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Abstract
The posterior cingulate cortex (PCC) has been implicated in a host of cognitive and behavioral processes in addition to 
serving as a central hub in the default mode network (DMN). Moreover, the PCC has been shown to be involved in a range 
of psychiatric and neurological disorders. However, very little is known about the specific activated/deactivated functional 
profiles of the PCC. Here, we employed a dual analytic approach using robust quantitative meta-analytical connectivity 
modeling (MACM) and ultra-high field, high resolution resting state functional magnetic resonance imaging (rs-fMRI) to 
identify state-specific functional activity patterns of the human PCC. The MACM results provided evidence for regions 
of convergence for PCC co-activation and co-deactivation (i.e., left medial frontal gyrus, left amygdala, and left anterior 
cingulate) as well as regions of divergence specific to either PCC activation (i.e., bilateral inferior frontal gyri) or PCC 
deactivation (i.e., left parahippocampal gyrus). In addition, exploratory MACMs on dorsal and ventral subregions of the 
PCC revealed differential functional activity patterns such as greater co-activation of the right PCC and left inferior parietal 
lobule with the dorsal PCC and greater co-activation of right precuneus with the ventral PCC. Resting state connectivity 
analyses showed widespread connectivity similar to that of the PCC co-activation-based MACM, but also demonstrated 
additional regions of activity, including bilateral superior parietal regions and right superior temporal regions. These analyses 
highlight the diverse neurofunctional repertoire of the human PCC, provide additional insight into its dynamic functional 
activity patterns as it switches between activated and deactivated states, and elucidates the cognitive processes that may be 
implicated in clinical populations.
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Introduction

In addition to serving as a central hub in the default mode 
network (DMN), the posterior cingulate cortex (PCC) has 
been implicated in a host of cognitive and behavioral pro-
cesses, rendering it one of the most dynamic structures in 
the human brain. Despite our understanding of the func-
tional role of the PCC via specific task designs and ana-
lytical approaches [i.e., region-of-interest (ROI) analyses], 
more can be gleaned about this key structure by combin-
ing techniques that investigate different states of the PCC, 
such as activation, deactivation, and resting state. Here, we 
extend the literature by employing a complementary analytic 
approach using robust quantitative meta-analytic techniques 
along with ultra-high field, high resolution resting state func-
tional magnetic resonance imaging (rs-fMRI).

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0022​1-019-05595​-y) contains 
supplementary material, which is available to authorized users.
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Perhaps the PCC’s most well-defined role is that of a 
“cortical hub”, due to evidence suggesting that the PCC may 
serve a vital role within multiple functional neural networks 
as well as its membership in the “rich club” of the human 
connectome (Lord et al. 2017; van den Heuvel and Sporns 
2011). As noted previously, the PCC serves as an anchor 
to the DMN, a collection of brain regions characterized by 
blood-oxygen level dependent (BOLD) signal timeseries 
correlations during rest (i.e., task-negative) conditions and 
anticorrelations to regions comprising the task-positive net-
work (Yu et al. 2011). In addition, the PCC is the only DMN 
node that interacts with all but one of the other DMN nodes, 
the right medial temporal lobe (MTL) (Leech et al. 2012), 
underscoring this structure’s influence within the DMN. 
Furthermore, Fransson and Marrelec (2008) demonstrated 
extensive functional connectivity of the PCC throughout 
the brain, including connectivity to structures involved in 
cognitive and affective processing [i.e., dorsal and ventral 
medial prefrontal cortices (dmPFC, vmPFC, respectively), 
left medial temporal lobe (lMTL)], as well as sensory pro-
cessing [i.e., precuneus, bilateral temporal cortices (lTC, 
rTC), bilateral inferior parietal lobe (lIPL, rIPL)] empha-
sizing its functional versatility and importance. Given its 
role in the DMN, the PCC has been noted to be deactivated 
during cognitive tasks involving externally directed thought 
and attention (Singh and Fawcett 2008) and active in tasks 
involving internally directed thought, such as memory recol-
lection or daydreaming (Buckner et al. 2008). In addition, 
connections to frontoparietal attention networks have been 
linked to regions of deactivation within the PCC (Leech 
et al. 2012). This suggests the PCC may deactivate or acti-
vate for reasons unrelated to the PCC’s connection to the 
DMN, a part of the PCC’s neurofunctional repertoire that 
has received little attention.

The PCC and precuneus have been shown to be two of 
the most metabolically active regions of the brain both at 
rest and during cognitive tasks (Raichle et al. 2001), further 
suggesting the structure as being highly dynamic in function 
not just within the realm of DMN. For example, the PCC 
operates in other neural networks such as the fronto-parietal 
control, dorsal attention, salience, sensorimotor networks 
(Leech and Sharp 2014) and parietal memory network (Gil-
more et al. 2015). Additionally, the PCC has demonstrated 
sensitivity to sleep, as evidence suggests that its neurofunc-
tional profile (i.e., connectivity between the PCC and other 
regions of the brain) changes depending on the amount and 
quality of sleep (Robinson et al. 2018; Sämann et al. 2011). 
Furthermore, the PCC is activated across a diverse range of 
cognitive and behavioral tasks related to emotional stimulus 
processing (Maddock et al. 2003), autobiographical informa-
tion processing (Maddock et al. 2001), consciousness/self-
reflection (Vogt and Laureys 2005), and general monitoring 
of internal and external information (Raichle et al. 2001). In 

addition to the role the PCC plays in healthy brain function-
ing, structural, functional, and/or connectivity abnormalities 
of the PCC have been noted in a wide range of conditions 
including neurological and psychiatric conditions (Buck-
ner et al. 2008; Zhu et al. 2012; Vogt and Laureys 2005; 
Miller et al. 2015) such as attention deficit hyperactivity 
disorder (Nakao et al. 2011), amnestic type mild cognitive 
impairment (Bai et al. 2009), autism spectrum disorder 
(Cherkassky et al. 2006), and schizophrenia (Liang et al. 
2006). Together, these data suggest that the PCC may have 
unique functional patterns compared to other regions of the 
brain, and likely has a strong evolutionary purpose given its 
extensive involvement across cognitive, emotion, attentional, 
neurological, and psychiatric states.

Functional activity patterns of the PCC have, at least in 
part, been attributed to dorsal and ventral subregions of the 
PCC (Cha et al. 2017; Vogt et al. 2006; Yu et al. 2011). 
Differences in functional activity between dorsal and ven-
tral regions of the PCC are suggested to be a result of local 
connectivity differences (Cha et al. 2017). Specifically, the 
dorsal PCC (dPCC) has been implicated to be function-
ally specialized in spatial orientation, and the ventral PCC 
(vPCC) in self-relevant information processing (Vogt et al. 
2006). In addition, the vPCC has been shown to be func-
tionally connected to the ventromedial prefrontal cortex and 
middle left inferior parietal cortex and associated with facial 
appraisal and language tasks (Bzdok et al. 2015). The dPCC 
has been shown to be functionally connected to the dorso-
medial prefrontal cortex as well as anterior and posterior 
inferior parietal cortex regions and associated with delay 
discounting and subjective value tasks (Acikalin et al. 2017; 
Bzdok et al. 2015). Although functional specializations for 
the dPCC and vPCC exist, both regions have been shown 
to be positively correlated with the DMN (Yu et al. 2011).

