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An important aspect of neuroscience is to characterize the under-
lying connectivity patterns of the human brain. Recent advances
in magnetic resonance imaging (MRI) techniques (e.g., struc-
tural MRI, diffusion MRI, and functional MRI) and network
analysis approaches such as graph theory have allowed to inves-
tigate the patterns of structural and functional connectivity of
human brain (i.e., human connectome, Sporns et al., 2005).
Using imaging connectomics, many studies have demonstrated
that large-scale human brain networks have many non-trivial
topological properties such as small-worldness, modular struc-
ture, and highly connected hubs. Moreover, these quantifiable
network properties significantly correlate with behavioral, envi-
ronmental, and genetic factors, and change with age, learn-
ing, and disease. Network analysis of neuroimaging data is
opening up a new avenue of research into the understand-
ing of the organizational principles of the brain that will be
crucial for all basic scientists and clinical researchers. Such
approaches are fascinating but there are a number of challeng-
ing issues in the extraction of reliable brain networks from
various imaging modalities and the analyses of the topologi-
cal properties, such as the definitions of network nodes and
edges, and the reproducibility of the network analysis results.
Nonetheless, the field of imaging connectomics has signifi-
cantly advanced in the past several years, largely due to the
rapid development of network models, tools and methodolo-
gies, and their widespread applications in cognitive and clinical
research.

In this research topic, we aimed at compiling works represent-
ing the state of the art in structural and functional brain networks
in healthy and disease populations using neuroimaging data. \We
collected 29 articles that were from a number of internationally
recognized scientists who have made significant contributions to
this field. The article types are diverse and the topics covered
various research directions including imaging techniques, com-
putational modeling, network analysis approaches and tools, and
applications.

(i) We assembled one hypothesis and theory article, one per-
spective article, and four review articles. In the hypoth-
esis and theory article, Horwitz et al. (2013) highlighted
recent efforts toward using large-scale neural modeling to
explore the relationship between structural connectivity and

functional/effective connectivity. Structural connectivity and
functional/effective connectivity are the most fundamen-
tal concepts for the descriptions of brain networks, but
their relationship is elusive. Horwitz et al. (2013) empha-
sized that the alteration of structural connectivity known in
models does not necessarily result in matching changes in
functional/effective connectivity and vice versa, suggesting
that caution should be taken in the result interpretation of
structural-functional connectivity relationship. Upon sum-
marizing three commonly used strategies of imaging con-
nectomics as biomarkers of brain diseases, Kaiser (2013)
presented a novel fourth option for future disease biomarker
studies, i.e., dynamic connectomes that use computational
models of simulated brain activity based on structural con-
nectivity rather than the structural connectome itself. Among
the four review articles, Li et al. (2014) summarized brain
connectivity studies related to the default-mode network
(DMN) in the fields of social understanding: emotion per-
ception, empathy, theory of mind, and morality, and sug-
gested the vital roles of the DMN in this domain; Hoff et al.
(2014) reviewed resting fMRI studies representing develop-
mental changes in the functional brain networks from 20
weeks of gestation onwards, highlighting different devel-
opmental rates of network connectivity in different brain
systems; De La Fuente et al. (2013) provided a systematic
review regarding brain connectivity studies in attention-
deficit/hyperactivity disorder and proposed that the roles
of the subcortical structures and their structural/functional
pathways in this developmental disorder should be further
studied; Bernhardt et al. (2013) reviewed the application
of multi-modal imaging techniques and brain connectivity
approaches in temporal lobe epilepsy, specifically highlight-
ing findings from graph-theoretical analysis that assessed the
topological organization of brain networks. Together, these
articles suggest that the combination of multi-modal imag-
ing techniques and advanced network analysis approaches
such as computational modeling and graph theory pro-
vides unique opportunities to enrich our understanding of
biological mechanisms in healthy and diseased brains. In
these articles, a number of important research directions
were proposed for future brain network studies based on
neuroimaging data.
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(ii)) We assembled 23 original research articles, which can be
roughly classified into imaging and analysis methodologies,
tools, and applications in various domains.

METHODOLOGIES AND TOOLS

One compelling imaging technique study done by Mandl et al.
(2013) showed that functional diffusion tensor imaging (fDTI)
method is capable to robustly detect neuronal activity of human
brain networks within a practically feasible time period. Using
an interesting meta-analytic clustering (MaC) approach, Torta
et al. (2013) found that the cingulate cortex, an important brain
hub, can be parcellated into three clusters, and that the cluster-
ing pattern of this region changes across different levels of task
complexity. Importantly, two resting fMRI studies by Hayasaka
(2013) and Yan et al. (2013) performed comprehensive valida-
tion analyses on the effects of global signal and head motion
on brain network analysis and highlighted remarkable differ-
ences between the networks with or without these corrections.
Another resting fMRI study by Kollndorfer et al. (2013) showed
the reproducibility of functional connectivity patterns in four
frequently used scanning conditions (i.e., fixation of a black
crosshair on a white screen; fixation of the center of a black
screen; eyes-closed and fixation of the words “relax’), suggesting
that intrinsic brain connectivity measurements are reliable across
these conditions and confirmed its potential in assessing brain
networks in clinical settings. Lastly, Cui et al. (2013) developed
a novel MATLAB toolbox named “Pipeline for Analyzing braiN
Diffusion imAges” (PANDA) for fully automated processing of
diffusion MRI data of the human brain, which substantially sim-
plifies the image processing and facilitates imaging connectome
studies.

