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Abstract

We reviewed the extant literature with the goal of assessing the extent to which resting-state functional connec-
tivity is associated with phenotypic variability in healthy and disordered populations. A large corpus of
work has accumulated to date (125 studies), supporting the association between intrinsic functional connectivity
and individual differences in a wide range of domains—not only in cognitive, perceptual, motoric, and linguistic
performance, but also in behavioral traits (e.g., impulsiveness, risky decision making, personality, and empathy)
and states (e.g., anxiety and psychiatric symptoms) that are distinguished by cognitive and affective functioning,
and in neurological conditions with cognitive and motor sequelae. Further, intrinsic functional connectivity is sen-
sitive to remote (e.g., early-life stress) and enduring (e.g., duration of symptoms) life experience, and it exhibits
plasticity in response to recent experience (e.g., learning and adaptation) and pharmacological treatment.
The most pervasive associations were observed with the default network; associations were also widespread
between the cingulo-opercular network and both cognitive and affective behaviors, while the frontoparietal net-
work was associated primarily with cognitive functions. Associations of somatomotor, frontotemporal, audi-
tory, and amygdala networks were relatively restricted to the behaviors linked to their respective putative
functions. Surprisingly, visual network associations went beyond visual function to include a variety of behav-
ioral traits distinguished by affective function. Together, the reviewed evidence sets the stage for testing causal
hypothesis about the functional role of intrinsic connectivity and augments its potential as a biomarker for healthy
and disordered brain function.
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Introduction

The recent growth in studies of the resting-state signals
a paradigm shift in cognitive neuroscience from exam-

ining stimulus-/task-evoked or extrinsic neural activity to
examining task-free or intrinsic neural activity (Raichle,
2009). Soon after the discovery of the stimulus-/task-evoked
blood oxygen level-dependent (BOLD) response, Biswal and
coworkers (1995) observed that slow fluctuations ( < 0.1 Hz)
in the BOLD timecourse were correlated across motor re-
gions in the absence of a stimulus or task. This study was pio-
neering because it revealed that the coherent rise and fall of
spontaneous activity during a task-free state were not ran-
dom noise, but rather carried a functional representation.
Since then, starting with a study of the default-mode network
(Greicius et al., 2003), multiple functional networks, com-
monly termed intrinsic connectivity networks (ICNs), have

been identified with high reliability (Shehzad et al., 2009),
while subjects were asked to rest and stay awake with their
eyes open or closed. These ICNs may reflect Hebbian plastic-
ity induced by the lifetime history of coactivated regions
(Dosenbach et al., 2007). While its functional significance is
debated, there is high enthusiasm for intrinsic connectivity
as a tool for the study of brain function [for reviews, see
Greicius (2008); Zhang and Raichle (2010)].

Several key findings provide a strong theoretical founda-
tion for the study of the intrinsic functional architecture of
the brain. First, ICNs are unlikely to be a product of conscious
cognitive processes, as they are preserved during sleep (Fuku-
naga et al., 2006) and anesthesia (Greicius et al., 2008; Vincent
et al., 2007). Second, their strength and organization change
during development (Fair et al., 2008), suggesting that ICNs
are shaped by genetic and experience-dependent maturational
processes. Third, ICNs parallel anatomic connectivity, but
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direct anatomic connections are not necessary for intrinsic
connectivity (Honey et al., 2009); therefore, intrinsic connectiv-
ity likely results from both mono- and multisynaptic relation-
ships. Fourth, the spatial composition of ICNs strongly
parallels patterns of activation during tasks evoking spe-
cific functions (e.g., visual, motor, language, and attention)
(Smith et al., 2009), suggesting that ICNs recapitulate
the topography of stimulus-/task-evoked responses. Fifth,
intrinsic neural activity predicts individual variability in ex-
trinsic neural activity and associated performance (Fox et al.,
2006; Gordon et al., 2012; Mennes et al., 2010), suggesting
that intrinsic functional architecture is an analog of the
functional repertoire of extrinsic responses (Raichle, 2010;
Smith et al., 2009).

In the present article, we examine the extant literature to
answer a question of practical and theoretical importance:
which phenotypic differences are associated with variability
in the intrinsic functional architecture of the brain? This
knowledge is necessary for multiple reasons. First, it helps
to directly elucidate the functional significance of ICNs. If
phenotypical variability is predicted by the strength or orga-
nization of ICNs, then it provides a basis for potential causal
hypotheses about functional representation within ICNs.
Second, it helps to evaluate the potential for ICNs to serve
as endophenotypes. Identification of endophenotypes is a
necessary step in the search for causes of debilitating psychi-
atric and neurological disorders. Third, it helps in evaluating
the viability of ICNs to be targets for intervention.

The goal of the present review was to provide a status re-
port of the extent to which intrinsic connectivity is sensitive
to phenotypic differences. Thus, we have reached for
breadth, providing a comprehensive catalog of findings in
the area to date. Studies are included that were returned by
PUBMED searches as of July 31, 2012, using combinations
of the following search words: functional magnetic resonance
imaging (fMRI), resting, intrinsic, connectivity, behavior, be-
havioral, symptoms, individual differences, predicts, pre-
dicted, and correlated with. We only included studies that
(i) examined associations with behavioral measures across in-
dividuals, either healthy or with a psychiatric or neurological
diagnosis; (ii) correlated these measures with connectivity
measures from an exclusive resting-state run; and (iii) demon-
strated results that were statistically significant, passing cor-
rection for multiple correction when applied. We have
parsed the results by ICNs as a means of data reduction to
draw some general conclusions. Further, detailed methods
of each study are not described to reduce the scope of the re-
view; rather, general methods are described below and are
identified for each study in the Supplementary Tables S1–
(Supplementary Data are available online at www.liebertpub
.com/brain), and methodological issues pertinent to interpre-
tation of results are discussed in the Discussion section.

The review flows as follows: we first briefly review func-
tional connectivity methods used in the discovery of reported
individual differences, and then describe the most com-
mon ICNs, followed by a review of the literature organized
by broad behavioral domains. For studies examining associa-
tion with symptoms of psychiatric or neurological disor-
ders, we classify them under the behavioral domain that is
most commonly associated with the symptoms [e.g., schizo-
phrenia under executive function, Alzheimer’s disease (AD)
under memory, and social anxiety disorder under emo-

tional function]. Across studies, some areas are more exten-
sively studied than others; in such cases, we have
summarized the results by drawing conclusions, rather than
describing results of each study. In cases where studies are
few, it is not possible to draw conclusions, and therefore we
have presented the results in more detail. In the discussion,
we draw some general conclusions about each ICN and dis-
cuss emerging themes and some future directions. Through-
out, the term connectivity refers to resting-state functional
connectivity. Supplementary Tables S1–S11 present a listing
of findings organized by ICNs for easy reference.

Functional connectivity methods

Seed-based/pairwise region-of-interest (ROI) connectivity
is the most common method of investigating connectivity re-
lationships. The BOLD signal timecourse is averaged from all
voxels within one predefined region (the seed), and then cor-
relations are conducted between that timecourse and the
timecourses of activity from other areas of the brain, either
in a voxel-wise fashion, or pairwise between a priori seed
ROIs. The magnitudes of the resulting Pearson’s r values
(or Z values, after applying the Fisher transformation) are
interpreted as the degree of connectivity, with positive r val-
ues indicating strong connectivity relationships, r values near
zero indicating no relationship, and negative r values indicat-
ing competitive relationships [see Van Dijk et al. (2010), for a
comprehensive review of this method].

Independent-component analysis (ICA) is a data-driven
method of assessing functional connectivity without the
need to define a priori seeds. The ICA algorithm attempts
to optimally partition the fMRI signal into a set of spatiotem-
poral components, each of which has a coherently fluctuating
timecourse (i.e., the signal timecourse of all voxels included in
the component are similar). The result of the ICA is a set of
component maps, in which the values within each voxel of
a map represent the likelihood that the voxel is a part of
that component [see Beckmann and Smith (2004) for detailed
review]. The spatial patterns of these components generally
agree with connectivity patterns observed using seed-based
approaches, and the components have thus been interpreted
as representing discrete networks in the brain.

Regional homogeneity (ReHo) is a voxel-wise measure of
functional connectivity in which the similarity is assessed be-
tween each voxel’s timecourse and those of its immediate
neighbors. A higher correlation coefficient is interpreted as
demonstrating a more homogeneous activity pattern within
a small region of the brain [see Zang et al. (2004) for detailed
review], and therefore it is considered a measure of local func-
tional connectivity.

Graph theory analysis is an analysis approach used for
complex networks in other domains (such as social or com-
puter networks) that describes brain networks as graphs of
nodes (brain regions) linked by edges (seed-to-seed connectiv-
ity between the regions). Various metrics of the graph’s topol-
ogy can provide information about the network structure. A
network’s connectivity density is a measure of the average
connectivity strength within the network, while the network’s
clustering coefficient and modularity are measures of func-
tional segregation (i.e., whether discrete subnetworks are
present), which may support local processing. By contrast,
path length, global efficiency, and local efficiency are
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measures of functional integration (i.e., the degree to which in-
formation transfer is facilitated across the network). The de-
gree to which a network is simultaneously functionally
segregated and integrated is measured by its small worldness,
a property that is believed to be optimal for complex informa-
tion processing. The degree distribution is a measure of the
overall degree of connectedness of the network, and it may
also be a measure of the network’s robustness to damage.
Finally, the degree centrality of each node within a network
is a measure of the importance of that node to efficient in-
formation transfer [for more detailed description of graph
theoretic approaches and measures in brain connectivity anal-
ysis, see Bullmore and Sporns (2009) and Rubinov and Sporns
(2010)].

Intrinsic connectivity networks

Findings derived from ICA and supported by seed-based
methods have converged toward the presence of nine large-
scale functional networks in the resting brain, each with a dis-
crete topology (see Figure 1). These networks include a de-
fault network; a lateralized frontoparietal network (which
has also been referred to as an executive control network); a
cingulo-opercular network (also referred to as a salience net-
work, a set-maintenance network, and confusingly, an execu-
tive control network); a dorsal attention network; a
frontotemporal network (also called a language network); a
visual network; an auditory network; a somatomotor net-
work; and an amygdala network. The frontoparietal, cin-
gulo-opercular, and dorsal attention networks have
together been referred to as task-positive networks, as they
are commonly coactivated during the performance of many
externally oriented cognitive tasks. We use these networks
as a framework for describing and interpreting brain–
behavior associations wherever possible [for more in-depth
discussions of these networks and their putative functions,
see Beckmann et al. (2005); Damoiseaux et al. (2006);
De Luca et al. (2006); Rosazza and Minati (2011); and
Smith et al. (2009)]. Additionally, several noncortical areas
such as the cerebellum, thalamus, and striatum are not reli-
ably incorporated into any of the above networks. This is
likely because nearby subregions and nuclei within these
areas are most strongly connected to widely varying

networks [cerebellum: Habas et al. (2009); striatum: Di Mar-
tino et al. (2008); thalamus: Zhang et al. (2008)], which may
prevent accurate regional parcellation by methods such as
ICA.