Despite established functional specialization of subre-
gions within the PCC, very little is known about how acti-
vated and deactivated functional profiles of the PCC, and 
those of its dorsal and ventral subregions, differ. This gap 
in knowledge is, in part, related to biases in the fMRI lit-
erature towards studies reporting activation coordinates. 
The lack of attention to deactivations in the PCC, and in 
general, underscores the need for data-driven approaches 
to understanding PCC function that incorporates both 
co-activation and co-deactivation. Thus, a goal of the 
current paper is to contribute to this gap in knowledge 
regarding signal decreases in the brain, by capitalizing on 
meta-analytic techniques to derive a PCC task-based co-
deactivation functional profile and to then compare that 
profile to a task-based co-activation profile as well as a 
task-independent resting state profile. In addition, consid-
ering dPCC and vPCC subregions, we sought to conduct 
exploratory investigations of the co-activation and co-
deactivation profiles of dorsal and ventral subregions of 



2369Experimental Brain Research (2019) 237:2367–2385	

1 3

the PCC. Because the PCC is a high-degree node in the 
“rich club” indicating that it plays a key role in global 
information integration and that structural, functional, 
and metabolic changes in the PCC are linked to neuropa-
thology, co-activation, co-deactivation, and resting state 
functional profiles would be expected to differ. To assess 
neurofunctional differences among PCC activation, deac-
tivation, and resting state, we employed a multi-method 
approach by combining robust meta-analytic techniques 
with ultra-high field [i.e., 7 Tesla (7T)], submillimeter rs-
fMRI. Ultra-high-field scanners have been shown to have 
greater signal-to-noise ratio, provide better measures of 
brain connectivity (Nowogrodzki 2018), and are becom-
ing increasingly incorporated in academic and clinical 
research. Furthermore, functional connectivity meas-
urements at 7T compared to 3T show improved spatial 
specificity in rs-fMRI for delineating the DMN and sen-
sorimotor networks (SMN; Hale et al. 2010). Given these 
advantages, the current work provided characterization of 
PCC connectivity using ultra-high field high-resolution 
data. In addition, to determine psychological phenomena 
associated with specific activation profiles, we conducted 
data-driven regional decoding assessments using taxo-
nomic meta-data terms including behavioral domains and 
paradigm classes. To our knowledge, the function of the 
PCC has yet to be explored by comparing and contrasting 
the different states of activity (i.e., activated, deactivated, 
resting). Improving our understanding of PCC function in 
this manner may elucidate models of disease by contribut-
ing to our understanding of functional changes as the PCC 
dynamically switches between activated, deactivated, and 
resting states.

Methods

Overview

We examined functional differences between activation 
and deactivation of the human PCC. To do this, we lev-
eraged the organization of the BrainMap® database (Fox 
et al. 2005; Laird et al. 2005a) and the BrainMap® utility, 
Sleuth, to conduct meta-analytic connectivity modeling 
(MACM), a quantitative method for assessing patterns of 
concurrent neural activity (Robinson et al. 2009). This 
provided an initial model of task-based co-activation and 
co-deactivation patterns utilizing decades worth of neuro-
imaging data collected across various behavioral domains. 
We also performed submillimeter, ultra-high field (7T) rs-
fMRI in a sample of healthy individuals for comparison 
and validation of more subtle effects that may be seen with 
high-field imaging.

ROI construction

We defined the PCC ROI using the Harvard–Oxford Struc-
tural Probability Atlas (thresholded at 50% probability, 
Fig. 1) distributed with FSL neuroimaging analysis soft-
ware (http://fsl.fmrib​.ox.ac.uk/fsl/fslwi​ki/Atlas​es). The 
mean probability for the PCC was over 70% (M ± SD: 
70.53 ± 15.01) and the centroid (located at MNI coordinate 
0, – 35, 33) was 96%. The total volume for the PCC was 
10,816 voxels. Centroid, average threshold, and volume sta-
tistics were gathered using Mango’s ROI analysis and his-
togram capabilities as well as FSL’s ‘fslstats’ utility (http://
ric.uthsc​sa.edu/mango​, http://fsl.fmrib​.ox.ac.uk/fsl/fslwi​ki/
Fslut​ils?highl​ight=%28fsl​stats​%29). Prior to use in the fol-
lowing meta-analyses, the PCC ROI was binarized using 
FSL’s ‘fslstats’.

Dorsal–ventral PCC

Because previous studies have reported neurofunctional dif-
ferences between the dorsal and ventral portions of the PCC 
(Bzdok et al. 2015; Leech et al. 2011), we created dorsal/
ventral PCC ROIs for use in exploratory meta-analyses. Here 
we defined the dPCC ROI as the region of the posterior 
cingulate associated with areas 23c, 23d, d23, and adjacent 
area 31 and the vPCC ROI as the portion of the PCC asso-
ciated with v23 and caudal area 31, in line with previous 
research (Vogt et al. 2006; Yu et al. 2011). We used FSLeyes 
(https​://fsl.fmrib​.ox.ac.uk/fsl/fslwi​ki/FSLey​es) to construct 
the dPCC and vPCC ROIs. Within FSLeyes, we used the 
atlas panel to search for “posterior cingulate”. From the 
search results we selected bilateral regions of the posterior 
cingulate specific to Brodmann Areas (BAs) 23 and 31 and 
exported the overlays. These overlays were then opened in 
Mango and assembled into a single ROI. To differentiate 
the dPCC and vPCC subregions, we divided the PCC ROI, 
inclusive of BAs 23 and 31, along the ventral branch of the 
splenial sulcus, which has been previously established as the 
cytological and functional border of the dPCC and vPCC 
regions (Yu et al. 2011; Fig. 1).

The PCC, dPCC, and vPCC ROIs were exported for use 
in the following meta-analytic procedures.

BrainMap® meta‑analysis methods

Six separate meta-analyses were preformed, one meta-anal-
ysis for studies reporting co-activation with the PCC and 
a separate meta-analysis reporting studies associated with 
co-deactivations of the PCC as well as separate co-activation 
and co-deactivation meta-analyses for the dPCC and vPCC 
subregions. The PCC ROI was used to query the database to 
determine those brain regions which co-activate or co-deac-
tivate with the PCC across included studies (Fox et al. 2005; 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases
http://ric.uthscsa.edu/mango
http://ric.uthscsa.edu/mango
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Fslutils%3fhighlight%3d%2528fslstats%2529
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Fslutils%3fhighlight%3d%2528fslstats%2529
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLeyes
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Laird et al. 2005b) using Sleuth Version 2.4 (http://Brain​
Map.org/sleut​h/), with the following criteria applied: (1) 
Locations →  MNI Image → “PCC ROI”, (2) Experiments 
→ Context → Normal Mapping, (3) Experiments → Activa-
tion → Activations Only (or Deactivations Only). Whole-
brain coordinates of co-activations (or co-deactivations) 
from the isolated contrasts were then downloaded (activa-
tions = 294 papers, 5720 locations, 393 experiments, 864 
conditions, 5103 subjects; deactivations = 53 papers, 986 
locations, 78 experiments, 156 conditions, 793 subjects). 
At the time of the search, the BrainMap® functional database 
contained 2994 papers, 108 paradigm classes, 62,902 sub-
jects, 14,720 experiments, and 115,364 locations. Experi-
ments for the PCC meta-analysis originated from multiple 
behavioral domains including Action, Cognition, Emotion, 
Interoception, and Perception with Emotion representing the 
majority of the studies followed by (in order) Perception, 
Action, Cognition, and Interoception for PCC co-activations. 
For PCC co-deactivations, the majority of the studies came 
from the Cognition behavioral domain followed by (in order) 
Perception, Action, Emotion, and Interoception. Behavio-
ral domains and sub-domains were operationally defined by 
the BrainMap® lexicon (www.brain​map.org/taxon​omy/). 
For example, the Action behavioral domain is defined as 
the mental faculty associated with overt movements of the 

body. Cognition is defined as the mental process of knowing, 
including the integration of awareness, perception, reason-
ing, and judgment. Emotion is defined as the mental faculty 
of experiencing an affective state of consciousness such as 
joy, sorrow, fear, hate, etc. Interoception is defined as the 
mental faculty associated with sensitivity to stimuli originat-
ing inside the body. Last, Perception is defined as the mental 
faculty of apprehending knowledge by means of the senses. 
Each behavioral domain has a number of sub-domains to 
further specify the function (for the complete listing see 
www.brain​map.org/taxon​omy/). Articles are entered into the 
BrainMap® database through the Scribe application (http://
brain​map.org/scrib​e/) primarily through a team of trained 
staff, but can also be entered by individual investigators. 
Meta-data from each article is entered and coded according 
to the BrainMap Lexicon (www.brain​map.org/scrib​e/Brain​
MapLe​x.xls) which includes citation, subject, and experi-
ment information as well as paradigm class and behavioral 
domain. All papers entered are checked for accuracy before 
being added to the database.