TASK MODULATION AND INDIVIDUAL DIFFERENCES

Three papers utilized network analysis to study task-related
modulation and individual differences. An important issue in
connectomics is to understand how brain networks measured
during resting state are reorganized by various task performances.
Di et al. (2013) addressed this issue by studying meta-analytic
coactivation patterns among regions based upon published neu-
roimaging studies and compared with those derived from rest-
ing fMRI data. They observed that the coactivation network
showed greater global efficiency, smaller clustering coefficient,
and lower modularity than the resting-state network, indicat-
ing a more efficient global information transmission during task
performing. These findings highlighted topological reconfigura-
tion of large-scale brain networks between task and resting-state
conditions. Using cortical thickness covariance analysis of struc-
tural MRI data, Krishnadas et al. (2013) examined the associa-
tion between neighborhood level deprivation and brain network
structure, and found that the most deprived group showed mod-
ular patterns different from the least deprived group. These
results provide preliminary evidence that the structural networks
of the human brain might be associated with socioeconomic
deprivation. Another interesting fMRI study done by Gao et al.
(2013) demonstrated the association between the topological
organization of whole-brain functional networks and individual
differences such as extraversion and neuroticism.

NORMAL DEVELOPMENT AND AGING

Four papers directly examined age-related changes in structural
brain networks. Using DTI, Mishra et al. (2013) investigated the
relationship between 10 major white matter tracts with distinc-
tive functions in neonates and children around puberty: Stronger
microstructural inter-tract correlations were observed during
development from birth to puberty, indicating heterogeneous but
organized myelination processes. Using DT data of a large sample
(n = 180), Chen et al. (2013Db) specifically examined the topologi-
cal organization of white matter networks in typically-developing
participants, including early childhood (6.0-9.7 years), late child-
hood (9.8-12.7 years), adolescence (12.9-17.5 years), young adult
(17.6-21.8 years), and adult (21.9-29.6 years). They showed that
most prominent changes in the topological efficiencies of devel-
oping brain networks occur at late childhood and adolescence.
Using structural MRI, Li et al. (2013) exclusively examined eight
structural covariance networks in 240 healthy participants aged
18-89 years, and charted the age-related network reorganiza-
tion involving language-related speech and semantics processing,
executive control network (ECN) and the DMN network. In a
longitudinal structural MRI study, Wu et al. (2013) illustrated
age-related dynamic changes in network connectivity: The struc-
tural covariance networks develop into a fast distribution from
young to middle age (50 years old) and eventually become a fast
localization in the old age. These studies significantly increased
our understanding of structural substrates underlying normal
development and aging.

BRAIN DISORDERS

Various kinds of brain disorders were investigated using network
analysis approaches. Using combined resting fMRI and structural
MRI, Chen et al. (2013a) demonstrated that the insular module in
the cognitively normal group broken down to pieces in patients
with Alzheimer’s disease and that the corresponding gray mat-
ter concentration was significantly lower in the patient group.
Importantly, they proposed a quantitative index by integrating
the functional connectivity changes and structural changes in this
brain module, which shows potential as diagnostic biomarkers of
Alzheimer’s disease at the single-subject level. Using an indepen-
dent component analysis (ICA) and a dual regression technique,
Rytty et al. (2013) found that patients with behavioral variant
of frontotemporal dementia showed abnormally increased rest-
ing fTMRI connectivity in the dorsal attention network and DMN
network, which might provide neuronal basis for impairments in
executive functions and attention in patients.

Two fMRI studies directly examined schizophrenic brain net-
works. Using a monetary incentive delay experimental task, \White
et al. (2013) observed dysregulated but not decreased func-
tional activities in the salience network (SN) in schizophrenia,
which offers physiological explanations for the delusional thought
formation in this disease. Using resting fMRI data, Anderson
and Cohen (2013) showed that patients with schizophrenia had
disrupted functional network topology as characterized by less
clustering and lower small-world connectivity. Specifically, a sup-
port vector machine classifier based on these connectivity fea-
tures could discriminate individuals with schizophrenia patients
from healthy controls with 65% accuracy. Worth noting is that
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Ottet et al. (2013) investigated topological patterns of DTI-
based structural brain networks in the 22g11.2 deletion syndrome
(22911.2DS), usually considered to be a homogeneous genetic
sub-type of schizophrenia. They showed a loss of global degree
connectivity in brain hubs of the patients ( 58%) and the associ-
ation between local efficiency of several key regions (the Broca’s
area, the Wernicke area and the dorsolateral prefrontal cortex)
and symptom severity. These results provide evidence for the
targeted alterations of specific brain hubs associated with lan-
guage and thought regulation in individuals with a genetic risk
for schizophrenia, which may help to understand the biological
mechanism underlying hallucination.

Three studies highlighted brain network dysfunctions in mood
disorders. Using resting fMRI data and high-model order ICA,
Doll et al. (2013) examined the interactions across three major
intrinsic networks of the human brain (i.e., SN, DMN, and ECN)
in borderline personality disorder. They observed disrupted intra-
network connectivity in all three networks and a strong shift
of inter-network connectivity from networks involved in cogni-
tive control to those in motion processing, potentially reflect-
ing the persistent instability of emotion regulation in patients.
Also using the ICA approach, Manoliu et al. (2014) reported
decreased intra-network connectivity within the SN in patients
with major depressive disorder and that the extent of decrease was
associated with severity of symptoms. Moreover, inter-network
connections were decreased between the DMN and ECN, and
were increased between the SN and DMN. These findings sug-
gest an important link between aberrant salience mapping and
network coordination involving cognitive processes and psy-
chopathology in depression. Using graph theoretical analysis
based on cortical thickness from structural MRI, Kim et al. (2013)
provided direct evidence for disparity between dorsal and ven-
tral networks in cortico-striato-thalamic circuit in patients with
obsessive-compulsive disorder.