Associations by Behavioral Domain

In this section, we summarize results of studies examining
associations between resting-state functional connectivity
and a variety of behavioral domains. For each behavioral do-
main, we describe findings in healthy individuals and disor-
dered populations showing associations with measures (e.g.,
task performance and behavioral ratings) of that domain.
An additional section is included for the behavioral domains
of executive function, memory, and emotional functions,
which reviews findings showing associations with symptoms
from disorders that are defined by dysfunction primarily of
that behavioral domain.

General intelligence

The concept of general intelligence is useful for describing
the integrated functioning of higher cognitive processes such
as grasping complex ideas, adapting to the environment,
learning from experience, reasoning, and problem solving
(Neisser et al., 1996). It is indexed by the Intelligence Quotient
(IQ) on the Wechsler Adult Intelligence Scales, or by scores on
the Raven’s Progressive Matrices and Cattell Culture Fair
Test that provide specific indices of the fluid component
(Gf) of general intelligence that is independent of acquired
knowledge.

Consistent with task-based imaging studies ( Jung and
Haier, 2007), resting-state studies also show association of
intelligence with frontal and parietal regions. Better IQ
scores were associated with stronger seed-based connectivity
within the frontoparietal network in healthy adults (Song
et al., 2008), stronger ReHo within this network (as well as
in parahippocampal cortex [PHC], inferior lateral temporal
lobe, and fusiform gyrus (FG)] (Wang et al., 2011), and
shorter path length within the network (Van den Heuvel
et al., 2009). Further, across control and schizophrenic
subjects, higher IQ was associated with stronger seed-
based connectivity between the frontoparietal network and

FIG. 1. Schematic illustra-
tion of the central nodes
in each of the nine ICNs. AG,
angular gyrus; FEF, frontal
eye fields; HG, Heschel’s
gyrus; IFG, inferior frontal
gyrus; IPL, inferior parietal
lobule; MFG, middle frontal
gyrus; MTG, middle temporal
gyrus; PCC, posterior cingu-
late cortex; PHC, parahippo-
campal cortex; SFG, superior
frontal gyrus; SMA, supple-
mentary motor area; SPL,
superior parietal lobule; STG,
superior temporal gyrus.

BEHAVIORAL VARIABILITY AND INTRINSIC NETWORKS 101



the cerebellum (Repovs et al., 2011). However, in addition to
the frontoparietal network, the default network also ap-
pears to be related to general intelligence, as better IQ was
predicted by shorter path length within the network
(Van den Heuvel et al., 2009) and by reduced connectivity
with the frontoparietal network (Song et al., 2008). In addi-
tion to within- and cross-network relationships, a study of
fluid intelligence points to the importance of the nature of
global connectivity of left lateral prefrontal cortex, a part
of the frontoparietal network (Cole et al., 2012b). Specifically,
higher Gf scores were associated with more positive connec-
tivity within the frontoparietal network and with other
task-positive networks, and more negative connectivity
with the default, amygdala, auditory, and somatomotor
networks.

Summary. Superior intelligence depends upon higher
within-network integration and cross-network segregation
of the frontoparietal and default networks.

Sensorimotor function

Visual performance. In the context of face processing,
greater connectivity between two canonical face-processing
regions in the visual network, the occipital face area and
the fusiform face area in the FG, predicted a greater face in-
version effect, indicating increased holistic processing of
faces and superior face recognition abilities in healthy indi-
viduals (Zhu et al., 2011). In the context of visual–spatial at-
tention, weaker interhemispheric connectivity of the dorsal
attention network (left and right intraparietal sulcus [IPS])
was associated with worse spatial attention performance
in patients with right-hemispheric stroke (Carter et al.,
2010). Further, inappropriate sensory experience in synes-
thesia relates to greater connectivity between visual and
other networks. In individuals with grapheme-color and
phoneme-color synesthesia—a condition in which words
and grayscale letters are involuntarily perceived as being
colored—abnormally increased connectivity between the vi-
sual network and the auditory and frontoparietal networks
predicted more consistent synesthetic experiences (Dovern
et al., 2012).

Motor performance. Convergent lines of evidence sug-
gest that connectivity within the somatomotor network is as-
sociated with motor function. First, greater connectivity
within the left than the right side of the somatomotor network
(including connections between primary motor cortex [M1],
supplementary motor area [SMA], cerebellum, thalamus,
and putamen) predicted faster motor performance, less over-
flow, and less dysrhythmia on a standardized test of motor
skills in healthy right-handed children (Barber et al., 2012).
Second, weaker interhemispheric connectivity within the
somatomotor network predicted worse performance on a va-
riety of hand- and wrist-based motor function measures in
patients with stroke (Carter et al., 2010) and less recovery of
motor function after 6 months (Park et al., 2011). Third,
greater interconnectedness of the somatomotor network
(indexed by higher clustering coefficient) predicted faster
progression of symptoms of amyotrophic lateral sclerosis
(ALS), a progressive disease characterized by degeneration
of motor neurons, resulting in rapidly increasing motor

weakness and loss of motor control (Verstraete et al., 2010).
Thus, while a strongly connected somatomotor network
may facilitate motor function, it may also facilitate the spread
of ALS symptoms.

In addition to within-network connectivity, connectivity
between the somatomotor and other networks is associated
with motor function. First, weaker connectivity between the
somatomotor network and the contralateral frontoparietal
network (and thalamus) predicted less recovery of motor
function 6 months after the stroke (Park et al., 2011). Second,
a mixed pattern of reduced and increased connectivity degree
(a measure of the overall connectedness of a region) of spe-
cific nodes of the somatomotor network with other regions
predicted the severity of motor symptoms in Parkinson’s dis-
ease (PD; indexed by the Unified Parkinson’s Disease Rating-
scale motor score) (Wu et al., 2009). Specifically, worse motor
function was associated with reduced connectivity degree of
regions that nominally have widespread connectivity with
other brain regions (thalamus, putamen, SMA node of the
somatomotor network, and frontoparietal network) and in-
creased connectivity degree of regions that usually have
focal connectivity (M1, primary somatosensory cortex [S1],
premotor nodes of the somatomotor network, and cerebel-
lum). Thus, these findings suggest that degeneration in dopa-
mine signaling in PD may induce motor dysfunction by
reducing widespread connectivity and over-generalizing
focal connectivity.

Visual–motor integration. Visual–motor processing speed
has been associated with the cingulo-opercular, frontoparie-
tal, and default networks. In patients with cognitive dysfunc-
tion due to hepatic encephalopathy, a liver disease, reduced
connectivity within a frontoparietal ICA component was as-
sociated with slower performance on a number trail-making
task (Qi et al., 2012). In the same patients, the default ICA
component showed associations with both increased and re-
duced connectivity such that increased posterior connectivity
predicted slower performance on the number trail-making
task, while reduced anterior connectivity predicted slower
digit–symbol matching performance. Further, increased
connectivity of the putamen within the cingulo-opercular net-
work was related to slower digit–symbol matching perfor-
mance across both lean and obese adults (Garcı́a-Garcı́a
et al., 2012). Higher-order visual–motor integration was as-
sociated with the cingulo-opercular network such that
increased connectivity between the left anterior insula
(aIns) and the rest of the cingulo-opercular network across
older and younger adults predicted higher block-design per-
formance indexing visuospatial intelligence (Onoda et al.,
2012).

Summary. Individual differences in visual and mo-
tor functions were associated with connectivity strength
within their respective modality-specific networks, such as
visual and somatomotor. Similarly, pathological integration
across modalities as in synesthesia was correlated with the ex-
tent of connectivity between the relevant modality-specific
networks, visual and auditory. Further, shifting visual atten-
tion in space was associated with a network encompassing
parietal regions known to subserve spatial attention,
termed the dorsal attention network. In contrast, integration
of visual and motor processes was associated with neither
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of these modality-specific networks, but rather with networks
integrating multiple heteromodal cortical regions such as
the cingulo-opercular, frontoparietal, and default networks.
Further, connectivity across the somatomotor and frontal-
parietal networks was important for predicting loss or
recovery of motor function.

Executive function

Executive function is a constellation of processes that sup-
port the deployment of cognitive resources in a goal-directed
manner; these processes include working memory, attention,
inhibitory control, fluency, and task-switching. Individual
differences in each of these processes have been repeatedly
linked to connectivity within and between the frontoparietal,
cingulo-opercular, and default networks, whereas higher
scores on a composite measure of these processes (indexed
by the Frontal Assessment Battery) were associated with in-
creased connectivity between the dorsal anterior cingulate
cortex (dACC) and the rest of the cingulo-opercular network
in healthy young and older adults (Onoda et al., 2012).

Working memory. Working memory refers to the ability
to maintain and manipulate information for a short period
of time. Working memory function was associated with
both whole-brain connectivity and with selective networks,
including default, frontoparietal, and cingulo-opercular.
Global measures such as increased small worldness (network
efficiency) predicted superior working memory capacity,
and degree of modularity predicted variability in memory
capacity across sessions (Stevens et al., 2012a). Superior work-
ing memory was also related to increased connectivity within
the default network, from ventromedial prefrontal cortex and
adjacent regions (vmPFC) to posterior cingulate cortex (PCC)
(Hampson et al., 2006, 2010), with increased connectivity
of PCC in default-network ICA components (Sala-Llonch
et al., 2012), with increased connectivity between the fronto-
parietal network and the cerebellum across both controls
and schizophrenics (Repovs et al., 2011), with increased con-
nectivity between the cingulo-opercular network and the
putamen across both controls and schizophrenics (Tu et al.,
2012), and with reduced connectivity between default and
frontoparietal networks (Hampson et al., 2010). In addition
to cortical connectivity, reduced connectivity between sub-
cortical structures such as the thalamus and striatal regions
(bilateral globus pallidus and putamen) was associated
with better working memory across both children with and
without attention-deficit hyperactivity disorder (ADHD)
(Mills et al., 2012). Thus, working memory function was as-
sociated with stronger connectivity within default and cin-
gulo-opercular regions and also between the frontoparietal
network and cerebellum, a region often activated during
working memory performance, as well as with weaker con-
nectivity between default and frontoparietal networks
and among subcortical regions such as the basal ganglia
and thalamus.