Dorsal–ventral subdivision

Using the same procedure as above, whole-brain coor-
dinates for co-activations and co-deactivations were 

Fig. 1   PCC ROI mosaic with 
dorsal and ventral 3D ROIs in 
sagittal and superior renderings. 
The color bar represents the 
probability threshold across all 
voxels of the PCC ROI

http://BrainMap.org/sleuth/
http://BrainMap.org/sleuth/
http://www.brainmap.org/taxonomy/
http://www.brainmap.org/taxonomy/
http://brainmap.org/scribe/
http://brainmap.org/scribe/
http://www.brainmap.org/scribe/BrainMapLex.xls
http://www.brainmap.org/scribe/BrainMapLex.xls
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downloaded for the dPCC (activations = 41 papers, 2523 
locations, 228 experiments, 150 conditions, 837 subjects; 
deactivations = 7 papers, 370 locations, 42 experiments, 
33 conditions, 146 subjects) and vPCC (activations = 65 
papers, 4879 locations, 457 experiments, 245 conditions, 
1365 subjects; deactivations = 20 papers, 1779 locations, 
187 experiments, 91 conditions, 293 subjects) ROIs. For 
both the dPCC and vPCC co-activation MACMs, the 
majority of the studies came from the Cognition behavio-
ral domain followed by Emotion, Perception, Action, and 
Interoception. For dPCC co-deactivations, the majority of 
the studies came from the Cognition behavioral domain 
followed by Perception, Interoception, and Emotion. For 
vPCC co-deactivations, the majority of the studies came 
from the Cognition behavioral domain followed by Percep-
tion, Interoception, Action, and Emotion.

Activation likelihood estimation  Using GingerALE 2.3.6 
(http://Brain​Map.org/ale/), (Eickhoff et  al. 2009; Eick-
hoff et  al. 2012; Turkeltaub et  al. 2012), we performed 
random-effects activation likelihood estimation (ALE) 
meta-analyses (Laird et al. 2005a; Turkeltaub et al. 2012) 
on sets of coordinates identified as co-activated with the 
PCC and co-deactivated with the PCC to identify regions 
of convergence and likewise for the dPCC and vPCC. 
ALE capitalizes on the nature of voxel-wise studies that 
are commonly reported in standard stereotaxic space (x, y, 
z) by pooling 3D coordinates from like studies, and pro-
viding the probability of an event occurring at each brain 
voxel. ALE implements algorithms that utilize a random-
effects approach that minimizes within-experiment and 
within-groups effects (Eickhoff et  al. 2012; Turkeltaub 
et al. 2012). Resultant ALE maps from the present study 
were thresholded using pcluster-corrected < 0.05 (1000 per-
mutations) and ppvoxel-level < 0.001 (Eickhoff et  al. 2016). 
Anatomical labels of convergent clusters were determined 
by the Talairach Daemon. To quantitatively test for co-
activation and co-deactivation differences in the PCC, and 
the dPCC and vPCC subregions, we performed contrast 
analyses. Using GingerALE, we pooled the co-deactiva-
tion and co-activation ALE maps together and randomly 
divided them into 2 groups (of the same size as the original 
maps) 10,000 times to create a null-distribution, permit-
ting subsequent statistical testing for differences in ALE 
scores between the two maps. Resultant ALE scores were 
tested against a null hypothesis at each voxel to produce 
a voxel-wise p value image, which was then converted to 
a z score map. We used a cluster-wise FWE-corrected p 
value of 0.001, which Kessler et  al. (2017) validated as 
an effective method of cluster-wise thresholding, and a 
cluster threshold of 200 mm3. Contrast analyses allow for 
a conservative quantitative assessment of shared and dif-
ferential functional activity patterns in MACM datasets.

Behavioral and  paradigm class analyses  To better under-
stand the cognitive and behavioral processes associated 
with regions specifically co-activated and co-deactivated 
with the PCC, we utilized the behavioral analysis and para-
digm analysis plugins within Mango. These plugins allow 
for an automated regional behavioral analysis that uses the 
BrainMap® lexicon (www.brain​map.org/taxon​omy/) of 
behavioral domains and paradigm classes (Lancaster et al. 
2012). The behavioral analysis presents results for the five 
behavioral domains (Action, Cognition, Emotion, Intero-
ception, and Perception) as well as sixty sub-domains and 
an associated z score where only z scores of 3.0 or higher 
are considered significant (corresponding to a p < 0.05 with 
Bonferroni correction for multiple comparisons) (Lancas-
ter et al. 2012). Similarly, the paradigm analysis results are 
presented for the paradigm classes (i.e., experimental tasks) 
and use the same significance criteria. Behavioral and para-
digm analyses were conducted on resultant contrast images 
from the PCC activation and deactivation MACM contrast 
analyses using ROI tools in Mango.

Ultra‑high field magnetic resonance imaging 
methods

Resting state functional magnetic resonance imaging 
(rs‑fMRI)

We performed ultra-high field (7T), high-resolution (i.e., 
submillimeter) rs-fMRI to characterize the functional con-
nectivity of the PCC. Data were acquired on the Auburn 
University MRI Research Center (AUMRIRC) Siemens 
7T MAGNETOM outfitted with a 32-channel head coil 
by Nova Medical (Wilmington, MA). Thirty-one healthy 
individuals (26 right-handed, 12 males/19 females, age: 
M ± SD = 21.13 ± 1.43 years old) provided informed con-
sent and were scanned using an echo planar imaging (EPI) 
sequence, optimized in-house to reduce noise and arti-
facts typically seen in sub-cortical regions at high field 
strengths (37 slices acquired parallel to the AC-PC line, 
0.85 mm × 0.85 mm × 1.5 mm voxels, TR/TE: 3000/28 ms, 
70° flip angle, base/phase resolution 234/100, A > P phase 
encode direction, iPAT GRAPPA acceleration factor = 3, 
interleaved acquisition, 100 time points, total acquisition 
time 5:00). During the scan, participants were asked to rest 
with their eyes closed. A whole-brain high-resolution 3D 
image (256 slices, 0.63 mm × 0.63 mm × 0.60 mm, TR/TE: 
2200/2.8, 7° flip angle, base/phase resolution 384/100%, col-
lected in an ascending fashion, acquisition time = 14:06) was 
acquired for registration purposes. Data were analyzed in 
SPM8 (Ashburner 2012) and the ‘conn’ connectivity toolbox 
(version 17a) (Whitfield-Gabrieli and Nieto-Castanon 2012) 
using standard rs-fMRI pre-processing steps (i.e., brain 
extraction, slice timing correction, Gaussian smoothing 

http://BrainMap.org/ale/
http://www.brainmap.org/taxonomy/
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(5 mm FWHM), band-pass filtering (0.008–0.09), regression 
of motion, physiological artifacts, white matter, and CSF 
[using CompCor methods (Behzadi et al. 2007)], removal of 
aberrant motion volumes from analyses (i.e., “scrubbing”), 
registration to anatomical space, and normalization to MNI 
standard space). The PCC ROI was defined as a ‘seed’ and 
functional connectivity was determined across the entire 
brain. Seed-to-voxel connectivity maps were thresholded 
at pFDR-corrected < 0.001 at the voxel-level and pFWE-corrected 
< 0.001 at the cluster-level (two-tailed).

Results

Meta‑analytic connectivity modeling

Co‑activation

We found a number of regions co-activated with the PCC 
(Table 1). Specifically, we found evidence for strong co-acti-
vation in prefrontal regions (i.e., bilateral inferior and mid-
dle frontal gyri, left medial frontal gyrus, and left precentral 
gyrus) and key limbic structures (i.e., left anterior cingulate, 
left midcingulate gyrus, bilateral amygdala, bilateral insula, 
and left parahippocampal gyrus). In addition, we found sup-
port for co-activation with attentional and spatial networks 
inclusive of parietal regions (i.e., left inferior parietal lobule, 
bilateral precuneus, left superior parietal lobule). Finally, 
co-activation was also noted among temporal regions (i.e., 
left middle temporal gyrus) as well as sub-cortical structures 
(i.e., bilateral globus pallidus, and thalamus). These data 
demonstrate the extensive number of regions and diversity 
of regions associated with the PCC when in a functionally 
activated state.