Network abnormalities were also demonstrated in other brain
disorders including traumatic brain injury and pathological gam-
bling. Combining task-related fMRI functional connectivity with
DTI structural connectivity, Caeyenberghs et al. (2013) for the
first time examined topological correlations of structural and
functional brain networks in patients with traumatic brain injury
and healthy controls. They found that graph metrics and hubs
of brain networks showed no agreement in both groups, suggest-
ing that the topological properties of functional networks could
not be solely accounted for by the structural networks. However,
prediction accuracy in switching performance could be improved
by combining brain connectivity information from both imaging
modalities. Using graph-based network analysis of resting fMRI,
Tschernegg et al. (2013) reported that at the nodal level, patholog-
ical gambler had reduced clustering coefficient and local efficiency
in the left paracingulate cortex and the left supplementary motor
area, but an increased node betweenness for these regions, sug-
gesting that regions in the reward system show reduced functional
segregation but enhanced functional integration. These findings
provide direct evidence for the topological abnormalities of the
brain networks associated with pathological gambling.

Overall, the wealth of methods and applications covered
by this research topic shows the exciting recent advances of

multi-modal neuroimaging and network analysis as powerful
approaches to study the neuronal circuits of healthy and diseased
populations. We anticipate that these works will provide criti-
cal insights into the field of imaging brain networks. Lastly, we
would like to thank all of the authors, reviewers and the Frontiers
editorial office for their important contributions to this Research
Topic.
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INTRODUCTION

Recently, there have been a large number of studies using resting state fMRI to
characterize abnormal brain connectivity in patients with a variety of neurological,
psychiatric, and developmental disorders. However, interpreting what the differences
in resting state fMRI functional connectivity (rsfMRI-FC) actually reflect in terms of
the underlying neural pathology has proved to be elusive because of the complexity
of brain anatomical connectivity. The same is the case for task-based fMRI studies.
In the last few years, several groups have used large-scale neural modeling to help
provide some insight into the relationship between brain anatomical connectivity and
the corresponding patterns of fMRI-FC. In this paper we review several efforts at
using large-scale neural modeling to investigate the relationship between structural
connectivity and functional/effective connectivity to determine how alterations in structural
connectivity are manifested in altered patterns of functional/effective connectivity.
Because the alterations made in the anatomical connectivity between specific brain
regions in the model are known in detail, one can use the results of these simulations
to determine the corresponding alterations in rsfMRI-FC. Many of these simulation
studies found that structural connectivity changes do not necessarily result in matching
changes in functional/effective connectivity in the areas of structural modification.
Often, it was observed that increases in functional/effective connectivity in the altered
brain did not necessarily correspond to increases in the strength of the anatomical
connection weights. Note that increases in rsfMRI-FC in patients have been interpreted
in some cases as resulting from neural plasticity. These results suggest that this
interpretation can be mistaken. The relevance of these simulation findings to the
use of functional/effective fMRI connectivity as biomarkers for brain disorders is also
discussed.

Keywords: neural modeling, fMRI, functional connectivity, brain disorders, human brain

(DT1) 2 to investigate brain anatomical connectivity and func-

In the past few years, brain connectivity analyses have become
important tools in the investigation of brain disorders [besides
the articles in this Special Issue, see, for example, the Frontiers
in Systems Neuroscience Special Issue on Brain Connectivity
Analysis: Investigating Brain Disorders (Horovitz and Horwitz,
2012; Horwitz and Horovitz, 2012)]* . Probably the most com-
mon connectivity studies have used diffusion tensor imaging

Lplease note that we use the term “brain disorder” quite loosely. In particu-
lar, because there are both structural and functional changes during normal
development and normal aging, studies of either of these processes can be
considered here, since many of the issues that come about when comparing
patients and healthy subjects would also be present when comparing subjects
in different age groups.

tional magnetic resonance imaging (fMRI) to examine functional
and/or effective connectivity. Although there still exists some
confusion in the literature as to the definition of the latter two
terms (Horwitz, 2003), for the purposes of this article we follow
Friston (1994) and take functional connectivity to denote a sta-
tistical relationship between the functional neuroimaging signals
in two or more brain regions (e.g., a correlation coefficient or
a regression coefficient), and effective connectivity to mean the
direct effect of one brain region’s activity on another during a
specified experimental condition (e.g., the functional strength of
the directed anatomical link from one region to another during a
particular task).

2See Appendix for a list of all abbreviations used in this paper.
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The earliest functional connectivity neuroimaging studies that
used positron emission tomographic (PET) data were acquired
during the so-called resting state (e.g., Horwitz et al., 1984), but
gave way a few years later to task-based studies (Horwitz et al.,
1992), especially when fMRI became available (e.g., Friston et al.,
1997; Bokde et al., 2001). Thus, there developed a substantial
literature on activation studies of patients with brain disorders
employing functional/effective brain connectivity analysis meth-
ods (e.g., Horwitz et al., 1995; Bokde et al., 2006; Just et al., 2007;
Rytsar et al., 2011). However, during the past decade or so, there
has been an explosion in the number of studies using resting state
fMRI (rsfMRI) to characterize functional brain connectivity in
normal subjects (e.g., Biswal et al., 1995; Yeo et al., 2011) and in
patients with a variety of neurological, psychiatric, and develop-
mental disorders (e.g., Cherkassky et al., 2006; Wang et al., 2006;
Alexander-Bloch etal., 2010; Lynall et al., 2010; Damoiseaux et al.,
2012; Venkataraman et al., 2012; Lynch et al., 2013). The liter-
ature on functional neuroimaging connectivity studies in brain
disorder patients is now huge, and obviously difficult to summa-
rize. It is possible to generalize, however, and say that almost all
published studies have found differences in functional (or effec-
tive) connectivity between patients and healthy control subjects.
Often, the differences correspond to a decreased connectivity in
the patients, although in many instances, increased interregional
connectivity has been reported; sometimes, both types of differ-
ences are found together (e.g., Horwitz et al., 1995; Damoiseaux
et al.,, 2012; Venkataraman et al., 2012). Note also that it has
become widely appreciated that neuroimaging studies of brain
connectivity, both functional and structural, have the potential
for generating useful biomarkers for the detection and diagnosis
of brain disorders and for the assessment of their treatment [for
example, for Alzheimer’s disease (AD), see (Horwitz and Rowe,
2011; Damoiseaux, 2012)].