Sustained attention. Sustained attention is defined as the
ability to consistently maintain attention to goal-relevant
stimuli. Individual differences in attention have been linked
to both increased and decreased connectivity between the
default and task-positive networks. Decreased intertrial vari-

ability in response time (an indicator of reduced attention lap-
ses) was linked to less negative connectivity between default
and task-positive networks (Kelly et al., 2008). However, bet-
ter performance on a sustained visual attention task was
linked to increased connectivity between the PCC-default
node and the inferior frontal gyrus (IFG)/temporal–parietal
junction frontoparietal nodes (Pagnoni, 2012). These dispa-
rate results suggest that direction of association may differ
by the type of attentional process.

Inhibitory control. Connectivity of default, frontoparietal,
and cingulo-opercular networks has been associated
with variability in inhibitory control. Using the stop-
signal task to operationalize response inhibition, better inhib-
itory control across both healthy children and those with
ADHD, a disorder defined by inhibitory deficits, was asso-
ciated with more positive connectivity among cingulo-
opercular nodes (pre-SMA and ACC) and more negative
connectivity of cingulo-opercular nodes (ACC and pre-
SMA) with nodes of other networks, including subcorti-
cal (thalamus) and frontoparietal (middle frontal gyrus
[MFG]) nodes (Mennes et al., 2011). Furthermore, diagnosis
of ADHD modulated relationships of connectivity and
inhibitory performance, such that worse inhibitory control
in ADHD children, was related to increased connectivity
between cingulo-opercular nodes (pre-SMA, SMA, supra-
marginal gyrus [SMG], insula, and ACC) and nodes of
other networks, including dorsal attention (parietal oper-
culum), visual (lateral occipital cortex), frontoparietal (supe-
rior frontal), and striatal (putamen and caudate) nodes.
Thus, the cingulo-opercular network and its connectivity
with other networks predicted inhibitory control.

In addition to these observed relationships with long-
distance connectivity, local connectivity was also associated
with stop-signal performance (Tian et al., 2012). Superior in-
hibitory control was associated with increased ReHo in
sensory networks, including visual (bilateral occipital cortex
and inferior temporal regions), and auditory (posterior insula
[pIns]) and reduced ReHo in default (vmPFC and precuneus)
and frontoparietal (bilateral IFG and left inferior parietal lob-
ule [IPL]) network regions.

Inhibitory control in everyday life, indexed by self-reported
behaviors reflecting impulsivity, is predicted by cross-
network relationships. In healthy adults, increased impulsiv-
ity (i.e., worse inhibitory control) as measured by the Barratt
Impulsivity Scale was associated with increased density of
functional connectivity within visual and default networks,
and between cingulo-opercular and amygdala networks
(Davis et al., 2012). However, increased impulsivity was
also associated with decreased connectivity density be-
tween visual and default networks, and between visual
and amygdala networks. In patients with Borderline per-
sonality disorder, higher impulsivity was associated with
increased connectivity of the mPFC node in the default-
network ICA component (Wolf et al., 2011). In incarcerated
juvenile offenders, bilateral premotor connectivity predicted
impulsivity, as measured by the Hare Psychopathy Checklist,
such that higher impulsivity was associated with increased
connectivity with the default network and reduced connectiv-
ity with the dorsal attention and frontoparietal networks
(Shannon et al., 2011). In heroin-dependent subjects, higher
impulsivity was associated with increased connectivity
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between the amygdala and the default network, auditory net-
work, and the thalamus, as well as with reduced connectivity
between the amygdala and the FG in the visual network (Xie
et al., 2011). Thus, across diverse populations, connectivity
within the default network, as well as connectivity across net-
works, was associated with trait-level impulsivity.

Verbal fluency. Fluency refers to the ability to list many
objects within a defined category without repeating objects.
Across controls and schizophrenics, superior verbal fluency
was associated with several metrics of whole-brain connectiv-
ity, including average connectivity strength across all regions,
clustering, degree distribution, and small worldness (Lynall
et al., 2010).

Task switching. A key component of executive control is
the ability to flexibly shift from the demands of one task to an-
other. Such task switching has been strongly linked to the
frontoparietal network. Superior task-switching abilities
have been associated with increased connectivity between bi-
lateral IPL and the rest of the frontoparietal network (Seeley
et al., 2007), with increased connectivity between bilateral
MFG in children (Gordon et al., 2011), with increased connec-
tivity between frontoparietal network nodes and the cerebel-
lum across controls and schizophrenics (Repovs et al., 2011),
and with increased connectivity within frontoparietal ICA
components across controls and patients with medial tempo-
ral lobe epilepsy (Zhang et al., 2009).

Summary. Two themes emerge from reviewing the large
body of work examining associations with executive func-
tion. First, in addition to the connectivity of task-positive
and default networks, connectivity of subcortical structures
such as the striatum, amygdala, thalamus, and cerebellum
was also important for predicting individual differences. Sec-
ond, cross-network relationships were relevant to executive
functioning, such that superior function was predicted by
more segregation among task-positive networks and between
task-positive and default networks in most studies. Further,
in some studies, superior function was also associated with
more integration between selective task-positive networks
(e.g., frontoparietal and dorsal attention), as well as more in-
tegration between some networks and subcortical regions
(e.g., between visual network and amygdala; between fronto-
parietal network and cerebellum).

Symptom domains of disorders associated
with executive function

Two disorders, ADHD and schizophrenia, have impair-
ment of executive functioning as their primary cognitive se-
quelae. Their symptomatology cannot be easily parsed into
the above executive processes, but rather reflects interactions
among behavioral dimensions that comprise executive pro-
cesses, self-regulation, and emotion.

Attention-deficit hyperactivity disorder. Symptoms of
ADHD, such as inattention, hyperactivity, and impulsivity,
have been associated with connectivity of default, dorsal at-
tention, and cingulo-opercular networks, as well as among
subcortical regions. Higher externalizing symptoms (e.g., ag-
gressive and oppositional defiant behaviors) as measured by

the Child Behavior Checklist were associated with reduced
positive connectivity within default network regions, includ-
ing between temporal pole and precuneus, between PCC
and superior frontal gyrus (SFG), and between posterior
IPL and frontal pole (Chabernaud et al., 2012). Further, con-
nectivity of the left putamen, a subcortical motor region, pre-
dicted symptoms measured by the ADHD Rating Scale,
such that increased symptoms were associated with reduced
connectivity with right subcallosal gyrus/nucleus accumbens
and increased connectivity with right global pallidus/
thalamus (Cao et al., 2009).

Schizophrenia. Schizophrenia is characterized by the
presence of positive symptoms (disrupted or disorganized
thought and behavior) and negative symptoms (poverty of
speech, thought, or affect), and resting-state connectivity
studies have primarily linked individual differences in these
symptoms to abnormal connectivity of default and fronto-
parietal networks.

The severity of positive symptoms has been most fre-
quently linked to increased connectivity between default
and frontoparietal networks. More severe positive symp-
toms were particularly predicted by increased connectivity
between default-network nodes (such as vmPFC, PCC, pre-
cuneus, and retrosplenial cortex) and lateral frontal fronto-
parietal nodes (Bluhm et al., 2007, 2009; Skudlarski et al.,
2010). Interestingly, while increased connectivity between de-
fault and frontoparietal connectivity predicted more severe
positive symptoms, it also predicted less-severe negative
symptoms (Bluhm et al., 2007; Cole et al., 2011; Venkatara-
man et al., 2012). This suggests that the positive or negative
symptomatic manifestation of schizophrenia may be depen-
dent on the intrinsic connections between these two net-
works.

More severe positive symptoms were also predicted by in-
creased connectivity between default network and a variety
of other networks, including somatomotor, frontotemporal
(Bluhm et al., 2007, 2009; Venkataraman et al., 2012), and visual
(Bluhm et al., 2009; Meda et al., 2012). Positive symptoms have
additionally been linked to connectivity within the default net-
work, though the direction of the effect has not been consistent,
with reports of increased symptoms being linked to both re-
duced (Rotarska-Jagiela et al., 2010; Jang et al., 2011 in healthy
relatives of schizophrenics) and increased (Whitfield-Gabrieli
et al., 2009) within-network connectivity.

Frontoparietal network connectivity with other networks
predicted both positive and negative symptoms. Increased
positive symptoms were associated with reduced connectiv-
ity within the frontoparietal network (Cole et al., 2011), re-
duced connectivity between the frontoparietal and auditory
networks (Cole et al., 2011) and the cerebellum (Repovs
et al., 2011), increased connectivity between frontoparietal
and visual/somatomotor networks (Cole et al., 2011), and in-
creased asymmetry of connectivity in the frontoparietal net-
works (Ke et al., 2010). Increased negative symptoms were
associated with increased connectivity between fronto-
parietal and somatomotor network/cerebellum (Cole et al.,
2011), as well as with decreased asymmetry of connectivity
in default network (Ke et al., 2010).

Finally, a few studies have suggested that connec-
tions not involving the default or frontoparietal networks
may be relevant for symptom severity. Increased positive
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symptoms were predicted by reduced connectivity within the
frontotemporal network and by increased connectivity in the
auditory network (Rotarska-Jagiela et al., 2010), by reduced
connectivity between frontotemporal and somatomotor net-
works (Skudlarski et al., 2010), and by increased asymmetry
of connectivity in cingulo-opercular and visual networks
(Ke et al., 2010). Increased negative symptoms were predicted
by reduced connectivity between cingulo-opercular net-
work and putamen (Tu et al., 2012), as well as by increased
connectivity between amygdala and frontotemporal net-
works (Meda et al., 2012). More severe negative symptoms
were also predicted by greater clustering coefficients and ef-
ficiency of the visual network, by longer characteristic path
length in the somatomotor network, and by longer path
length and reduced efficiency of the whole brain (Yu et al.,
2011).

Summary. Individual differences in the severity of
symptoms were associated with connectivity of many task-
positive and default networks. For both ADHD and schizo-
phrenia, both within-network and cross-network relation-
ships predicted symptom severity. In addition to cortical
connectivity, several subcortical regions, including striatal
structures and amygdala, correlated with symptoms. In
both disorders, these relationships included brain regions
that are consistent with affected behavioral domains, includ-
ing motor (e.g., putamen) and reward (e.g., nucleus accum-
bens) functions in ADHD, as well as sensory-motor (e.g.,
somatomotor, visual, and auditory) and emotion (e.g., amyg-
dala) functions in schizophrenia. While studies of ADHD
symptom-connectivity were few, those of schizophrenia
were many and are riddled with mixed findings, perhaps re-
flective of the high heterogeneity among patients in the dura-
tion of the disorder, medication history, and the nature of
behavioral dysfunction.