Co‑deactivation

Fewer brain regions were shown to co-deactivate with the 
PCC (Table 2). Notably, this result may be due to poor 
reporting of deactivation studies as well as fewer foci in 
deactivation studies. However, interestingly, limbic regions 
such as the bilateral anterior cingulate, midcingulate gyrus, 
and left amygdala were identified as functionally co-deacti-
vated during a deactivated state of the PCC.

Quantitative contrast analysis

We found support for both convergent and divergent 
regions when conducting a contrast analysis of the two 
individual meta-analyses (PCC activation versus PCC 
deactivation) (Table 3 and Fig. 2). Generally, the meta-
analytic functional pattern related to PCC co-activation 
was more extensive compared to the functional pattern of 

PCC co-deactivation. Areas of convergence between maps 
of co-activation and co-deactivation of the PCC include 
the left medial frontal gyrus, left midcingulate gyrus, left 
amygdala, and left anterior cingulate. These structures 
may be associated with mechanisms for increased and 
decreased concomitant co-activation or co-deactivation 
with the PCC.

PCC co‑activation > PCC co‑deactivation  Bilateral inferior 
frontal gyri, medial frontal gyri, and left middle frontal 
gyrus as well as sub-cortical regions such as the bilateral 
claustrum, right putamen, right medial globus pallidus, 
and left thalamus were uniquely co-activated to the PCC 
during activated compared to deactivated states. Addition-
ally, bilateral midcingulate gyri, extending from supple-
mentary to pre-supplementary motor cortices, and por-
tions of the left inferior parietal lobule and right superior 
parietal lobule were also identified as co-activated.

PCC co‑deactivation > PCC co‑activation  Frontal regions 
associated with greater co-deactivation of the PCC com-
pared to PCC co-activation include bilateral frontal gyri 
and the left paracentral lobule. In addition, limbic regions 
such as portions of the left and right midcingulate gyri, 
left anterior cingulate, and left parahippocampal gyrus 
showed greater co-deactivation with the PCC. The left 
precuneus was also co-deactivated with PCC deactivation.

Behavioral and  paradigm analyses  For the ROI inclu-
sive of regions specifically co-activated with the PCC, 
the behavioral analysis indicated significant behavioral 
prevalence associated with Cognition, Emotion, Percep-
tion, and Action domains (Table  4). Statistically sig-
nificant sub-domains for Cognition included Language 
(Semantics; Speech; Phonology; Orthography; Syntax), 
Attention, Reasoning, Memory (Explicit; Working), 
Social Cognition, and Music. Sub-domains for Emotion 
included Positive (Reward/Gain; Happiness), and Nega-
tive (Sadness; Disgust). Sub-domains for Action included 
Inhibition and Execution (Speech). Last, sub-domains for 
Perception included Somesthesis (Pain; Unspecified) and 
Vision (Shape). The most significant behavioral domain 
was Cognition with sub-domain Attention (z = 10.46). 
The paradigm analysis listing indicated 19 tasks as being 
significantly related to co-activation of the PCC (for com-
plete listing see Table 5). The three most significant para-
digm classes were Reward (z = 8.28), Semantic Monitor/
Discrimination (z = 7.54), and Go/No–Go (z = 5.74). For 
the ROI inclusive of regions specifically co-deactivated 
with the PCC, neither the behavioral nor paradigm analy-
ses yielded significantly associated behavioral domains or 
significantly associated paradigm class with the functional 
pattern specific to co-deactivation of the PCC. 
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Table 1   Regions of 
co-activation with PCC 
activation

ALE x y z Lobe Region BA

0.073 – 48 28 2 Frontal Left inferior frontal gyrus 13
0.113 – 2 54 – 8 Left medial frontal gyrus
0.109 – 2 60 – 2 Left medial frontal gyrus 10
0.100 – 2 62 8 Left medial frontal gyrus 10
0.070 – 4 56 24 Left medial frontal gyrus 9
0.062 2 4 60 Left medial frontal gyrus 6
0.073 – 46 28 18 Left middle frontal gyrus 46
0.067 – 38 14 46 Left middle frontal gyrus 6
0.059 – 28 20 52 Left middle frontal gyrus 6
0.057 – 36 8 58 Left middle frontal gyrus 6
0.080 – 48 10 36 Left precentral gyrus 6
0.073 50 16 28 Right inferior frontal gyrus 9
0.063 52 30 – 6 Right inferior frontal gyrus 45
0.063 46 12 44 Right middle frontal gyrus 6
0.116 0 48 – 10 Limbic Left anterior cingulate 32
0.066 – 2 42 4 Left anterior cingulate 32
0.299 2 – 28 32 Left cingulate gyrus 31
0.274 – 2 – 48 30 Left cingulate gyrus 31
0.100 0 24 30 Left cingulate gyrus 32
0.094 – 2 22 42 Left cingulate gyrus 32
0.090 0 32 26 Left cingulate gyrus 32
0.092 – 24 – 8 – 18 Left amygdala
0.059 – 24 – 22 – 18 Left parahippocampal gyrus 28
0.072 24 – 4 – 18 Right amygdala
0.077 8 – 46 6 Right posterior cingulate 29
0.063 – 8 – 22 – 6 Midbrain Left red nucleus
0.055 2 – 28 – 4 Left red nucleus
0.069 – 42 – 52 50 Parietal Left inferior parietal lobule 40
0.054 – 40 – 64 48 Left inferior parietal lobule 39
0.078 – 6 – 72 42 Left precuneus 7
0.079 – 30 – 62 50 Left superior parietal lobule 7
0.066 12 – 72 42 Right precuneus 7
0.123 – 34 20 0 Sub-cortical Left insula 13
0.091 – 48 16 – 6 Left insula 13
0.087 – 12 8 – 2 Left lateral globus pallidus
0.082 – 14 4 8 Left putamen
0.114 – 10 – 14 8 Left thalamus–medial dorsal nucleus
0.053 36 16 – 16 Right extra-nuclear 13
0.107 50 16 – 4 Right insula 13
0.101 36 22 – 2 Right insula
0.094 18 6 – 2 Right lateral globus pallidus
0.093 10 – 12 10 Right thalamus–medial dorsal nucleus
0.121 – 48 – 64 28 Temporal Left middle temporal gyrus 39
0.091 – 44 – 72 36 Left middle temporal gyrus 39
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Exploratory meta‑analytic connectivity modeling—
dPCC and vPCC

Co‑activation

We found a number of regions co-activated with either the 
dPCC or vPCC (Table 6). Regions found to be co-activated 
with the dPCC included the left medial frontal gyrus, right mid-
dle frontal gyrus, left midcingulate and posterior cingulate gyri, 
and the left inferior parietal lobule. In addition, sub-cortical 
structures, such as the left insula and bilateral claustrum, co-
activated with the dPCC. For the vPCC, regions of co-activa-
tion included the bilateral medial frontal gyri, right posterior 
cingulate, left lingual gyrus, left precuneus and cuneus as well 
as the left middle temporal and right inferior temporal gyri.

Co‑deactivation

Fewer brain regions were shown to be co-deactivated with 
either the dPCC or vPCC (Table 6). Regions showing co-
deactivation with the dPCC included bilateral midcingulate 
gyri, right posterior cingulate and left caudate. Regions 
showing co-deactivation with the vPCC included the left 
midcingulate gyrus and right posterior cingulate, bilateral 
precuneus, and the right middle temporal gyrus.