Nonetheless, the question does arise as to how these alter-
ations in functional/effective connectivity should be interpreted.
For example, some researchers have suggested that an increased
functional/effective connectivity may reflect some type of com-
pensatory change that helps maintain normal function in spite
of aberrant function in other parts of the brain. Also, can one
attribute, as is often done, a reduced functional/effective connec-
tivity to a decreased structural link between two brain regions? A
decreased structural link may manifest itself as a reduced axonal
input (either fewer axons or less effective synaptic inputs) from
one neural population to another. How can we determine if these
interpretations of functional brain connectivity analyses are jus-
tified? With respect to human brain disorders, it is obviously
hard (indeed impossible at present) to actually do this using
experimental data, since invasive techniques cannot be employed.
Furthermore, the complexity of the mammalian brain mostly
precludes any sort of direct comparison between measures of
interregional neuronal connectivity and fMRI based measures in
non-human animals, although some recent efforts in this direc-
tion (Logothetis, 2012), including using optogenetic approaches
(Lee, 2011), show some promise. Rather, these issues have started
to be addressed using computational neural modeling.

In this paper, we will discuss a few of these neural mod-
eling efforts in the section entitled Simulated fMRI Data and

Functional/Effective Connectivity, focusing especially on what
has been learned about how to interpret differences in func-
tional/effective connectivity between patients and healthy sub-
jects in Simulating the Effect of Altered Anatomical Connectivity
on Functional/Effective Connectivity. We will conclude in The
Role of Simulation in the Development of fMRI Biomarkers with
some thoughts on the role that neural modeling can play in devel-
oping fMRI functional/effective connectivity based biomarkers
for various aspects related to the detection and treatment of brain
disorders.

SIMULATED fMRI DATA AND FUNCTIONAL/EFFECTIVE
CONNECTIVITY

There have been a number of investigators who have developed
multi-region network models that can simulate functional neu-
roimaging data. These models vary with respect to how “biologi-
cally realistic” are the elements that comprise each model. Efforts
of this sort that deal with the kind of task-related flow/metabolic
neuroimaging data generated by PET and fMRI began in the
mid-to-late 90s (Arbib et al., 1995; Tagamets and Horwitz, 1998;
Horwitz and Tagamets, 1999), and have increased dramatically
since then (e.g., Corchs and Deco, 2004; Deco et al., 2004, 2008;
Husain et al., 2004; Edin et al., 2007; Marreiros et al., 2008; Smith
etal., 2013). Recently, a number of groups have developed model-
ing platforms for examining simulated rsfMRI data (for instance,
Alstott et al., 2009; Honey et al., 2009; Cabral et al., 2011, 2012b;
Smith et al., 2011; Ritter et al., 2013). Although some of these
modeling efforts have focused on examining differences between
healthy subjects and patients, others have used the computa-
tional models to address how specific tasks are implemented at
the neural level. Relevant to the discussion that will follow, we
will illustrate three of these modeling efforts.

The model developed by Tagamets and Horwitz (1998),
although initially applied to regional cerebral blood flow (rCBF)
PET data, was soon extended to blood oxygenation level depen-
dent (BOLD) fMRI (Horwitz and Tagamets, 1999). The model
was designed to simulate a short-term memory task for visual
objects. It consisted of a number of distinct neuronal popula-
tions along the ventral visual processing stream arranged in the
following brain regions (see Figure 1): primary and secondary
visual cortex (V1), extrastriate visual cortex (V4 and IT), and
prefrontal cortex (PFC). The visual feature that was modeled
was object shape, and thus the V1 neurons were configured to
respond to line orientation (for simplicity, the orientations were
restricted to horizontal and vertical). The basic neuronal element
in each module was a modified Wilson—Cowan unit (Wilson and
Cowan, 1972), which consists of an excitatory-inhibitory pair
that can be thought of as representing an extremely simplified
cortical column. Each model population contained 81 basic ele-
ments. The populations were connected together based, as much
as possible, on known primate neuroanatomy. For example, con-
nectivity was such that the spatial receptive field increased as
one moved down the object processing pathway. The PFC region
contained four distinct simulated neuronal populations whose
activities were designed to correspond to the experimental data
of Funahashi et al. (1990), obtained from monkeys during the
performance of a delayed response task. The model simulated
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FIGURE 1 | Large-scale neural network models of the visual and
auditory object processing pathways (Tagamets and Horwitz, 1998;
Husain et al., 2004). Shown are the modules specific to the visual model
(LGN, V1-V2, V4, IT) in black-bold and those specific to the corresponding
auditory model (MGN, Ai, Aii, ST, PFC) in gray-italics. Within each module
are sub-modules. The PFC module is common to both models and shown
are its sub-modules. Each sub-module contains 81 basic neural elements
consisting of an interacting pair of excitatory and inhibitory units (Wilson
and Cowan, 1972). Connections between modules are display (solid:

Attention

1]