Learning

Studies examining individual differences in modality/
domain-specific learning reveal that such learning is related
to short-term plasticity of ICNs, which reflects both the con-
solidation of recent experience and the predictive value of
ICNs measured before learning in determining who will
learn better.

Motor learning. Force-field motor learning was associated
with connectivity of default, somatomotor, and visual net-
works and cerebellum (Vahdat et al., 2011). Relative to a pre-
learning resting scan, increases in the perceptual indices of
learning 1 h after force-field learning were associated with in-
creases in connectivity strength within the somatomotor net-
work and between the cerebellum and the mPFC default
node, as well as with decreases in connectivity between the
cerebellum and visual network. Further, decreases in connec-
tivity between the cerebellum and the somatomotor and vi-
sual networks predicted increases in the ability to accurately
perform a motor task under force-field conditions.

Visual–spatial learning. Decreases in connectivity
strength between the visual network and the frontal eye fields
in the dorsal attention network from a prelearning resting
scan were associated with greater improvements in accuracy

and speed after training on a novel visual discrimination task
(searching for T-target among rotated L-distractors for 4
days, 2/3 h/day) (Lewis et al., 2009). These same subjects
also showed that the status of prelearning resting-state con-
nectivity of the visual network predicted the amount of sub-
sequent visual learning (Baldassarre et al., 2012). Specifically,
the strength of connectivity within the visual network, be-
tween heterotopic (i.e., above and below the calcarine sulcus
within and across hemispheres), but not homotopic (e.g.,
above the calcarine across hemispheres) visual regions be-
fore training was positively correlated with better learning.
Further, the strength of connectivity between visual regions
and the left aIns node of the cingulo-opercular network and
the vmPFC default-network node was negatively correlated
with better learning. Together, these findings suggest that
better communication among visual regions and weaker
communication between visual and frontal regions involved
in detecting and evaluating salient information may facilitate
parsing of task-relevant and task-irrelevant visual informa-
tion in subsequent experience.

Individual differences in navigational ability, as measured
by the Santa Barbara Sense of Direction Scale, correlated with
learning-related changes in connectivity of the bilateral PHC,
a default-network node (Wegman and Janzen, 2011). Specifi-
cally, connectivity changes were compared between resting
scans performed before and after a route-learning task.
Subjects with better navigational ability had increased
learning-related connectivity with the right hippocampus,
but decreased learning-related connectivity with the right
caudate. Thus, consolidation of spatial learning reflected in
ICN plasticity depended upon spatial ability.

Pain adaptation. Connectivity of the somatomotor net-
work and the vmPFC default node was associated with indi-
vidual differences in both retrospective and prospective
aspects of learning about painful experience (Riedl et al.,
2011). Connectivity in somatosensory and posterior parie-
tal cortex nodes of the somatomotor network correlated
positively with pain intensity ratings, both immediately
after heat pain was applied to the forearm and after 11
days of exposure to the noxious stimulation. Further, the ex-
tent to which subjects adapted to pain over the 11 days cor-
related positively with connectivity between the vmPFC
default-network node and the somatomotor ICA component
after the extended exposure to the noxious stimulation, but
not before it. Interestingly, this correlation was observed be-
fore exposure to the heat pain on the 11th day, which indi-
cates that this somatomotor-default connectivity predicted
how much pain the subject anticipated experiencing on the
last day.

Summary. Individual variability in learning ability, as
well as consolidation of the learning experience, was associ-
ated with connectivity of the ICNs associated with the
modality or domain of the learning experience (i.e., somato-
motor for sensorimotor learning or adaptation and visual for
visual–spatial learning). Further, postlearning changes in
connectivity also included modality-specific subcortical re-
gions such as the cerebellum for motor function, cortical
regions important for set maintenance such as the cingulo-
opercular network for visual learning, and the default
network.
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Memory

Associations between resting-state connectivity and mne-
monic function have been observed in healthy subjects as
well as in patients with memory disorders.

Autobiographical memory. Subjects who spent a greater
percentage of time thinking about their past or future during
a resting-scan session had stronger connectivity between the
medial temporal default node and other default regions (in-
cluding vmPFC, restrosplenial cortex, and posterior IPS)
(Andrews-Hanna et al., 2010). Thus, at least one function of
the default network may be retrieving autobiographical
information.

Episodic memory. Studies examining association with
episodic memory can be divided into two classes: (i) those ex-
amining ICNs after encoding of the to-be-remembered mate-
rial; and (ii) those examining ICNs before encoding of the
to-be-remembered material or some standardized measure
of memory ability. These two study types provide different
information about memory: the former elucidates cir-
cuits that support consolidation of mnemonic informa-
tion, and the latter elucidates circuits that predict mnemonic
ability.

Differences in consolidation are associated with the
strength of connectivity between stimulus-selective poste-
rior cortices and frontoparietal and default-network nodes.
Immediately after incidental encoding of scenes and faces,
better memory for those stimuli was associated with stronger
connectivity between right IFG and category-selective seed
regions in the default (PHC, for scenes) and visual (FG, for
faces) networks (Stevens et al., 2010). Stronger connectivity
between hippocampus and right lateral occipital cortex on a
resting scan done after encoding of object–face pairs relative
to one before encoding predicted better memory for the
object–face pairs measured after the scanning sessions
(Tambini et al., 2010). A similar brain–behavior relationship
was not observed for face–scene pairs, which were not re-
membered, as well as the object–face pairs. Hippocampal-
to-lateral occipital connectivity at baseline did not correlate
with subsequent memory performance, which suggests
that changes in connectivity during encoding of the mate-
rial predicted how well the material was later consoli-
dated. Together, these findings suggest that regions
involved in the encoding of an experience are sensitive to
consolidation of that experience in the time period after
the experience.

Differences in mnemonic ability are predicted by higher
connectivity within and between default and frontoparietal
networks, and lower connectivity among subcortical regions.
Better memory performance, as measured by neuropsycho-
logical tests such as the Wechsler Memory Scale and Califor-
nia Verbal Learning Test (CVLT), was associated with
stronger connectivity between the frontoparietal network
and the cerebellum in a combined group of schizophrenic
subjects and healthy controls and healthy siblings of both
groups (Repovs et al., 2011). Better memory for line drawings
of common objects and animals was associated with stronger
connectivity between default-network nodes in left and right
hippocampi (Wang et al., 2010b). Further, better memory for
the face–name pairs and on the Wechsler Memory Scale was

associated with stronger connectivity between the hippo-
campus and PCC/precuneus nodes of the default network
in healthy elderly subjects (Wang et al., 2010a). In contrast
to these findings of positive correlation with cortical re-
gions, reduced connectivity of subcortical regions (both
within thalamus and putamen ICA components and be-
tween putamen, thalamus, and caudate components) pre-
dicted higher scores on CVLT in elderly subjects (Ystad
et al., 2010).

Summary. Connectivity of the default network, particu-
larly between the midline and medial temporal nodes, was
important for predicting consolidation of remembered mate-
rial as well as the ability to remember subsequently encoded
material. In addition, these mnemonic functions also
depended upon the connectivity of default-network regions
with material-specific posterior temporal cortices and the
frontoparietal network.

Symptom domains of disorders associated
with memory dysfunction

Patients with AD and mild cognitive impairment (MCI), a
prodromal stage of AD, as well as those with other disorders
whose pathology involves brain structures important for ep-
isodic memory, show associations between alterations of
ICNs and primary symptoms that are marked by episodic
memory dysfunction.

AD and MCI. Reduced connectivity within the default
ICA component predicted reduced scores on the Mini-Mental
State Examination (MMSE) in patients with AD (Wu et al.,
2011b), as did decreased ReHo of the PCC-default node (He
et al., 2007). Similarly, in individuals with MCI, reduced
PCC-seed- and angular gyrus (AG)-seed-based default con-
nectivity predicted reduced MMSE scores and episodic mem-
ory abilities (Liang et al., 2012; Wang et al., 2012a).

The connectivity of several other networks has also been
linked to AD symptoms in MCI, possibly reflecting the
more variable nature of MCI compared to AD. As in the de-
fault network, reduced connectivity within the frontoparietal
network predicted reduced MMSE scores (Liang et al., 2011,
2012), while reduced connectivity both within the cingulo-
opercular network and between the cingulo-opercular and
frontoparietal networks predicted worse episodic memory
(Xie et al., 2012a). Additionally, reduced connectivity be-
tween default and frontotemporal networks also predicted
worse episodic memory, and reduced connectivity between
default and frontoparietal networks predicted slower pro-
cessing speed, but reduced connectivity between default net-
work and caudate predicted better episodic memory (Han
et al., 2012).

Interestingly, treatment of patients with AD with the ace-
tylcholinesterase inhibitor donepezil has been shown to
reverse these connectivity disruptions, and the degree of con-
nectivity increase has been linked to cognitive improvements.
Reductions in AD symptoms were predicted by donepezil-
related connectivity increases within the default network
(Goveas et al., 2011b; Li et al., 2012a) as well as by connectiv-
ity decreases between the hippocampal default node and the
frontoparietal and cingulo-opercular networks (Goveas et al.,
2011b). This suggests that the observed relationships between
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connectivity disruptions and symptom severity are highly
relevant to disease treatment.

Multiple sclerosis. Multiple sclerosis (MS) is a progres-
sive demyelinating condition that often results in general
information-processing deficits as well as episodic memory
problems. In patients with MS, worse performance on tests
of information processing and episodic memory was associ-
ated with reduced connectivity of the PCC and mPFC
nodes of a default-network ICA component (Rocca et al.,
2010). Further, in patients with MS who underwent cognitive
rehabilitation therapy, increases in connectivity between the
ACC node of the cingulo-opercular network and the right lat-
eral prefrontal and parietal nodes of the frontoparietal net-
work predicted improvements in information-processing
abilities (Parisi et al., 2012).

Traumatic brain injury. Traumatic brain injury (TBI) re-
sults from physical trauma to the head, and in mild, closed-
head cases, it produces marked, but usually transient, cog-
nitive dysfunction that includes episodic memory problems.
In patients with TBI, slower reaction time on a simple choice-
reaction time task was predicted by lower connectivity of the
PCC within a default-network ICA component (Sharp et al.,
2011). Further, worse cognitive symptoms in mild TBI were
predicted both by reduced connectivity within the default
network and by increased cross-network connectivity be-
tween default and frontoparietal networks (Mayer et al.,
2011).

However, as TBI-related damage (e.g., diffuse axonal in-
jury) (Scheid et al., 2003) is usually distributed throughout
the brain rather than localized to specific regions or networks,
ICN alterations ought to be more pervasive. Indeed, patients
with mild TBI demonstrated abnormally increased and ab-
normally asymmetric thalamic connectivity with widespread
cortical regions encompassing many networks; the degree of
increased connectivity predicted increased memory impair-
ment, while the degree of increased asymmetry predicted in-
creased postconcussive symptoms (Tang et al., 2011).
Moreover, in a more comprehensive ICA examining all the
brain networks in patients with mild TBI, the degree of post-
concussive symptoms was predicted by both increases and
decreases in connectivity across virtually all networks, in
both within- and across-network connections (Stevens
et al., 2012b).