Quantitative contrast analysis

We found support for convergent and divergent regions of 
co-activation and co-deactivation when conducting contrast 
analyses. We conducted four contrast analyses: dPCC co-
activation versus dPCC co-deactivation, vPCC co-activation 
versus vPCC co-deactivation, dPCC co-activation versus 
vPCC co-activation, dPCC co-deactivation versus vPCC 
co-deactivation (Table 7, Fig. 3). Regions of convergence 
for dPCC co-activation and dPCC co-deactivation included 
bilateral midcingulate gyri and the right posterior cingulate. 

For the vPCC co-activation and co-deactivation contrast, 
regions of convergence included bilateral precuneus and the 
left midcingulate gyrus. The dPCC co-activation and vPCC 
co-activation contrast yielded regions of convergence includ-
ing the left medial frontal gyrus and the left posterior cingu-
late. For the dPCC co-deactivations versus vPCC co-deacti-
vations contrasts, regions of convergence included the right 
midcingulate and posterior cingulate gyri. Given the low 
number of deactivation papers, the following results should 
be interpreted with caution. In particular, warning messages 
appeared stating it was unlikely to have enough statistical 
power to show significant differences for two of the four 
contrasts, dPCC co-activation versus dPCC co-deactivation 
and dPCC co-deactivation versus vPCC co-deactivation.

d(v)PCC Co‑activation > d(v)PCC Co‑deactivation, d(v)PCC 
Co‑(de)activation > v(d)PCC Co‑(de)activation  The contrast 
of dPCC co-activation versus dPCC co-deactivation did not 
yield any significant regions of divergence. Similarly, the 
contrast for vPCC co-activation versus vPCC co-deactivation 
did not yield significant regions of divergence. In contrasting 
dPCC co-activation with vPCC co-activation, the right poste-
rior cingulate (BA23) and left inferior parietal lobule emerged 
as regions uniquely co-activated with the dPCC and the right 
posterior cingulate (BA 31) and right precuneus emerged as 
regions uniquely co-activated with the vPCC. In contrasting 
dPCC co-deactivation with vPCC co-deactivation, the left 
posterior cingulate and left midcingulate gyrus were shown 
to co-deactivate uniquely with the dPCC. No regions emerged 
as uniquely co-deactivated with the vPCC.

Behavioral and paradigm analyses

For the ROI inclusive of regions specifically co-activated 
with the dPCC, neither the behavioral analysis listing nor the 
paradigm analysis yielded behavioral domains or paradigm 
classes significantly related to the dPCC co-activation profile. 

Table 2   Regions of 
co-deactivation with PCC 
deactivation

ALE x y z Lobe Region BA

0.048 – 2 58 8 Frontal Left medial frontal gyrus 9
0.035 – 4 52 – 6 Limbic Left anterior cingulate 32
0.076 0 – 48 30 Left cingulate gyrus 31
0.033 0 – 24 32 Left cingulate gyrus 23
0.025 – 26 – 10 – 18 Left parahippocampal gyrus–amygdala
0.030 – 24 – 6 – 26 Left uncus–amygdala
0.028 2 32 – 14 Right anterior cingulate 24
0.025 6 50 – 14 Right anterior cingulate 32
0.022 0 36 – 4 Right anterior cingulate
0.050 4 – 32 42 Right cingulate gyrus 31
0.028 52 – 68 18 Temporal Right middle temporal gyrus 39
0.023 46 – 70 28 Right middle temporal gyrus 39
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Similarly, for the ROI inclusive of regions specifically co-
activated with vPCC, neither the behavioral nor paradigm 
class analyses yielded behavioral domains or paradigm classes 
significantly associated with the vPCC co-activation profile. 
In addition, no significant results emerged from the behavioral 
and paradigm analyses involving the ROI inclusive of regions 
specifically co-deactivated with the dPCC.

Resting state functional connectivity

Resting state functional connectivity analyses using the PCC 
as the seed resulted in widespread whole-brain activation. 
Despite demonstrating a similar pattern of connectivity to the 
activation-based MACM, a few notable exceptions emerged 
(Figs. 4, 5). Convergent patterns of resting state functional 

Table 3   Statistically significant 
differences between functional 
activity patterns associated with 
co-activation of the PCC and 
co-deactivation of the PCC as 
determined by MACM contrast 
analyses, thresholded at an 
FDR-corrected p < 0.05

Coordinates are reported in MNI space

z score x y z Lobe Region BA

Co-activation > co-deactivation
 3.719 42.4 21.2 – 5.3 Frontal Right inferior frontal gyrus 47
 3.719 – 45.4 5.2 34.4 Left inferior frontal gyrus 9
 3.090 – 46 27 6 Left inferior frontal gyrus 13
 3.719 3.2 17.4 49 Right medial frontal gyrus 32
 3.239 – 4 30 46 Left medial frontal gyrus 8
 3.353 – 42 8 52 Left middle frontal gyrus 6
 3.540 32 18 – 6 Sub-cortical Right claustrum
 3.719 – 32.8 19.2 – 2.3 Left claustrum
 3.353 – 30 18 5 Left claustrum
 3.540 – 43.4 18.8 – 1.6 Left insula 13
 3.156 28 0 – 2 Right putamen
 3.719 20.5 3.5 – 1.4 Right putamen
 3.540 12 2 0 Right medial globus pallidus
 3.719 – 9.1 – 11.4 – 0.3 Left thalamus
 3.540 – 7.7 – 13.3 – 2 Left thalamus
 3.156 32 – 2 – 6 Right putamen
 3.090 26 – 2 0 Right putamen
 3.090 24 0 0 Right putamen
 3.540 4 22.4 45.8 Limbic Right cingulate gyrus 32
 3.353 – 3 15 24 Left cingulate gyrus 24
 3.239 – 6 14 28 Left cingulate gyrus 24
 3.090 – 2 16 32 Left cingulate gyrus 24
 3.156 – 6 30 42 Left cingulate gyrus 32
 3.156 – 43 – 52 56 Parietal Left inferior parietal lobule 40
 3.156 32 – 56 50 Right superior parietal lobule 7
 3.239 – 3.3 – 24.7 – 5.3 Midbrain Red nucleus

Co-deactivation > co-activation
 3.719 8.7 59.3 1.3 Frontal Right medial frontal gyrus 10
 3.719 10 53.3 – 15.3 Right medial frontal gyrus 10
 3.353 4 34 – 20 Right medial frontal gyrus 11
 3.540 – 0.7 57.3 7.3 Left medial frontal gyrus 10
 3.156 0 56 10 Left medial frontal gyrus 9
 3.090 – 6 – 20 58 Left medial frontal gyrus 6
 3.540 – 6 – 24 54 Left paracentral lobule 6
 3.719 8 – 32 46.8 Limbic Right cingulate gyrus 31
 3.090 6 – 40 42 Right cingulate gyrus 31
 3.719 0.2 29.8 – 13.8 Left anterior cingulate 24
 3.540 2 – 42 44 Left cingulate gyrus 31
 3.719 – 23 – 5.8 – 28.6 Left parahippocampal gyrus 35
 3.719 2 – 47.3 41.3 Parietal Left precuneus 31
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connectivity with co-activation were identified with the ante-
rior cingulate, medial frontal gyrus, left parahippocampus, left 
culmen, portions of the left and right thalamus, the left mid-
dle/superior temporal gyri, and the left inferior parietal lobe 
(please see Supplemental Information for a full table of local 
maxima). Resting state connectivity also demonstrated differ-
ential patterns of functional connectivity in bilateral superior 
parietal regions, as well as right inferior parietal regions and 
superior temporal regions. We also noted bilateral pulvinar 
and superior frontal gyri connectivity specific to resting state 
data. In addition, similar to the pattern displayed when com-
paring co-activation with co-deactivation, we saw co-activa-
tion in sub-cortical regions such as the bilateral claustrum, 
right putamen, right medial globus pallidus, and left thalamus 

as well as bilateral midcingulate gyri extending from supple-
mentary to pre-supplementary motor cortices, compared to 
resting state connectivity.