PFC

excitatory-to-excitatory; dashed: excitatory to inhibitory). Models perform a
delayed match-to-sample task for either visual objects (combinations of
horizontal and vertical lines) or auditory objects (combinations of pure
tones and up- and down-frequency sweeps. Abbreviations: LGN, lateral
geniculate nucleus; MGN, medial geniculate nucleus; V1-V2, primary and
secondary visual cortex; V4, extrastriate visual cortex; IT, inferiortemporal
cortex; Ai, primary auditory cortex; Aii, secondary auditory cortex; ST,
superior temporal gyrus-sulcus; PFC, prefrontal cortex. Taken from Horwitz
and Smith (2008).

a delayed match-to-sample task, in which a simulated object is
presented for a short period of time, there is a delay period, and a
second object is presented. The goal was to determine if the sec-
ond object was the same as the first. An intertrial interval then
occurred, and another trial began. The entire simulation corre-
sponded to multiple trials, as would occur during an actual PET
or fMRI study. The properties of the simulated neurons were con-
figured so that their firing patterns were similar to those obtained
from electrophysiological monkey studies. The spatiotemporal
integrated synaptic activities (absolute value of the excitatory and
inhibitory neuronal inputs) were assumed to represent the rCBF
in each area for PET (Tagamets and Horwitz, 1998). For fMRI, the
integrated synaptic activities were calculated for a time period of
about 50 ms (the time needed to acquire a single MRI slice), con-
volved with a function representing the hemodynamic response,
and then downsampled each TR (e.g., TR = 25s) to represent
simulated BOLD-fMRI (Horwitz and Tagamets, 1999). Good
agreement was obtained between the simulated PET data and
the experimental PET data of Haxby et al. (1995) (see Tagamets
and Horwitz, 1998 for details). This model was later modified
by Husain et al. (2004) to produce a simulation model for audi-
tory object processing. Both the visual and auditory models were
subsequently employed to simulate fMRI-functional connectiv-
ity data (time-series correlations) (Horwitz et al., 2005; Kim and
Horwitz, 2008).

It is important to notice that these kinds of multiregion
large-scale simulations require a combination of three compo-
nent models. The first component is a structural model that
indicates how the simulated brain regions are anatomically
linked, and what are the strengths of the linkages. The sec-
ond component is a neuronal model. The third component is a

hemodynamic response model that converts the neural activity
into a neuroimaging signal. In the simulations just discussed, the
structural model was based on primate neuroanatomy, the neu-
ronal model was the Wilson-Cowan unit, and the hemodynamic
model was a simple Poisson convolution function acting on the
integrated synaptic activity.

An example of simulating human rsfMRI data was provided
by Honey et al. (2009). They used a structural model based on
diffusion spectrum imaging (DSI) data obtained from five nor-
mal human participants originally described by Hagmann et al.
(2008) (see Figure 2A)3 The structural connections were eval-
uated from streamline tractography values between each pair of
998 cortical regions. The neural model assigned to each of these
regions employed the neural mass model of Breakspear et al.
(2003), which represents an ensemble of excitatory and inhibitory
neurons possessing both ligand-gated and voltage-gated mem-
brane channels. A non-linear hemodynamic model was used to
convert simulated neural activity into simulated BOLD fMRI
data (Friston et al., 2000) (see Figure 2B). Honey et al. (2009)
used this formulation to compare simulated rsfMRI data against
actual fMRI data obtained in the same subjects from whom the
DSI data were acquired. Their main conclusion was that in both
the simulated and experimental data, the underlying structural
connectivity constrained the pattern of resting state functional
connectivity, although some functional connectivity between
non-anatomically connected regions was also present. These

3The two matrices shown in Figure 2 were generated by the current authors
using the structural, neural, and hemodynamic models originally employed
by Honey et al. (2009) and Alstott et al. (2009).
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Averaged “Normal” Structural and Functional Connectivity Matrices
A

FIGURE 2 | Brain connectivity matrices. (A) Structural connectivity matrix
among the set of 998 ROIs of the average of the DSI data of five normal
subjects of Hagmann et al. (2008). (B) Functional connectivity matrix of
Pearson correlations from the computational model used by Honey et al.
(2009) and Alstott et al. (2009) for the averaged structural matrix of (A),
showing relatively high simulated rsfMRI-FC within lobes, and lower
rsfMRI-FC between hemispheres.

findings were supported by a resting state fMRI functional con-
nectivity (rsfMRI-FC) study in monkey by Adachi et al. (2012),
who also performed a simulation study employing the modeling
framework of an earlier Honey et al. paper (2007).

Gustavo Deco and his colleague have used a comparable mod-
eling approach to that of Honey et al. (2009) to investigate other
aspects of rsfMRI data (Deco et al., 2009; Cabral et al., 2011).
For instance, Cabral et al. (2011) found that slow power fluc-
tuations in gamma (60 Hz) oscillations at the local neural level
could result in long-range interregional resting state synchrony
at very low frequencies (<0.1Hz), indicating that local neural
dynamics can have an important effect on network connectivity
patterns [see Hlinka and Coombes (2012) for a similar find-
ing]. Cabral and colleagues employed the same structural model
as used by Honey et al. [although downsampled to 66 regions
of interest (ROIs) from the full set of 998 of the original], as
well as the same hemodynamic model. However, they utilized
a simpler neural model: the Kuramoto oscillator (Kuramoto,
1984), which has been used extensively to examine the behav-
ior of coupled oscillatory systems. Other component models were
employed in other studies by this group. For example, in Deco
et al. (2009), the structural model was that of the macaque
monkey obtained using anatomical connectivity values from the
CoCoMac database (Kotter, 2004), and the neural model uti-
lized the Wilson-Cowan formulation (Wilson and Cowan, 1972).
An important insight they found was the critical role that con-
duction delays between connected brain regions play in allowing
synchrony to emerge.