Epilepsy. The chronic nature of epilepsy disrupted the
organization of the default network such that patients with
higher duration of illness (years from time of first seizure to
time of scan) had increased connectivity between the PCC
and bilateral parahippocampal regions in the anterior tempo-
ral lobes and reduced connectivity of the PCC with dorsome-
dial prefrontal cortex (dmPFC) (McGill et al., 2012). Reduced
rate of retention of verbal information in patients with tempo-
ral-lobe epilepsy was associated with increased connectivity
between the left medial temporal lobe and PCC in those
with seizure focus in the left hemisphere. However, patients
with right hemisphere seizure focus appear to compensate,
such that higher episodic memory for nonverbal material
(faces) was associated with higher connectivity of the in-
tact left medial temporal lobe and anterior mPFC (Doucet
et al., 2012).

Wernicke’s encephalopathy. Wernicke’s encephalopa-
thy, a result of chronic severe alcoholism, includes degenera-
tion of brainstem and medial thalamic nuclei, mammillary
bodies, and cerebellum. If left untreated via thiamine replace-
ment therapy, the disease may progress into Korsakoff’s
syndrome. Within patients undergoing treatment, associa-
tions have been found between the severity of verbal memory
impairment and the degree of connectivity between the ante-
rior thalamus and mammillary bodies (Kim et al., 2009). The
authors suggest that mammilothalamic connectivity may
thus index the success of the treatment, suggesting the
possibility of individual differences in the reversibility of
the disorder.

Summary. In a variety of neurological conditions whose
primary symptoms include episodic dysfunction, episodic
memory abilities depended upon connectivity within medial
temporal, PCC, and mPFC default-network nodes. Further,
weaker connectivity between the default network and
frontoparietal and cingulo-opercular networks was as-
sociated with reduced episodic memory, and response to
treatment that improved episodic memory included strength-
ening of those connections. Further, connectivity of subcorti-
cal structures such as thalamus and mammillary bodies was
also responsive to treatment, improving memory function.

Language

Greater language competence was associated with higher
integration within nodes of the frontotemporal network. Bet-
ter language function measured by story writing and a stan-
dardized test of Mandarin was associated with higher
connectivity within the temporal nodes of the frontotemporal
network (e.g., ReHo within right superior temporal gyrus
[STG], and inter- and intrahemispheric connectivity of the
right STG) in congenitally and acquired deaf individuals (Li
et al., 2012b). Higher verbal IQ scores were associated with
higher connectivity within the IFG in patients with epilepsy
with left-sided, but not right-sided, seizure focus (Pravatà
et al., 2011). Superior learning of novel syntax on an artificial
grammar task was associated with lower interhemispheric
connectivity between left and right Broca’s area (BA 44/45)
and frontotemporal nodes in healthy elderly subjects, sug-
gesting that functional segregation of language-specialized
regions is advantageous for language function (Antonenko
et al., 2012).

Reading competence was associated with higher connec-
tivity within the frontotemporal network, and with develop-
mental differences in its relationship with other task-positive
and default networks. Higher reading scores were associated
with increased connectivity among regions important for
language (between Broca’s and Wernicke’s areas within the
frontotemporal network and between the precentral gyrus
and other regions within the somatomotor network) in both
children and adults (Koyama et al., 2011). Further, in adults,
superior reading competence was also predicted by increased
connectivity between the left FG (visual word-form area
[VWFA]) in the visual network, by increased connectivity be-
tween left-sided nodes of the frontotemporal and frontoparie-
tal networks, and by decreased connectivity between the
VWFA and the vmPFC and PCC default-network nodes.
However, in children, these relationships were reversed,
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such that better reading competence was predicted by de-
creased VWFA-to-frontotemporal/frontoparietal connectiv-
ity, but by increased VWFA-to-default connectivity. Thus, it
appears that across-network relationships undergo matura-
tional changes as the development of reading skill progresses.

In contrast to reading competence, better semantic perfor-
mance was associated with increased connectivity within the
frontotemporal network (e.g., left IFG and bilateral anterior
temporal lobes), as well as with default-network regions
such as the left medial temporal lobe, PCC, dmPFC, and
vmPFC (Wei et al., 2012).

Summary. Higher language competence on a variety of
indices was associated with stronger connectivity within fron-
totemporal networks, as well as with its connectivities with
other networks. While semantic abilities were associated
with more integration of the frontotemporal nodes with
default network, reading competence was associated with
less integration with default-network nodes, frontoparietal
nodes, and extrastriate visual regions. Further, associations
between language ability and cross-network relationships
were reversed in childhood, suggesting that changes in
cross-network relationships define the developmental trajec-
tory of reading competence.

Emotional function

Resting-state connectivity has been associated with global
dimensions of emotional functioning (e.g., internalizing and
externalizing problems on the Child Behavior Checklist), as
well as with single dimensions (e.g., anxiety and empathy)
and with personality traits.

Internalizing/externalizing problems. Higher internaliz-
ing scores (e.g., behavior reflective of anxiety, depression,
and social withdrawal) showed a positive association with
stronger connectivity among all default nodes, as well as a
negative association with connectivity between default net-
work and both frontoparietal network (anterior mPFC to
IFG and premotor cortex) and cingulo-opercular network
(retrosplenial cortex to insula, dACC, and SMA) (Chaber-
naud et al., 2012). Further, higher externalizing scores (e.g.,
aggressive behaviors) were associated with connectivity be-
tween default and task-positive networks, positively with
the cingulo-opercular network (AG/posterior IPL to the
dACC and SMA) and negatively with the dorsal attention
network (restrosplenial cortex to posterior parietal/dorsal oc-
cipital cortex). The presence of ADHD moderated connectiv-
ity of the default network such that higher externalizing
scores in children with ADHD were associated with less-
positive connectivity within the default network (temporal
poles to PCC, precuneus, and SFG, and AG/posterior IPL
to frontal poles), while the opposite relationship was ob-
served in control children.

Anxiety. The level of anxiety experienced at the time of
the resting scan alters the connectivity strength of default, cin-
gulo-opercular, and amygdala networks. In healthy subjects,
state anxiety measured by the State Trait Anxiety Inventory
was positively correlated with right amygdala–dmPFC con-
nectivity and negatively correlated with right amygdala–
vmPFC connectivity (Kim et al., 2011). Similarly, a negative

correlation with left amygdala–ventral mPFC and PCC/
precuneus connectivity was also observed in a combined
group of healthy controls and patients with social anxiety dis-
order or panic disorder (Hahn et al., 2011). Connectivity of
the aIns, a cingular-opercular node, was also implicated in
two studies in which subjects rated how anxious they felt be-
fore or during the scan. First, connectivity from aIns to
other cingulo-opercular regions such as dACC and left SFG
was stronger in individuals with higher anxiety (Seeley
et al., 2007). Second, connectivity between a default ICA com-
ponent and the left aIns was stronger in adolescents and
adults with higher anxiety; additional regions showing a pos-
itive correlation included the caudate in adolescents, and the
right IFG, left PHC, and left PCC in adults (Dennis et al.,
2011).

Empathy. Individual differences in empathy are pre-
dicted by differences in connectivity of regions involved
in emotional, social-cognitive, and interoceptive functions
that comprise the default, cingulo-opercular, frontotemporal,
and amygdala networks, as well as brainstem regions. One
behavior indicative of empathy is the extent to which one
feels another’s pain. Ratings of how much one felt the physi-
cal pain depicted in pictures correlated positively with
connectivity of vmPFC and subgenual ACC regions of the
default network (Otti et al., 2010). Empathy can also be clas-
sified into affective (e.g., visceral reaction to others’ emotional
state) and cognitive (e.g., ability to take others’ perspective)
aspects. Their relative dominance, measured by the Inter-
personal Reactivity Index, was predicted by the strength of
connectivity among default, cingulo-opercular, and amygdala
networks (Cox et al., 2011). Specifically, higher dominance of
affective over cognitive aspects was associated with increased
connectivity among social–emotional processing regions such
as ventral aIns (cingulo-opercular), vmPFC (default), and
amygdala, whereas higher relative dominance of cognitive
aspects was associated with increased connectivity among
social-cognitive and interoceptive regions such as brainstem,
superior temporal gyrus (STG) (frontotemporal), and aIns
(cingulo-opercular).

Personality traits. Personality research has identified five
independent domains representing traits that vary substan-
tially across individuals. These domains, as measured by
the NEO-PI-R (Costa and McCrae, 1992), are neuroticism, ex-
traversion, openness to experience, agreeableness, and con-
scientiousness. These personality domains predicted seed-
based connectivity of dACC and precuneus with all major
networks, as follows (Adelstein et al., 2011): Neuroticism pre-
dicted connectivity with dmPFC, middle temporal gyrus, and
temporal pole, regions known to be engaged during self-ref-
erential processing and fearful anticipation and negative
emotion; extraversion predicted connectivity with limbic re-
gions known to be involved in reward and motivation, as
well as FG, known to be involved in face processing; open-
ness to experience predicted connectivity with mPFC, PCC/
precuneus, and dorsolateral prefrontal cortex (dlPFC), re-
gions involved in processing of the self and the external
environment; agreeableness predicted connectivity with post-
eromedial extrastriate regions and sensorimotor cortex, re-
gions known to be involved in social and emotional
attention; and conscientiousness predicted connectivity with
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medial temporal lobe regions known to be involved in future-
oriented processing. In another study that focused upon
agreeableness, a temperament trait thought to be associated
with reactivity to conflict, connectivity of the PCC with
cingulo-opercular (ACC and SMG) and visual (cuneus, left
middle occipital, and right lingual gyrus) networks was pos-
itively correlated with agreeableness (Ryan et al., 2011).
Further, this study found that higher blood pressure res-
ponsivity to cognitive demands was associated with connec-
tivity of the ACC, and that this relationship was mediated
by agreeableness.

