Nature 2020, 1–31. https ://
doi.org/10.1038/s4158 6-020-2314-9 (2020).

 93. Dohmatob, E., Dumas, G. & Bzdok, D. Dark control : A unified account of default mode function by control theory and rein-
forcement learning. BioRxiv https ://doi.org/10.1101/14889 0 (2017).

 94. Yarkoni, T., Poldrack, R. A., Nichols, T. E., Van Essen, D. C. & Wager, T. D. Large-scale automated synthesis of human functional 
neuroimaging data. Nat. Methods 8, 665–670 (2011).

 95. Poldrack, R. A. et al. Scanning the horizon: Towards transparent and reproducible neuroimaging research. Nat. Rev. Neurosci. 
18, 115–126 (2017).

 96. Poldrack, R. A. Can cognitive processes be inferred from neuroimaging data?. Trends Cogn. Sci. 10, 59–63 (2006).
 97. Desikan, R. S. et al. An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based 

regions of interest. Neuroimage 31, 968–980 (2006).
 98. Thirion, B., Varoquaux, G., Dohmatob, E. & Poline, J. B. Which fMRI clustering gives good brain parcellations?. Front. Neurosci. 

8, 1–13 (2014).
 99. Rousseeuw, P. J. Silhouettes: A graphical aid to the interpretation and validation of cluster analysis. J. Comput. Appl. Math. 20, 

53–65 (1987).
 100. Varoquaux, G. & Thirion, B. How machine learning is shaping cognitive neuroimaging. Gigascience 3, 28 (2014).
 101. Pauli, W. M., O’Reilly, R. C., Yarkoni, T. & Wager, T. D. Regional specialization within the human striatum for diverse psycho-

logical functions. Proc. Natl. Acad. Sci. 113, 1907–1912 (2016).
 102. Eickhoff, S. B., Thirion, B., Varoquaux, G. & Bzdok, D. Connectivity-based parcellation: Critique and implications. Hum. Brain 

Mapp. 36, 4771–4792 (2015).
 103. Abraham, A. et al. Machine learning for neuroimaging with scikit-learn. Front. Neuroinform. 8, 1–10 (2014).
 104. Blei, D. M. et al. Latent dirichlet allocation. J. Mach. Learn. Res. 3, 993–1022 (2003).
 105. Poldrack, R.A. et al. Discovering relations between mind, brain, and mental disorders using topic mapping. PLOS Comput. Biol. 

8(10), e1002707. https ://doi.org/10.1371/journ al.pcbi.10027 07 (2012).

Acknowledgements
We thank Alejandro de la Vega for sharing his analysis code and answering technical questions. We also thank 
Victoria Kelly and Christian Reice for their comments on an earlier draft of the manuscript. This work was sup-
ported in part by NIH Grant R21-MH113917 (DVS). Publication of this article was funded in part by the Temple 
University Libraries Open Access Publishing Fund. LJT is now at Dartmouth College.

Author contributions
S.W. participated in: formal analysis, writing—original draft, writing—review & editing, visualization. A.A.T. 
participated in: writing—original draft, writing—review & editing. L.J.T participated in: writing—review & 
editing, validation, visualization. D.V.S. participated in conceptualization, supervision, formal analysis, writ-
ing—original draft, writing—review & editing.

competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.V.S.

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1093/scan/nst106
https://doi.org/10.1001/jamapsychiatry.2016.3084
https://doi.org/10.1038/s41586-020-2314-9
https://doi.org/10.1038/s41586-020-2314-9
https://doi.org/10.1101/148890
https://doi.org/10.1371/journal.pcbi.1002707
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Functional parcellation of the default mode network: a large-scale meta-analysis
	Results
	Coactivation and functional preference profiles for the DMN regions. 
	Functional distinctions within DMN subregions. 

	Discussion
	Methods
	DMN mask. 
	Coactivation-based clustering. 
	Coactivation profiles. 
	Meta-analytic functional preference profiles. 

	References
	Acknowledgements