It is worth noting that the main reason different component
models are used in different studies is because each study is
attempting to understand just a few aspects of the data. So, a
neural oscillator model was used when the goal of the study was
to relate high frequency neural activity to low frequency BOLD
activity, as was the case in the Cabral et al. paper (2011). Some of
the other studies that were mentioned placed more emphasis on
neural realism, and so models more directly inspired by neurons
were employed. In all cases, because there are so many interacting

neural units in these large-scale simulations, the simplest neural
model that embodied the crucial features of the data was chosen.
As more such studies appear in the future, it will be important
to determine the degree to which the simulated results depend
on the exact nature of the component models that are used. For
example, resting state studies may well be somewhat insensitive
to the exact neural and metabolic models that are employed,
whereas task-based studies may show a strong dependence on the
composition of the neural model that is used.

An important issue to mention here is that because these large-
scale models can produce multiregional simulated fMRI data that
are comparable to experimental data, many of the same analy-
sis techniques that are applied to the experimental data can be
applied as well to the simulated data. This is important, given
that network analysis techniques, especially graph theory, are
commonly employed in MRI studies of structural and func-
tional connectivity (Achard et al., 2006; Bassett and Bullmore,
2006; Bullmore and Sporns, 2009; Sporns, 2012), and as we shall
see, these network metrics can be utilized for investigating brain
disorders.

Finally, even though the current paper is focused on fMRI
functional/effective connectivity, it is worth noting that there
also is a vast literature in which brain connectivity analyses are
performed on EEG/MEG data (e.g., Gevins and Bressler, 1988;
Gross et al., 2001; Daunizeau et al., 2009; Brookes et al., 2011;
Rong et al., 2011), and large-scale neural modeling has been
employed to help interpret experimental findings (for example,
see Wendling et al., 2009; Banerjee et al., 2012).

SIMULATING THE EFFECT OF ALTERED ANATOMICAL
CONNECTIVITY ON FUNCTIONAL/EFFECTIVE CONNECTIVITY
One important application of these large-scale simulation models
has been the investigation of the effects of various types of brain
alterations on functional/effective connectivity. As we pointed out
in the Introduction, interpreting the results of a brain alteration
in real experimental data is difficult because of the complexity of
the underlying neural architecture, coupled with neuroplasticity
that can occur in real brains subsequent to the alteration. In a
large-scale simulation, however, everything is under the control
of the researcher, and, in principle, everything that goes on during
a simulation can be tracked and evaluated.

Cabral and colleagues published a study that nicely illustrates
what can be learned about bran disorders from simulations of
rsfMRI (Cabral et al., 2012b). In this investigation, the effects
of structural disconnection on rsfMRI-FC was examined using
a large-scale neural modeling framework. The structural model
that was employed consisted of 90 ROIs derived from DTI data
acquired from 21 healthy participants; the neural model for each
ROI, based on the dynamical equations of Mattia and Del Giudice
(2002), generated spontaneous neural activity; and the hemody-
namic model that the authors used was the Balloon-Windkessel
model of Friston et al. (2000). The simulated rsfMRI-FC was eval-
uated as the temporal correlation between ROI time series, and
graph theoretic measures (Bassett and Bullmore, 2006; Bullmore
and Sporns, 2009) were employed to characterize the pattern of
connectivity among all the ROIs. Two types of structural dis-
connection were simulated—global and local. In the equations
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relating the change in neural activity (firing rate) in one region
(region n) to that in other regions, there exists a term kCpp, where
k is the global excitatory coupling between all regions and Cpp is
the structural coupling strength from region p to region n. For
the global disconnection simulations, k was uniformly reduced. It
was found that a number of the graph theoretic metrics changed,
resulting in a less globally correlated and globally integrated set
of BOLD values. The second kind of structural disconnection
that they simulated was a more localized type, in which Cabral
and colleagues successively removed randomly 1% of the possible
links (what they termed “pruning the matrix”). The results for
this case were similar to that for the global disconnection case—
a reduction in functional connectivity leading to reduced global
integration.

Cabral et al. (2012a) went on to explicitly compare simulated
rsfMRI-FC with experimental data acquired from patients with
schizophrenia (Lynall et al., 2010). The experimental data showed
that, compared to healthy control subjects, the schizophrenia
patients had weakened functional connectivity and an increased
diversity of functional connections. Cabral and colleagues tested
the hypothesis that these disrupted functional networks in the
patients could be explained by a global decrease in structural cou-
pling between cortical regions. They found that a small decrease
in the global structural coupling parameter, k, yielded a reduced
functional connectivity that resulted in graph theoretic changes
similar to those documented by Lynall et al. (2010).

Other simulation studies have examined the effects of focal
lesions on rsfMRI-FC, including investigations that employed
structural models based on macaque connectivity (Honey and
Sporns, 2008) and those that used structural data from humans
(Alstott et al., 2009). We will discuss the latter of these. The
structural, neural, and hemodynamic models used by Alstott
et al. (2009) were the same ones as those employed by Honey
et al. (2009): a DSI data set from 5 healthy human participants
(Hagmann et al., 2008), the neural model of Breakspear et al.
(2003) and the Friston et al. balloon model (Friston et al., 2000).
A number of important findings were reported, including one
showing that lesions along the cortical midline, in the temporo-
parietal junction and in frontal cortex resulted in large and
widely distributed reductions in rsfMRI-FC; some of these alter-
ations involved regions outside the lesion site. In contrast, lesions
of sensory and motor regions produced functional connectivity
changes that were more localized to the area of the lesion (see
Figure 3).