Some behaviors displayed by people with Autism such as
difficulty with social interaction/communication, restricted
interests, and repetitive behaviors can be considered person-
ality traits that also vary among healthy individuals.
Increased autistic-like traits in healthy individuals (measured
by the Social Responsiveness Scale [SRS]) were associated
with reduced connectivity of a pregenual ACC-default seed
with bilateral aIns (part of the cingulo-opercular network)
and increased connectivity with left superior parietal lobule
(SPL) and lateral occipital cortex (part of the dorsal attention
network) and AG (part of the default network) (Di Martino
et al., 2009). However, across both groups of subjects with
Autism Spectrum Disorders (ASD) and healthy controls,
higher autistic traits (measured by the Autism Spectrum Quo-
tient [AQ]) were associated with reduced connectivity within
the default network (vmPFC–bilateral AG), even when group
membership was factored out (Von dem Hagen et al., 2012).
This finding of negative correlation within default regions
with autistic traits conflicts with that of Di Martino and
colleagues (2009) showing a positive correlation of autistic
traits with connectivity within default regions (PCC-AG)
and may be attributable to differences in the measure of autis-
tic traits (AQ being self-report and SRS being other report,
usually a significant other/family member) or the choice of
seed region [an ICA component in Von dem Hagen et al.
(2012), but a region of hypoactivation in previous ASD
studies in Di Martino et al. (2009)].

The extent to which one is willing to take risks is a person-
ality trait that is associated with psychopathology, such
that low- or high-risk seeking predisposes one to anxiety
disorders or pathological gambling/addiction, respectively.
Higher risk taking (measured by the Cognitive Appraisal of
Risky Events Questionnaire [CARE]) was predicted by re-
duced connectivity between the frontoparietal right IFG
node and the cingulo-opercular right aIns node, as well as
by more negative connectivity between the left nucleus
accumbens, a region involved in reward and motivation,
and parieto-occipital regions belonging to three networks
(cingulo-opercular: SMG; dorsal attention: lateral occipital
cortex and SPL; default: precuneus and AG) (Cox et al.,
2010). Thus, the interaction of these different networks at
rest is predicted by a personality trait relevant to decision
making, cognitive control, and motivational functions.

Summary. Two themes are evident in the results from
studies examining associations between resting-state connec-
tivity and behaviors associated with emotional function: First,
connectivity of the default network, both within selective
nodes and with task-positive or subcortical regions, was asso-
ciated with behavior regardless of whether it emphasized
unitary emotional functions (e.g., anxiety) or those with mul-

tiple dimensions that included motivational and cognitive
functions. Second, connections showing brain–behavior asso-
ciations included regions known to subserve socioemot-
ional or sociocognitive functions based upon task-evoked
studies.

Symptom domains of disorders associated
with emotional dysfunction

Disrupted socioemotional function is a defining symptom
of psychiatric disorders such as mood and anxiety disorders,
personality disorder, addiction, developmental disorders
such as ASD, and neurological conditions such as frontotem-
poral dementia. Symptom domains of these disorders were
predicted by resting-state connectivity of the default network,
multiple task-positive networks, and multiple subcortical
structures.

Depression. Among individuals with major depressive
disorder (MDD), increased connectivity within the default
network has been consistently associated with severity of
the disorder. More severe depressive episodes were also pre-
dicted by increased node centrality of the hippocampus
(Zhang et al., 2011), as well as by greater connectivity between
the hippocampus and the rest of the default network (Goveas
et al., 2011a) in older adults. Increased rumination—a key fea-
ture of MDD—was predicted by increased connectivity be-
tween PCC- and vmPFC-default nodes (Berman et al., 2011),
as well as between the ICA-generated default-network com-
ponent and the vmPFC and prefrontal cortex (Zhu et al.,
2012). Longer depressive episodes were predicted by greater
connectivity between PCC and vmPFC (Greicius et al., 2007),
by increased node centrality of the hippocampus (Zhang
et al., 2011), and by reduced ReHo of the precuneus default-
network node (Wu et al., 2011a), suggesting that increased
long-distance default connectivity in MDD might be accompa-
nied by decreased local connectivity.

By contrast, in a minority of studies, increased default con-
nectivity predicted reduced depressive symptoms, particu-
larly in older adults. Increased connectivity between the
ICA-generated default-network component and the precu-
neus/AG predicted less over-general autobiographical mem-
ory (Zhu et al., 2012). In a study examining cognitive
impairment associated with MDD, reduced connectivity be-
tween the PCC and the cerebellum predicted lower episodic
memory (measured by recall for complex figures) in older
adults with remitted MDD who were carriers of the angioten-
sin-converting enzyme D gene, a risk genotype for dementia
(Wang et al., 2012b).

A few studies have also found associations between MDD
symptoms and connectivity of extra-default regions—both
between default and non-default regions and outside the de-
fault network entirely. Higher connectivity degree of the
amygdala (i.e., greater connectivity to other brain regions)
was associated with longer duration of illness among adoles-
cents ( Jin et al., 2011). While this approach could not reveal
which specific amygdalar circuits are abnormally enhanced
in MDD, other work has shown that increased severity of
depressive symptoms was associated with increased connec-
tivity between amygdala and default-network regions (pre-
cuneus, SFG, and lateral temporal cortex) across both
controls and patients with MCI (Xie et al., 2012b). Increased

BEHAVIORAL VARIABILITY AND INTRINSIC NETWORKS 109



connectivity both within frontoparietal network (between
MFG and IFG) as well as between frontoparietal and default
networks (between MFG and SFG) predicted longer duration
and increased severity of depressive episodes (Zhou et al.,
2010b). By contrast, increased connectivity within the cin-
gulo-opercular network predicted greater subsequent remis-
sion of depressive symptoms, as well as reduced apathy
and dysexecutive behavior, after treatment with escitalopram
(Alexopoulos et al., 2012). Finally, increased node centrality
of the caudate predicted longer and more severe depressive
episodes (Zhang et al., 2011), whereas reduced degree and be-
tweenness centrality of the left dlPFC in the frontoparietal
network predicted greater early-life stress, a risk factor for
later MDD (Cisler et al., 2012).

Social anxiety disorder. Differences in long-range and
local connectivity of default, visual, frontoparietal, fronto-
temporal, and dorsal attention networks are associated
with severity of social anxiety, as measured by the Liebowitz
social anxiety scale. Higher social anxiety was associated
with increased connectivity of the frontoparietal ICA compo-
nent in right inferior/orbital gyrus and reduced connectivity
of frontoparietal and visual networks in left SPL and inferior
occipital gyrus, respectively (Liao et al., 2010). Higher social
anxiety was also associated with increased connectivity be-
tween the mPFC node of the default network and multiple
bilateral nodes of the visual network (e.g., calcarine, lingual,
FG, and middle occipital gyri) and reduced connectivity be-
tween the mPFC and the right STG node of the frontotempo-
ral network (Ding et al., 2011). Further, local connectivity of
the visual, dorsal attention, and frontoparietal networks also
showed correlations with anxiety (Qiu et al., 2011). Higher
social anxiety was associated with increased ReHo in left
middle occipital gyrus and cuneus (nodes of the visual net-
work) and bilateral lateral parietal cortex (nodes of the dorsal
attention network), and with reduced ReHo in left dmPFC
(part of the default network), bilateral dlPFC (part of the
frontoparietal network), and putamen.

Generalized anxiety disorder. Lower anxiety measured
by the Beck’s Anxiety Inventory was associated with higher
connectivity between the amygdala and right dlPFC, part of
the frontoparietal network, suggesting compensatory mecha-
nisms drawing upon executive control processes (Etkin et al.,
2009).

Obsessive compulsive disorder. Connectivity of default
and cingulo-opercular networks with subcortical regions pre-
dicted obsessive compulsive disorder (OCD) symptoms, as
measured by the Yale-Brown Obsessive Compulsive Scale
(Y-BOCS). More severe OCD was predicted by reduced con-
nectivity between the right aIns node of the cingulo-opercular
network and right thalamus (Stern et al., 2012), as well as by
reduced connectivity between left dorsal caudate and the ros-
tral ACC node of the default network (Fitzgerald et al., 2011).
Reduced connectivity between the PCC default-network
node and the right putamen predicted higher general anxiety
on the Beck anxiety inventory score in patients with OCD
( Jang et al., 2010). In contrast, increased connectivity between
a ventral striatal seed and right anterior orbital frontal cortex
(part of the default network) was associated with more severe
OCD symptoms (Harrison et al., 2009).

Default network connectivity, both within-network and its
connection with the visual network, was also sensitive to
OCD symptoms. Higher Y-BOCS scores in patients with
OCD and in substance-abuse patients, separately and to-
gether, were associated with reduced global connectivity of
the mPFC default-network node (Meunier et al., 2012). Fur-
ther, connectivity within the default network, between the
mPFC and PCC nodes, predicted specific dimensions of the
Y-BOCS, such that connectivity was positively correlated
with the cleaning dimension, but negatively correlated with
the obsessions/checking dimension. Additionally, connectiv-
ity between the PCC node and visual network regions was
positively correlated with the symmetry dimension ( Jang
et al., 2010).

Borderline personality disorder. Patients with a higher
score on the Dissociative Tension Scale had higher connectiv-
ity of the left aIns, a cingulo-opercular node, and lower con-
nectivity of the cuneus, a visual network node (Wolf et al.
2011).

Post-traumatic stress disorder. Connectivity of the de-
fault network predicted current as well as prospective symp-
tom severity (Lanius et al., 2010). Specifically, increased
connectivity between the PCC and pregenual ACC nodes
was associated with more severe post-traumatic stress disor-
der (PTSD) symptoms, as measured by the Clinician-
Administered PTSD Scale at the time of scanning. Further,
increased connectivity between the PCC node and the
right amygdala was associated with more severe symp-
toms 6 weeks later.

Drug addiction. Substance dependence can alter the
functional connectivity of the brain, and that altered con-
nectivity has been shown to predict behavioral conse-
quences of the substance dependence in three different
domains. First, the strength of functional connectivity has
been associated with the severity of the dependence and
with the amount of previous substance use. In nicotine-
addicted individuals, reduced connectivity between the cin-
gulo-opercular network and bilateral putamen predicted
more severe nicotine addiction (Hong et al., 2009). In indi-
viduals addicted to the analgesic ketamine, decreased
ReHo in the somatomotor network predicted both in-
creased cravings for ketamine and increased total lifetime
usage of ketamine (Liao et al., 2012). In heroin-dependent
individuals, greater degree of connectivity in the PHC
node of the default network, in putamen, and in the cerebel-
lum was associated with longer previous heroin use, while
shorter absolute path length in the same regions was also
associated with longer previous heroin use (Yuan et al.,
2010).

Second, the strength of connectivity has been associated
with success in abstaining from the substance. In alcohol-
dependent subjects, a longer time remaining sober was
associated with greater local efficiency in the cerebellum
(Chanraud et al., 2011), while in nicotine-dependent subjects
undergoing nicotine replacement, greater nicotine adminis-
tration-induced reductions in connectivity between default
and cingulo-opercular networks predicted greater reductions
in withdrawal symptoms such as difficulty concentrating
(Cole et al., 2010).
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Third, the strength of connectivity has been associated with
the cognitive sequelae of the addiction, with abnormally in-
creased connectivity commonly predicting impaired cogni-
tion. In cocaine-dependent individuals, greater connectivity
between default and frontoparietal networks predicted
worse performance on tasks measuring reward-based deci-
sion making (e.g., reversal learning and delay discounting)
(Camchong et al., 2011).