Discussion

Given the roles of the PCC, inclusive of involvement in 
opposing networks, we sought to identify a comprehensive 
functional model of the PCC (including exploratory analy-
ses of dorsal and ventral subregions) during task-based 
activated and deactivated states as well as resting state 
using advanced meta-analytic techniques combined with 
rs-fMRI. MACM results provided evidence for regions of 
convergence for both PCC activation and deactivation as 

Fig. 2   Meta-analytic connectiv-
ity modeling of the PCC with 
overlays of the ALE maps for 
PCC co-activation and PCC 
co-deactivation MACMs and 
the qualitative overlap between 
the two MACMs. ALE maps 
were individually thresholded 
using pcluster-corrected < 0.05 
(1000 permutations) and 
ppvoxel-level < 0.001
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well as divergent regions specific to either PCC activation 
or PCC deactivation. Similarly, conducting co-activation 
and co-deactivation-based MACMs on dorsal and ventral 

subregions of the PCC resulted in both divergent and con-
vergent functional activity. To further explore divergent 
patterns of functional activity, we employed behavioral 
and paradigm analyses which characterized psychological 
phenomena consistently associated with regional-specific 
activation or deactivation across archived neuroimag-
ing experiments. Resting-state functional connectivity 
analyses demonstrated widespread agreement regarding 
those brain regions showing co-activation with the PCC 
via meta-analytic modeling; however, we observed addi-
tional regions that were not convergent with results from 
the original meta-analyses. These complementary results 
support the notion that there are dissociable functional pat-
terns of the PCC associated with task- and resting-states. 
Taken together, these analyses highlight the diverse neuro-
functional repertoire of the human PCC, and provide addi-
tional insight into its dynamic functional activity patterns.

MACM analyses

PCC

The activation based MACM results closely mimicked 
regions of the DMN. For example, regions co-activated 
specifically with activation of the PCC, such as the left and 
right inferior frontal gyri, left and right medial frontal gyri, 
left and right parietal lobules, left and right claustrum, left 
insula, left thalamus, and left and right cingulate gyri have 
been noted as being representative of the DMN (Raichle 
et al. 2001). However, we also found co-activation in the 
right putamen and right medial globus pallidus, and red 
nucleus, which can be attributed to the integral role the cin-
gulate gyrus plays in the limbic system for emotion pro-
cessing (Hadland et al. 2003) and memory (Kozlovskiy 
et al. 2012). These co-activations of regions in the parietal 
memory network (Gilmore et al. 2015) further highlight the 
PCC’s role in memory of novel versus familiar stimuli. In 
addition, a mind-wandering state, (i.e., when the DMN is 
active), characterized by thought processes such as think-
ing about others, thinking of one’s self, remembering the 
past, and envisioning the future (Andrews-Hanna 2012) 
explains the additional co-activation found in limbic, affec-
tive processing, and memory regions. As such, the activa-
tion MACM supported studies indicating the pivotal role 
the structure plays in the DMN as well as previous studies 
implicating the PCC in multiple neural networks.

The deactivation based MACM results revealed fewer 
regions that co-deactivate with the PCC compared to the 
number of regions that co-activate. Co-deactivated regions 
were largely involved in attention networks (i.e., right and 
left medial frontal gyri areas, portions of the cingulate, and 
left precuneus), suggesting a switch between DMN activities 
and directed attention (Leech et al. 2012). Interestingly, the 

Table 4   Significant results for the behavioral analysis of the ROI 
inclusive of regions co-activated with the PCC

Category Domain z score

Attention Cognition 10.462
Language (Semantics) Cognition 8.879
Reasoning Cognition 8.289
Positive (Reward/Gain) Emotion 7.822
Memory (Explicit) Cognition 7.727
Language (Speech) Cognition 7.089
Memory (Working) Cognition 5.920
Inhibition Action 5.761
Language (Phonology) Cognition 5.738
Somesthesis (Pain) Perception 4.876
Somesthesis (Unspecified) Perception 4.093
Language (Orthography) Cognition 4.063
Negative (Sadness) Emotion 3.805
Social Cognition Cognition 3.587
Positive (Happiness) Emotion 3.577
Negative (Disgust) Emotion 3.523
Music Cognition 3.507
Execution (Speech) Action 3.353
Vision (Shape) Perception 3.312
Language (Syntax) Cognition 3.001

Table 5   SignifIcant results of the paradigm analysis for the ROI 
inclusive of regions co-activated with the PCC

Category z score

Reward 8.276
Semantic monitor/discrimination 7.535
Go/No-Go 5.739
Finger tapping/button press 5.671
n-back 5.287
Cued explicit recognition/recall 5.242
Pain monitor/discrimination 5.024
Phonological discrimination 4.966
Stroop-Color 4.246
Face monitor/discrimination 4.098
Paired associate recall 3.923
Word generation (Covert) 3.863
Film viewing 3.656
Counting/calculation 3.655
Delayed match to sample 3.583
Emotion induction 3.325
Orthographic discrimination 3.314
Encoding 3.312
Episodic recall 3.234
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Table 6   Regions of 
co-activation and 
co-deactivation for dorsal and 
ventral subregions of the PCC

ALE x y z Lobe Region BA

dPCC co-activation
 0.016 0 60 – 4 Frontal Left medial frontal gyrus 10
 0.035 – 2 52 8 Left medial frontal gyrus 9
 0.025 50 26 16 Right middle frontal gyrus 46
 0.023 44 38 22 Right middle frontal gyrus 9
 0.028 48 14 30 Right middle frontal gyrus 9
 0.030 0 24 28 Limbic Left cingulate gyrus 32
 0.081 0 – 34 26 Left posterior cingulate 23
 0.027 – 34 – 50 50 Parietal Left inferior parietal lobule 40
 0.024 – 32 16 – 8 Sub-cortical Left claustrum
 0.034 – 34 20 0 Left insula 13
 0.030 – 50 14 – 2 Left insula 13
 0.030 36 16 – 4 Right claustrum

vPCC co-activation
 0.030 – 10 54 0 Frontal Left medial frontal gyrus 10
 0.031 0 54 – 8 Right medial frontal gyrus
 0.121 4 – 56 24 Limbic Right posterior cingulate 23
 0.025 – 10 – 58 8 Occipital Left lingual gyrus 18
 0.028 – 16 – 64 22 Left precuneus 31
 0.046 26 – 68 22 Right cuneus 18
 0.046 – 48 – 64 24 Temporal Left middle temporal gyrus 39
 0.034 – 44 – 70 36 Left middle temporal gyrus 39
 0.041 62 – 10 – 22 Right inferior temporal gyrus 21

dPCC co-deactivation
 0.011 0 – 36 28 Limbic Left cingulate gyrus 31
 0.017 6 – 46 30 Right cingulate gyrus 31
 0.010 10 – 34 28 Right posterior cingulate 23
 0.013 – 6 8 0 Sub-cortical Left caudate

vPCC co-deactivation
 0.028 – 4 – 56 30 Limbic Left cingulate gyrus 31
 0.013 10 – 38 30 Right posterior cingulate 23
 0.018 – 8 – 66 24 Occipital Left precuneus 31
 0.040 4 – 62 22 Right precuneus 23
 0.012 10 – 54 40 Parietal Right precuneus 7
 0.018 48 – 64 20 Temporal Right middle temporal gyrus 39

Table 7   Statistically significant 
differences between functional 
activity patterns associated 
with co-activation and 
co-deactivation of dorsal and 
ventral subregions of the PCC 
as determined by MACM 
contrast analyses, thresholded at 
an FDR-corrected p < 0.05

Coordinates are reported in MNI space

z score x y z Lobe Region BA

dPCC co-activation > vPCC co-activation
 3.291 2.9 – 36.4 26.5 Limbic Right posterior cingulate 23
 3.291 – 35.9 – 50.1 45.8 Parietal Left inferior parietal lobule 40

vPCC co-activation > dPCC co-activation
 3.090 30.5 – 63.5 19.5 Limbic Right posterior cingulate 31
 3.291 3.3 – 62.4 21.8 Occipital Right precuneus 23

dPCC co-deactivation > vPCC co-deactivation
 3.291 – 0.7 – 32.7 29 Limbic Left cingulate gyrus 23
 3.090 – 4 – 36 26 Left posterior cingulate 23
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portions of the cingulate that co-deactivate with the PCC 
appear to be in the cingulate sulcus/premotor area suggesting 
a possible link to behavior control. The unique co-deactiva-
tion pattern included structures not limited to the DMN and, 
thus, further supports evidence for the PCC’s involvement in 
multiple neural networks (Leech and Sharp 2014).