The studies involving alterations in anatomical connectivity
that we have so far mentioned involved simulating rsfMRI data.
Task-based fMRI also has been examined using large-scale model-
ing, and one such paper by Kim and Horwitz (2009) investigated
the effect of decreased structural connectivity on task-related
effective connectivity. The general question that this study asked
was: how should one interpret a significant difference between
patients and controls in the effective connectivity between two
nodes? In particular, does such a difference imply that there
is a corresponding alteration in the underlying structural con-
nectivity between the nodes? Kim and Horwitz used the large-
scale neural model of Tagamets and Horwitz (1998), discussed
in Simulated fMRI Data and Functional/Effective Connectivity,

to address these questions. They reduced the strength of the
structural connection from IT to PFC (see Figure 4, upper) by
an average of 80% in 20 simulated “patients,” and compared
the simulated fMRI obtained during the DMS task with com-
parable data from 20 “normal control” simulations. Structural
equation modeling (SEM) (Mclintosh et al., 1994) was used to
evaluate effective connectivity for all the connections between
all regions in the network. As shown in Figure4 (lower), the
effective connection from IT to PFC (FS) indeed was signifi-
cantly reduced in the patients relative to the controls. So, this
simulation result suggests that reduced structural connectivity
can be reflected as reduced fMRI effective connectivity. Figure 4
also shows that the effective connectivity downstream from the
induced structural disconnection (i.e., the connectivity within
the PFC) also was generally reduced. This result is not unex-
pected: the disruption in the IT-FS connection leads to incorrect
neural processing in downstream parts of the PFC network.
The third result from this simulation is, at first glance, unex-
pected: the increased effective connectivity “upstream” (e.g., the
V1-V4 effective linkage) in patients relative to controls. As men-
tioned in Introduction, numerous groups have reported increased
patient functional/effective connectivity (e.g., for AD, Horwitz
et al., 1995; Damoiseaux et al., 2012), and in many cases, this
increase is attributed to some type of neural plasticity. The sim-
ulation produced by Kim and Horwitz (2009) indicates that this
interpretation may not always be warranted. In the simulation,
no structural alteration in the V1-V4 connections weights took
place. Rather, the increased effective connectivity resulted from
a reduced feedback effective connection from PFC to V4, which
in turn led to V4 being more influenced by V1 activity than
was the case in the normal subjects. A major conclusion from
the Kim and Horwitz study was that interpretation of fMRI
functional/effective connectivity changes in patients relative to
controls requires a careful consideration of the entire network
mediating the task under study.

What about the situation for rsfMRI-FC? Would similar find-
ings as illustrated by the Kim—Horwitz study (Kim and Horwitz,
2009) occur, or are those interpretational problems found only
in task-based fMRI studies? As Alstott et al. (2009) showed, both
increases and decreases in rsfMRI-FC occurred following cortical
lesions. For example, as illustrated in Figure 3B, a lesion cen-
tered in the left temporo-parietal junction resulted in strength-
ened rsfMRI-FC in the contralesional hemisphere. Some of these
increases are due to direct loss of inputs from the lesioned area,
resulting in greater functional connectivity between right hemi-
sphere nodes. As was the case with the Kim-Horwitz example,
these increases are not the result of any change in the strength
of the anatomical connection weights.

The studies discussed above obviously did not consider all
the complexities that are likely to be found in investigations of
brain disorders. Future neural modeling efforts will be needed
to address such issues as how the various kinds of neuroplas-
ticity, which can operate over multiple time scales, even ones
whose duration are within the time frame of a single scan,
affect the functional/effective connectivity of relevant networks.
Some of these neuroplastic changes may occur due to changes in
anatomical connectivity.
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FIGURE 3 | Functional connectivity changes following simulated brain
lesions (Alstott et al., 2009). Dorsal (middle) and left and right hemisphere
views of significant changes between lesioned and normal groups in
simulated resting state functional connectivity (all in the dorsal view;
hemisphere specific in the lateral views) between 66 anatomical areas

Functional Connectivity Changes Following Simulated Brain Lesions

constructed from the 998 ROIs used by Alstott et al. Red (blue) lines indicate
a decreased (increased) correlation for the lesioned brains. Center of the
lesion site indicated by the green “+” (A) Lesion in sensory cortex; (B)
lesion in temporo-parietal junction. Slightly modified from Alstott et al. (2009);
[(A) is from Supplementary. Figure 1A; (B) is from Figure 4B].

It is worth noting, by the way, that we have oversimplified
things by assuming that there is a clear distinction between
anatomical and function/effective connectivity. At the level of
neuron and synapse, however, this distinction breaks down: in
which category does one place axonal sprouting and the for-
mation of new synapses, or even the strengthening of a single
synaptic contact? Indeed, one kind of connectivity change can
lead to a change in the other—Hebbian learning would be an
obvious example. These issues will need to be confronted in future
neural modeling studies.

THE ROLE OF SIMULATION IN THE DEVELOPMENT OF fMRI
BIOMARKERS
An important issue that was alluded to in the Introduction was
the utilization of neuroimaging for generating assorted biomark-
ers for brain disorders. Horwitz and Rowe (2011) have discussed
the various uses for which such biomarkers could be employed?.
These include detection or prediction of a disorder, differen-
tial diagnosis, and staging a disorder and investigating treatment
efficacy.