Autism spectrum disorders. ASD symptoms are associ-
ated with default-network connectivity, although the specific
nature of findings is mixed across studies. Worse social inter-
action measured by the Autism Diagnostic Interview (ADI)
was consistently associated with reduced default-network
connectivity, including between the PCC and SFG nodes
(Monk et al., 2009; Weng et al., 2010), and between lateral
temporal and PHC-default nodes (Weng et al., 2010). How-
ever, for symptoms in the communication domain, findings
vary across studies. Worse social communication, measured
by the Autism Disorder Observation Schedule or the SRS,
was associated with reduced connectivity within a default
ICA component (Assaf et al., 2010) and reduced connectivity
between default network and the amygdala, frontotemporal,
and dorsal attention networks (Gotts et al., 2012). However,
verbal communication, as measured by the ADI, was associ-
ated with increased connectivity of the PCC-default node
with temporal nodes (bilateral lateral temporal lobe and
right PHC), and nonverbal communication was associated
with increased connectivity between bilateral SFG and lateral
temporal lobe-default nodes (Weng et al., 2010). Findings for
repetitive behaviors are also mixed, such that more repetitive
behaviors were associated with reduced connectivity be-
tween PCC and frontal-temporal default nodes (including bi-
lateral SFG, temporal lobe, vmPFC, and dmPFC) (Weng et al.,
2010), but with increased connectivity between PCC- and
right hippocampal default nodes (Monk et al., 2009). One im-
portant difference across studies is the composition of sam-
ples, with some studies including only adults or adolescents
or children, and others a wide range including adolescents
and adults.

Behavioral-variant frontotemporal dementia. Fronto-
temporal dementia is a broad class of neurological disorders
involving significant neural degeneration in frontal and
temporal lobes. Behavioral-variant frontotemporal dementia
is a disorder involving disruptions in social–emotional func-
tioning and control of behavior, which has been linked specif-
ically to degeneration in the cingulo-opercular network
(Seeley, 2008). Patients with worse symptoms had reduced
connectivity of the cingulo-opercular network and increased
connectivity within the default network (Zhou et al., 2010a),
suggesting that cingulo-opercular disruption may have
resulted in reciprocal enhancements in default function.

Summary. Three general observations emerge across a
wide variety of conditions that are defined by emotional dys-
function: First, connectivity of the default network, either
within its nodes or with task-positive network regions, was
associated with disorder severity. While this may be an arti-
fact of methodological approach, as most studies have fo-
cused upon default network regions exclusively, it may
also highlight the central role that putative default-network

functions such as self-referential processing and autobio-
graphical memory may play in disorders of emotion. Second,
connectivity with the cingulo-opercular network was the sec-
ond most commonly observed network predicting symptom
domains. This finding is not surprising, as functions thought
to be subserved by the network, including detection of sa-
lience, interoceptive processing, and set maintenance, are
part of the cognitive sequelae of many of the reviewed disor-
ders. Third, across diverse disorders, symptom domains
showed associations with connectivity of visual network
regions. While this finding was not expected because visual
regions are not commonly implicated in emotional function-
ing, it highlights the fact that connectivity studies may pro-
vide a new insight into behavioral function.

Discussion

There is overwhelming evidence supporting the associa-
tion between intrinsic functional connectivity and phenotypic
variability across widely ranging domains of behavior, in
both healthy and disordered populations. Intrinsic connectiv-
ity is sensitive not only to variability in cognitive, perceptual,
motoric, and linguistic performance, but also to variability in
traits (e.g., impulsiveness, risky decision making, personality,
and empathy) and states (e.g., anxiety and psychiatric symp-
toms) that are distinguished by altered cognitive and affective
functioning. Further, intrinsic connectivity is sensitive to recent
(i.e., learning/practice), remote (e.g., early-life stress), and en-
during (i.e., duration of symptoms) experiences, as well as to
treatment in both psychiatric and neurological disorders. In
general, superior function appears to relate to a balance of in-
tegration and segregation among cortical ICNs, as well as to
relationships with multiple subcortical structures. Thus, the
correlational evidence that has accumulated to date provides
a strong foundation for testing causal hypotheses about how
intrinsic connectivity contributes to behavior.

Disparities in methods across studies may prevent clear
general principles from emerging about which specific rela-
tionship is favorable for behavioral functioning. First, most
studies use ROI-based approaches for measuring connectiv-
ity, either as a seed for voxel-wise correlational analysis or
for computing pairwise correlations between regions. Across
studies, selection of ROIs can be based on anatomical atlases,
task-evoked activation loci, ICA-derived components, and/
or coordinates from published resting-state studies. In studies
with patients, ROIs are often drawn from regions show-
ing group differences or from a group average. Each of
these sources may bias results in specific ways. Second, the
treatment of the positive/negative direction of connectivity
between regions varies across studies. When positive or neg-
ative connectivity is specifically examined, interpreting con-
nectivity–behavior relationships is straightforward, as
‘‘increasing/decreasing positive or negative’’ in relation to
behavior can be interpreted within the appropriate scale.
However, when methods do not distinguish between positive
and negative connectivity, interpretation must be in relative
terms, as the scale may include only positive or only negative
values. Moreover, negative connectivity must be interpre-
tated with caution, as certain data-processing steps such as
regressing out the global signal bias connectivity toward neg-
ative values [see for discussion of this issue Chang and Glover
(2009); Fox et al., (2009); Murphy et al., (2009)] and also
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induce variability in regional connectivity in ways that distort
the observed connectivity (Saad et al., 2012). Third, studies
vary in the application of correction for multiple comparisons,
and may correct for the number of correlational tests, ROIs,
voxels, or none of the above; many studies report both cor-
rected and uncorrected results. When correction is applied,
we have reported only those results in the review. Thus, the re-
liability of results varies across studies due to this factor.
Fourth, several studies show that the degree of anxiety that
subjects feel during the scan is an important source of variance
in the connectivity of cingulo-opercular and amygdala net-
works, both within the network and in connections with the
default network. These findings argue for removing variance
due to state anxiety in data processing in a similar fashion to
the treatment of other nuisance covariates. Keeping these
methodological issues in mind, we draw some general conclu-
sions regarding each network in the following sections.

Default network

Among all the networks, connections with the default net-
work appear to be most pervasively related to behavior, as
well as to psychiatric and neurological conditions. These per-
vasive associations of the default network may simply be a re-
sult of a selection bias in investigation, as it is the most
common a priori network of interest across studies. Alter-
nately, the default network may be unique in this respect, be-
cause it includes some of the most widely connected regions of
the brain. Functionally, the PCC and precuneus have the high-
est resting metabolism of any brain region (Raichle et al.,
2001), perhaps in response to their status as primary hub re-
gions (Buckner et al., 2009; Tomasi and Volkow, 2011) based
upon their extensive connectivity with the rest of the brain.

Many findings reviewed here suggest that default-network
segregation may be a promising candidate endophenotype
for executive function. In healthy subjects, stronger within-
network connectivity was associated with better working
memory, better inhibitory control, better episodic memory
ability, and better spatial learning, whereas less negative con-
nectivity between default and other networks was associated
with worse working memory, attention, spatial learning,
visual learning, and lower IQ. Thus, higher segregation be-
tween the default network and other ICNs is associated
with better cognition. This may be because less segregation
of the default network has been associated with executive
problems such as attention lapses (Weissman et al., 2006),
mind wandering (Mason et al., 2007), and stimulus-indepen-
dent thought (Buckner et al., 2008), both in healthy individu-
als and also in people with ADHD (Castellanos et al., 2008).
Convergently, these findings linking properties of default
connectivity to both executive task performance and a disor-
der of executive control establish it as a promising endophe-
notype for executive function.

In addition to executive function, default-network connec-
tivity was also associated with a variety of behavioral traits
and states. In healthy subjects, stronger default-network con-
nectivity predicted externalizing problems, neuroticism, and
empathy for pain, whereas its connectivity with other net-
works (higher/lower) predicted variability in anxiety, per-
sonality, social interaction, and empathy. Task-evoked fMRI
studies show that these default regions subserve functions
associated with internally oriented cognition, particularly

thinking about one’s self and others (e.g., autobiographical
memory, theory of mind, envisioning the future, and social
cognition) (Buckner et al., 2008; Laird et al., 2011). Thus, the
widespread default-network associations with behavioral
traits and states reviewed here may reflect interindividual dif-
ferences in how we think and feel about ourselves and others.

Some recent studies have started to make inroads into molec-
ular mechanisms by which default-network connectivity may
contribute to the affective and mnemonic aspects of internally
oriented cognition. Regarding affective function, the glucocorti-
coid cortisol, an important modulator of stress-related respon-
sivity, was associated with connectivity of the mPFC. Higher
resting cortisol levels predicted stronger negative connectivity
between mPFC and amygdala (Veer et al., 2012). After social
stress, a higher cortisol stress-related response was associated
with stronger connectivity between mPFC and the cingulo-
opercular network (Thomason et al., 2011). These findings
lead to a testable prediction that cortisol function mediates
the association between default-network connectivity and af-
fective behavior. Regarding mnemonic function, amyloid-beta
deposition, a pathological marker of AD, a dementia with
memory disruption, was associated with default-network dis-
ruption in healthy older subjects, such that those with higher
burden had lower connectivity among default-network regions
(Hedden et al., 2009). If amyloid burden mediates the associa-
tion of the default network with memory impairment in MCI,
a precursor state to AD, resting-state default connectivity
could be a useful biomarker for predicting risk for AD.

Frontoparietal network

Among all networks, frontoparietal connectivity was most
often associated with cognitive function. This network is pos-
ited to be involved in goal-directed behavior in the service of
adapting to external stimuli or demands, referred to as adap-
tive control (Dosenbach et al., 2007) or executive control (See-
ley et al., 2007). Indeed, connectivity of this network, either
within its nodes or with other networks, was associated
with performance on tasks drawing upon working memory,
inhibitory control, task switching, attention, memory, reward
learning, intelligence, as well as with symptoms of disorders
involving disruptions of adaptive/executive control such as
schizophrenia, AD, TBI, and ADHD. Motor functioning,
which is important for goal-directed behavior, also showed
associations with this network in neurological conditions
such as PD and stroke. Further, behavioral traits that are dis-
tinguished by adaptive/executive control abilities such as
risk-taking and impulsiveness also showed associations
with the network. Unexpectedly, and less-directly relevant
to cognitive abilities, correlations were also observed with
symptoms of social anxiety, with personality dimensions,
and with the presence of remote and enduring events such
as early-life stress and the duration of depressive illness, re-
spectively. Perhaps, these associations reflect the involvement
of adaptive/executive control in everyday life activities such
as social interaction, which differs by personality and is af-
fected in anxiety/depressive illness and early-life stress.