Converging regions of functional activity and differences 
between PCC co-activation and PCC co-deactivation were 
identified in our quantitative contrast analyses. Regions 
associated with PCC co-activation greater than co-deacti-
vation consisted of DMN and cognitive processing regions. 
These results align with the assertion that the PCC may 
play a key role in regulating the focus of attention and is 
additionally supported because the majority of contribut-
ing studies for both the deactivation and activation MACMs 
were cognition-related, followed by perception-related. 
Regions with PCC co-deactivation greater than co-activation 
included a smaller subgroup of frontal and limbic regions 
associated with emotion processing and attentional control 
such as the bilateral cingulate and frontal gyri. This pattern 
of co-deactivation may be indicative of regions displaying 
inhibitory inputs into the PCC leading to the decrease of 
BOLD signal (Frankenstein et al. 2003). In addition, these 
findings can be further explained by cognitive processes 
such as the temporal bounding that left frontal regions have 
with working memory as compared to right frontal regions 
which contributes to cognitive processes that support adap-
tive decision-making and goal-directed behavior (Barbey 
et al. 2009, 2014). Similarly, the right amygdala has been 

proposed to act in a rapid, automatic manner in initiating an 
arousal response to the presentation of external stimulation 
(Gläscher et al. 2003; Hardee et al. 2008). It may also be 
that the right amygdala is more involved in global process-
ing while the left is more involved in local, more detailed 
processing (Cahill 2006). Our results for the deactivation 
MACM display, importantly, that the PCC is more than just 
an area that deactivates along with the DMN in response 
to attentionally demanding tasks. Future research explor-
ing lateralized aspects related to the co-deactivation find-
ings may be profitable for gaining a deeper understanding 
of attentional control as it pertains to an efficient use of the 
left and right hemispheres.

According to the behavioral analyses, regions co-acti-
vated with the PCC were found to be engaged in the behav-
ioral domains of Cognition, Emotion, Action, and Perception 
with Cognition being the most significant and most predomi-
nant. These results highlight the vital role of activation of the 
PCC in cognitive processes, in particular processes involv-
ing attention, language, and memory. As evidence, the para-
digm analyses showed 19 paradigm classes associated with 
PCC activation, and roughly 13 of those 19 are tasks geared 
to measure attention, language, and memory, such as Go/
No-Go, Semantic Monitor/Discrimination, and n-back as 
examples. The second most predominant behavioral domain 
shown to be associated with PCC activation was Emotion 
and included both positive emotion and negative emotion 
categories indicating that activation of the PCC related to 
emotion is not valence specific. This suggests that not only 

Fig. 3   Meta-analytic con-
nectivity modeling of the 
dPCC and vPCC with overlays 
of the ALE maps for dPCC 
co-activation and vPCC co-
activation and co-deactivation 
contrast MACMs. ALE maps 
were individually thresholded 
using pcluster-corrected < 0.05 
(1000 permutations) and 
ppvoxel-level < 0.001
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is the PCC a hub for a number of cognitive processes, but 
it may also be a hub for emotion processing. The paradigm 
analyses partially corroborate this notion with significant 
paradigms classes of Reward and Emotion Induction shown 
to be associated with PCC activation. The behavioral and 
paradigm analyses provide a more specific understanding 
of the functional differences associated with PCC activa-
tion and highlight promising avenues for future research. 
In particular, the lack of significance in the behavioral and 
paradigm analyses for regions co-deactivated with the PCC, 
warrants further research to better understand the differences 
in the activation and deactivation functional profiles of the 
human PCC.

dPCC and vPCC

To further explore the co-activation and co-deactivation pat-
tern of the PCC, we conducted exploratory MACMs and 
quantitative contrast analyses on defined dorsal and ventral 
subregions of the PCC. In doing so, we found evidence for 
divergent and convergent functional activity with respect to 
dPCC and vPCC subregions. While we discuss these results 
in the following paragraphs, the results should be interpreted 
with caution due to few papers reporting deactivations which 
contributed to warnings regarding power associated with two 
of the contrast analyses.

Fig. 4   Qualitative compari-
son of rs-fMRI and MACM 
activations for the PCC ROI. 
ALE maps were thresholded 
using pcluster-corrected < 0.05 
(1000 permutations) and 
ppvoxel-level < 0.001. Rs-fMRI 
seed-to-voxel connectivity 
maps were thresholded at 
pFDR-corrected < 0.001 at the voxel-
level and pFWE-corrected< 0.001 at 
the cluster-level (two-tailed)
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For the activation-based MACM of the dPCC, co-activa-
tion appeared in regions associated with executive function-
ing (Talati and Hirsch 2005), consciousness (Crick and Koch 
2005), and internal awareness of bodily sensations (i.e., 
medial and middle frontal gyri, claustrum, and insula; Craig 
2009). These results suggest divergence from the proposed 
visuospatial functional specialization of the dPCC (Vogt 
et al. 2006). To that end, the quantitative contrast analyses 
demonstrated unique co-activation of the left inferior pari-
etal lobule which has been shown to be associated with emo-
tion perception (Radua et al. 2010), further suggesting the 
dPCC’s involvement in functions beyond spatial processing. 
Despite having low power for the dPCC and vPCC activa-
tion and deactivation comparisons, these diverging results 

showing the dPCC’s involvement in functions beyond spa-
tial processing warrant further investigation. For the activa-
tion-based MACM of the vPCC, co-activation appeared in 
regions such as left precuneus, cuneus, and left middle and 
right inferior temporal gyri, that support the postulated role 
of the vPCC in self-reflection and self-awareness (Vogt et al. 
2006) as well as self-referential processing (Yu et al. 2011) 
and facial appraisals (Bzdok et al. 2015) along with the co-
activation with bilateral medial frontal gyri. Moreover, the 
quantitative contrast analyses showed unique co-activation 
in a portion of the right posterior cingulate and precuneus 
when compared to the dPCC co-activation, further corrobo-
rating the role of the vPCC in aspects of internal menta-
tion and imagery. Regions of convergence for co-activation 

Fig. 5   Qualitative compari-
son of rs-fMRI and MACM 
deactivations for the PCC ROI. 
ALE maps were thresholded 
using pcluster-corrected < 0.05 
(1000 permutations) and 
ppvoxel-level < 0.001. Rs-fMRI 
seed-to-voxel connectivity 
maps were thresholded at 
pFDR-corrected < 0.001 at the voxel-
level and pFWE-corrected< 0.001 at 
the cluster-level (two-tailed)
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between the dPCC and vPCC included the left medial frontal 
gyrus and the left PCC suggesting that portions of the PCC 
itself serve as a hub along a dorsal–ventral gradient of func-
tional activity (Vogt et al. 2006) and implicating the medial 
frontal gyrus as an aid in attention shifting among executive 
functions related to perception, consciousness, and internal 
mentation.

For both the deactivation-based MACMs, the data dem-
onstrated fewer regions of co-deactivation compared the 
regions of co-activation. Notably, the dPCC showed co-deac-
tivation with the caudate, a structure associated with reward 
processing, suggesting that the dPCC deactivates during 
tasks associated with reward. For the vPCC, regions of co-
deactivation included the precuneus, which has been show 
to be involved in episodic memory (Kjaer et al. 2002), self-
reflections (Lou et al. 2004), and aspects of consciousness 
(Vogt and Laureys 2005), as well as other regions of percep-
tual processing such as the right middle temporal gyrus and 
cingulate gyrus. Co-deactivation with these regions suggests 
a task-negative association of the dPCC for tasks involving 
reward processing and a task-negative association for the 
vPCC for tasks requiring internal, self-relevant processing. 
The relative lack of results for quantitative contrast analyses 
indicate that statistical differences co-deactivation profiles of 
the dPCC and vPCC are more difficult to detect with notably 
fewer papers and experiments reporting deactivation. Con-
verging regions of co-deactivation between the dPCC and 
vPCC included the right cingulate and posterior cingulate 
gyri, indicating that portions of the PCC may serve as a 
functional hub for both activation and deactivation.