Cingulo-opercular network

This network is posited to be involved in maintaining
and implementing task sets and, in concert with the frontal-
parietal network, exerts top-down control over behavior
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(Dosenbach et al., 2007). Further, this network, particularly
its aIns node, has been posited to play a critical role in inte-
grating the functioning of disparate ICNs by generating
appropriate responses to salient stimuli and switching be-
tween internal and externally oriented modes of functioning
(Menon and Uddin, 2010). Consistent with these views, con-
nectivity of cingulo-opercular nodes (primarily dACC or
aIns) with other networks and subcortical regions (e.g.,
amygdala and thalamus) was associated with a wide variety
of domains such as cognitive functioning, including working
memory, inhibitory control, perceptual and motor functions,
and episodic memory; affective functioning, including state
anxiety, empathy, risk-taking, social interaction, personality
dimensions, and internalizing/externalizing problems;
symptoms of psychiatric disorders, including OCD, Border-
line personality disorder, ASD, and schizophrenia; and symp-
toms of neurological disorders, including dementia and AD.
The aIns is not functionally homogeneous, as social interac-
tion ability was associated with specifically the middle por-
tion between a ventral and dorsal region within the aIns
(Di Martino et al., 2009). Such studies that fractionate hetero-
modal regions of this network such as anterior cingulate
and insula based upon connectivity–behavior relation-
ships are needed to fully elucidate the role of this network
in behavior.

Dorsal attention network

This network is posited to be involved in the top-down ori-
enting of visual attention. Relative to other task-positive net-
works, it was associated with only a limited set of behavioral
characteristics, perhaps reflecting a selection bias as a net-
work of lower a priori interest. Consistent with its putative
role, dorsal attention network connectivity was associated
with functions drawing upon visual attention such as visual
learning, stimulus detection, response inhibition, and epi-
sodic memory for object stimuli. However, it was also associ-
ated with a number of traits drawing upon socioaffective
functioning such as personality dimensions, risk-taking, im-
pulsivity, social anxiety, and autistic behaviors. Indeed, dif-
ferences in attentional orienting are altered in those
disorders and may distinguish affective functioning pertinent
to those traits. Future work is needed to flesh out the specific
role that this network may play more broadly in socioaffec-
tive functioning.

Amygdala network

This network is posited to be involved in the processing
and regulation of emotional information. Consistent with
this role, connectivity of the amygdala was associated with
a variety of emotional functions, including depression, anxi-
ety, empathy, and PTSD symptoms. The network was also as-
sociated with behavioral impulsivity symptoms, likely
because the amygdala regulates arousal, which can adversely
affect the cognitive control of impulsive behavior (Brown
et al., 2006).

Visual network

One observation emerging out of the reviewed studies that
may seem surprising is the association of the visual network
with a wide array of affective behaviors. Not surprisingly,

connectivity with visual network regions predicted func-
tions drawing upon vision such as reading, object perception,
and sensory experience. However, connectivity with visual
regions was also associated with individual differences in
behavioral dispositions (e.g., impulsiveness and personality
dimensions), as well as with symptoms of psychiatric dis-
orders such as schizophrenia, social anxiety, OCD, and Border-
line personality disorder. One explanation of these associations
may be found in studies showing that affective state alters
visual attention and perception. Specifically, behavioral stud-
ies showed that experimentally induced positive or negative
mood expanded or narrowed the field of visual attention, re-
spectively (Rowe et al., 2007), and that expressing fear in facial
expression increased subjective visual fields and sped up sac-
cadic eye movements (Susskind et al., 2008). Task-based fMRI
showed that these effects of mood on the field of visual atten-
tion were mediated by functional connectivity between
parahippocampal and visual cortices (Schmitz et al., 2009).
Further, viewing emotional images influenced visual event-re-
lated potentials differentially such that fearful images aug-
mented perception and attention, whereas disgusting images
suppressed it (Krusemark and Li, 2011). Thus, the observed
associations with visual network connectivity may reflect
enduring effects on visual function induced by the affective
states manifested in behavioral dispositions in healthy individ-
uals and in psychiatric disorders.

Other networks

The frontotemporal and somatomotor networks were
associated with a focal set of domains consistent with their
putative roles in linguistic and sensorimotor function, respec-
tively. The auditory network showed very limited associa-
tions with behavioral functions, as it was only related to
phoneme–color synesthesia, which may be expected due to
the abnormal entanglement of sensory processing with cogni-
tion in that condition, and to impulsivity in heroin-dependent
subjects, a result that is less easily explained. One notable
observation is that all three networks showed associa-
tion with schizophrenia symptoms. In light of all the other
networks’ association with schizophrenia, it confirms the
characterization of schizophrenia as a disorder with ubiqui-
tous alteration of neural communication (Schmitt et al.,
2011). The sensitivity of all cortical ICNs to symptomatic
variability in the disorder supports its neurodevelopmental
etiology and course, a view that is increasingly supported by
molecular genetic studies (Gejman et al., 2011). Another do-
main with widespread association across all ICNs, except
for auditory and frontotemporal networks, was personality
dimensions. While these results come from only two studies,
with one examining agreeableness (Ryan et al., 2011) and
the other examining more dimensions (Adelstein et al.,
2011), these results emphasize the sensitivity of intrinsic
connectivity to broad phenotypic variability within healthy
populations.

Connectivity of multiple subcortical regions such as
thalamus, cerebellum, and striatum, including their connec-
tivity with all ICNs, were also pervasively related to a wide
variety of behaviors. This is not surprising, considering that
cortical control of behavior is implemented via multiple fron-
tal-striatal-thalamic-cerebellar circuits encompassing those
regions.
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Concluding Remarks

The large volume of resting-state studies accumulated to
date shows associations of intrinsic connectivity with a
wide variety of cognitive and affective functions, behavioral
traits and states, and characteristics of psychiatric and neuro-
logical disorders. Most often, ICN involvement was consistent
with their known role in behavior based upon task-evoked
functional imaging. Thus, the observed associations with
phenotypic variability support the notion that the intrinsic
functional architecture reflects our extrinsic functional reper-
toire (although with some limitations) (see Mennes et al.,
2012). It also lends credence to the idea that ICNs may reflect
the outcome of Hebbian plasticity (Dosenbach et al., 2007),
both in the short term (e.g., postlearning) and in the long
term (e.g., association with behavioral traits). Further, in
many cases, ICN involvement was more widespread than
that revealed by task-evoked fMRI studies. For instance, the
visual network and dorsal attention networks were associated
with affective functions and symptoms of disorders with soci-
oemotional dysfunction. Regions comprising these networks
are not usually activated during socioaffective tasks, perhaps
due to the choice of control tasks. Together, resting-state con-
nectivity findings confirmed what we know from task-based
fMRI, as well as provided novel insights into functional
neural organization. Indeed, causal conclusions cannot be
drawn from these correlational findings, but the present evi-
dence sets the stage for testing those causal hypotheses.

We end the review with a few concluding thoughts for the
future. First, the correlational evidence reviewed here provi-
des the first step needed for formulating pathway models,
which trace effects from genes to physiology to neural com-
munication to phenotypes of healthy function and disorders.
Indeed, this work is already underway in some areas in
which connectivity–behavior relationships have been well
established. For example, recent studies combining fMRI
and ligand-based imaging provide insight into the dopami-
nergic mechanisms influencing the associations between
default-/task-positive network connectivity and working
memory. These studies show that degree of default-/task-pos-
itive network segregation depends upon dopaminergic func-
tion, as midbrain D3 receptor availability (Cole et al., 2012a),
dopamine synthesis capacity (Dang et al., 2012), caudate D1
receptor density (Rieckmann et al., 2011), and genetic poly-
morphisms of a dopamine-regulating gene (Gordon et al.,
2012) were all associated with connectivity of default and
task-positive networks. Further, these differences were predic-
tive of executive function, as the dopamine-related effects on
connectivity were associated with working memory perfor-
mance (Rieckmann et al., 2011) and with self-reported impul-
sivity and distractibility (Gordon et al., 2012).

Second, ICNs’ acute sensitivity to variability in both narrow-
band (e.g., working or episodic memory task performance) and
broad-band (e.g., personality and duration of psychiatric/neu-
rological illness) phenotypic characteristics provides a rich
source of candidates for the development of prognostic and
protective tools. For instance, if weaker default-network orga-
nization is associated with subsequent PTSD, it provides a
clue as to which individuals are more susceptible to the disor-
der. If better function is associated with strong connectivity of
specific networks and weaker connectivity of others, behavioral
or pharmacological intervention could aim for those targets in

populations with disorders of those functions. Further,
ICNs appear to be sensitive dependent measures for tracking
intervention efficacy and predicting treatment response,
based on observed changes after treatment in MDD, AD, and
substance abstinence.

Third, thus far, the extant literature has focused on one
property of intrinsic connectivity, its topology based on cen-
tral tendency. When probed for its temporal characteristics,
networks show dynamic organization both during task-
evoked function and during the resting state. Through the ac-
quisition of a motor skill, networks reorganized dynamically,
such that some nodes remained within networks, but others
were more flexible, that is, shifted dynamically across net-
works, and most importantly, flexibility predicted learning
(Bassett et al., 2011). A similar dynamic organization has
also been observed in the resting state (Chang and Glover,
2010), and importantly, this organization showed differences
in characteristics of the mPFC and PCC nodes of the default
network between patients with AD and healthy controls
( Jones et al., 2012). Thus, other properties such as dynamic or-
ganization of ICNs are likely to provide candidates for endo-
phenotypes in the future.

Fourth, findings reviewed here shed new light on the util-
ity of resting-state connectivity for revealing the neural corre-
lates of cognitive function relative to task-evoked fMRI. As
resting-state connectivity measures are not confounded by
effort or strategy associated with specific cognitive chal-
lenges, observed patterns of connectivity likely include
regions that reflect an enduring, rather than transient, func-
tional organization of the brain. Therefore, resting-state stud-
ies have the potential to reveal networks of regions associated
with individual differences in abilities or traits.

In sum, widespread association with phenotypic variabil-
ity suggests that enthusiasm for resting-state studies is well
grounded. The next generation of studies holds great promise
for the discovery of mechanistic principles that will put the
two modes of neural activity, extrinsic and intrinsic, on par
in the study of human behavior.
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