PCC state‑independent convergence

Regions of convergence for both PCC activation and PCC 
deactivation included a key region of the DMN, left medial 
frontal gyrus, displaying the significant functional connec-
tivity relationship between the PCC and the left medial fron-
tal gyrus, regardless of state of activation. Activation in the 
left medial frontal gyrus is unsurprising as the region has 
been implicated in lower level processing streams (Talati 
and Hirsch 2005). Other regions of convergences such as the 
left midcingulate gyrus, amygdala, and anterior cingulate 
emphasize the potential role these regions play in internal 
mentation given their co-activation and co-deactivation with 
the PCC. In addition, these regions have been implicated to 
involve emotion processing that requires both internal and 
externally directed thought with the left amygdala being 
shown to be associated with fearful stimuli (Vytal and 
Hamann 2010), the anterior cingulate with emotion aware-
ness (Bush et al. 2000) and the midcingulate gyrus with 
rewarded behaviors in decision making (Vogt 2016). The 
areas of convergence between activation and deactivation 
of the PCC show regions connected to the PCC that are 

more variably activated or deactivated displaying that the 
deactivation pattern of the PCC has a dynamic functional 
profile in which different levels of deactivation may be mani-
fest. Taken together, these data provide evidence for distinct 
functional patterns during activated and deactivated states, 
and suggest a differentiation between involvement in cogni-
tion (i.e., co-activated patterns) and attentional/affective pro-
cesses (i.e., co-deactivated). Further exploration of specific 
attentional/affective task paradigms for the deactivated state 
of the PCC beyond the realm of the BrainMap® database, 
which is largely comprised of studies in cognition, is neces-
sary to further elucidate the causes of distinct patterns of 
connectivity during activated and deactivated states.

Resting state PCC connectivity

Our study used high field submillimeter rs-fMRI to exam-
ine PCC resting state functional connectivity. Given that rs-
fMRI elicits DMN activation, we expected to find consistent 
patterns of co-activation with DMN hubs. However, we also 
identified an extensive resting state functional connectivity 
pattern well beyond structures associated with the DMN, in 
line with other research (Leech and Sharp 2014; Vogt et al. 
2006). These results bolster the notion that the PCC plays 
a versatile role not limited to the DMN (Leech et al. 2012; 
Leech and Sharp 2014), and that activation of this struc-
ture appears to “prime” several other structures involved 
in multiple networks including cognitive (i.e., medial pre-
frontal gyri), emotional (i.e., cingulate gyri), and attentional 
(i.e., frontal gyri) processes. These results demonstrate the 
need for studies interrogating the PCC via multiple behav-
ioral domain tasks and suggest that focusing solely on the 
DMN may not be ideal in studies interested in the PCC. Our 
findings may be limited to a lack of record of what type of 
thought processing (internal versus external) participants 
were exhibiting during resting state data collection, another 
important factor to consider in future studies.

Finding widespread resting state functional connectiv-
ity of the PCC that converges and diverges from PCC co-
activation and co-deactivation highlights the variable nature 
of resting state functional connectivity (Buckner et al. 2013) 
and supports evidence of an “intrinsic” functional brain 
organization that is present across various task types, includ-
ing rest (Cole et al. 2014). To that end, functional regions 
active during rest may involve task-dependent co-activation 
or co-deactivation of regions depending on the internal 
and explicit mentation of the participants (Campbell and 
Schacter 2017) such as the case of our PCC MACM and 
rs-fMRI data. In addition, rs-fMRI has been suggested to 
be conceptually viewed as another task state that involves 
transient functional activity patterns inclusive of regions 
that are either anatomically or functionally coupled (Buck-
ner et al. 2013; Krienen et al. 2014). Moreover, functional 
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activity patterns in resting state fMRI can be used to pre-
dict individual differences during task-based fMRI (Tavor 
et al. 2016) furthering the benefit of investigating functional 
activity patterns of versatile regions, such as the PCC, using 
multiple data types (i.e., meta-analytic activation and deac-
tivation, and rs-fMRI).

Limitations of the present study include those that are 
shared among meta-analysis based methods. Limitations 
specific to the use of MACM and ALE are varying results 
influenced by user-specified criteria within the ALE pro-
gram (i.e., family wise error, minimum cluster size) and by 
the thresholding of the initial ROIs used for analysis. In the 
current study, our contrast results should be interpreted with 
caution due to the significantly greater number of experi-
ments associated with activation of the PCC compared to 
deactivation of the PCC, particularly with respect to the 
MACMs on the dPCC and vPCC subregions. The difference 
in the number of papers for each meta-analysis highlights 
the need for more published papers representing deactiva-
tion of the PCC. Throughout much of the fMRI literature a 
publication bias exists for studies describing activation of 
various regions in the brain while leaving unreported those 
regions deactivated, perhaps due to a lack of understand-
ing of the interpretations of deactivation or negative BOLD 
responses (Frankenstein et al. 2003; Hayes and Huxtable 
2012). In addition, the current paper uses the term ‘deac-
tivation’ based on its usage within the BrainMap database 
consisting of mostly experiments reporting subtraction con-
trasts; thus, equating deactivation in this case may not be 
associated with an actual decrease in BOLD signal. Despite 
this potential limitation, the current work still provides a 
basis, using meta-analytic data, to spur further experimental 
research on deactivation properties of the PCC. In addition, 
while rs-fMRI data is common and a reasonable approach 
to functional connectivity during the non-task state, both 
the rs-fMRI and MACM data lack task-specific information. 
This is beneficial for identifying models of functional activ-
ity that are non-task specific. However, given that the PCC 
plays a role in multiple neural networks, it may be advanta-
geous to investigate task specificity related to activation or 
deactivation of the human PCC and to further specify in 
terms of dorsal and ventral subregions of the PCC. Last, 
the construction our PCC ROI was done based on probabil-
ity which may have impacted our results warranting future 
studies to investigate deactivation profiles based other atlas 
definitions and subregions of the PCC.

In the current paper, we used a combination of big data 
resources (i.e., the BrainMap® database) as well as ultra-
high field, high resolution rs-fMRI to unpack the functional 
profiles of PCC activation versus PCC deactivation and then 
compared to resting state connectivity. In addition, we con-
ducted behavioral and paradigm analyses to further explore 
resultant differences in PCC activation versus deactivation 

functioning. We also explored activation and deactivation 
profiles of dorsal and ventral subregions of the PCC. To 
our knowledge, this is the first study aimed at develop-
ing a functional model of the human PCC that compares 
task-based activation, task-based deactivation, and task-
independent resting state. Furthermore, our data provide a 
more detailed account of the functional profile of the human 
PCC in healthy individuals, using completely noninvasive 
methodology. This study contributes to the understanding of 
the human PCC via a multi-state assessment and highlights 
the need for more research, in the PCC and more generally, 
regarding deactivations in functional activity.

Our results are consistent in showing the PCC as a central 
hub within the DMN (Leech et al. 2012). However, given 
that we found regions of divergence in connectivity pat-
terns between activation and deactivation of the PCC and 
similarly with respect to dPCC and vPCC subregions, our 
results provide evidence for more diverse involvement of the 
PCC (Leech et al. 2012; Leech and Sharp 2014). Develop-
ing such models of functional connectivity during activation 
and deactivation may improve our understanding of disease 
states in which differential connectivity between the PCC 
and other brain regions is noted. Given this, future research 
should examine MACM based functional models using 
structural equation modeling (SEM) of healthy and diseased 
populations with known deficits in the PCC based on both 
PCC activation and deactivation as well as effective connec-
tivity patterns between groups. This would further contrib-
ute to the clinical implications of aberrant PCC functioning 
depending on either an activated and deactivated state.
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