A significant and obvious point related to biomarker develop-
ment is that such markers are meant to be used on individual

4The Horwitz-Rowe article focused on neurodegenerative disorders; however,
many of the points made are relevant for numerous brain disorders.

patients (or potential patients). As such, an important issue is
how likely is it that fMRI will be able to provide sufficient
signal-to-noise ratio to be usable in single subjects (Horwitz and
Rowe, 2011; Damoiseaux, 2012; Vemuri et al., 2012). Most of the
experimental studies we have mentioned were group studies, and
although these investigations are important for discerning signal
patterns that have the potential to discriminate between patients
(actual or potential) and non-affected individuals (or between
different types of patients), clinically useful fMRI biomarkers are
still a future goal, not a present reality. Two areas of fMRI research
that are likely to lead to improvements are in hardware develop-
ment and in advances in the use of multivariate signal processing
techniques (e.g., Smith et al., 2010); for a review, see Smith, 2012,

A second issue, implicit in our previous discussion, concerns
what kind of fMRI technique (i.e., resting state fMRI or task-
based fMRI) is better to use for a particular brain disorder. The
answer depends on two things: which brain disorder is the focus
of interest, and which question is the biomarker attempting to
address. In some cases, it may be that rsfMRI will be more appro-
priate. For example, getting small children to do a specific set of
tasks could lead to compliance problems of one sort or another. In
other cases, task-based fMRI might have a significant advantage.
Specifically, task-based fMRI provides the opportunity to record
behavioral measures during scanning, and thus, these behavioral
measures can be correlated with the changes in connectivity. This
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FIGURE 4 | Comparison of fMRI effective connectivity differences
between simulated patients and normal subjects for a delayed
match-to-sample task for visual shape (Kim and Horwitz, 2009). The
top part of the figure shows the nodes and connections of the neural net
model used (Tagamets and Horwitz, 1998) (it is the same model shown in
Figure 1, which should be consulted for abbreviations). Simulated patients’
data were obtained by reducing the connection weight between the IT and
FS modules an average of 20% of its normal value. The lower part of the
figures shows the results of applying an effective connectivity analysis
(structural equation modeling) to the normal and patient networks.
Significant reductions in patients relative to controls are in violet, significant
increases are in green. Modified from Kim and Horwitz (2009).

is a powerful method for determining which connectivity changes
are aiding the person being scanned and which are reducing their
performance. Similar behavioral correlations have been used with
resting state connectivity changes, but the behavioral measure is
on asubject by subject basis, not on a trial by trial basis. For exam-
ple, Venkataraman et al. (2012) found two co-existing patterns
of connectivity in their schizophrenia patients: increased frontal-
parietal connectivity that was associated with severity of positive
symptoms, and decreased parietal-temporal connectivity that was
related to negative symptoms.

As an illustration of the task vs. resting issue, consider AD.
We know that the pathology of AD can be found in individuals’
brains decades before clinical symptoms appear (Reiman et al.,
1996; Hampel et al., 2011), and young adults at risk for develop-
ing late-onset AD show default mode network (DMN) alterations
(Filippini etal., 2009). Given this situation, if an appropriate ther-
apy were available, when should it be given? One might want
to start it before a patient demonstrates cognitive deficiency (in
which case there may be a significant reduction in viable brain
tissue), but perhaps not years or decades before, given the likely
costs of the treatment and the potential side-effects of the ther-
apy. In analogy with cardiovascular disease, a “cognitive stress
test” during fMRI scanning might provide a way to assess neural
integrity. However, one study (Fleisher et al., 2009) has been used
to argue against task-based fMRI studies and in favor of rsfMRI
in AD. Fleisher et al. showed that rsfMRI of the DMN had a larger
effect size than did an fMRI encoding task for distinguishing AD
high-risk from low-risk groups. However, it should be noted that
although functional connectivity was utilized for the rsfMRI por-
tion of the study, the researchers only used differences in regional

BOLD deactivation in DMN nodes during the encoding part of
the investigation. As Horwitz and Rowe (2011) have suggested, a
task-base network analysis, targeting a network that shows early
impairment in AD (such as memory), might be more sensitive
compared to examining individual region of interests, since net-
work analysis is intrinsically multivariate. One would determine if
the at-risk subject’s data fit the network defined by healthy control
subjects performing the same task. If the fit is bad, that would sug-
gest that therapy might be warranted. This scheme is based on the
notion that neuroplasticity enables behavioral performance to be
maintained during the many years during which brain pathology
builds up.

As we have just seen, progress has been slow in develop-
ing fMRI based biomarkers. Among the reasons for this are the
difficulty in performing neuroimaging studies on patients, and
importantly, not being able to actually “know the answer.” Of the
patients at risk for a given disorder, how many will actually get
the disorder, and when will they get it? Patient variability is often
huge, and different individuals could have different amounts of
neuroplasticity over the years during which a disorder may have
gone undiagnosed. How do we know that a group difference in
some fMRI metric will be large enough in individuals to be able
to distinguish a single subject with a high sensitivity and speci-
ficity? Note that the problem is not just scanner signal-to-noise,
as was mentioned earlier. Rather, the additional problem is that
there is large subject-to-subject variability in humans, even in
healthy subjects—structural brain differences (e.g., see Amunts
and Zilles, 2001), and functional differences (e.g., see Kanwisher
and Yovel, 2006).

Computational neural modeling may provide a method to cir-
cumvent some of these issues in attempting to determine if an
fMRI based metric can serve as a biomarker for detecting a brain
abnormality. As an illustration, how weak can a brain structural
disconnection be so that it is undetectable using rsfMRI-FC anal-
ysis? In our review of the simulation studies of Deco, Cabral and
their group and Alstott, Honey, Sporns and their colleagues, the
extent of the structural damage was quite large in many cases. For
example, Alstott et al. (2009) found in one of their analyses many
significant differences in functional connectivity in 5 subjects
when they deleted 50 ROIs from an anatomical area (see Figure 3
for two examples). Using the same set of models (structural, neu-
ral, and hemodynamic) as Alstott and collaborators, we targeted
two anatomical areas for modification: the left precuneus (LPr)
and the left medial frontal cortex (LMPF). All modifications were
performed on the 25 ROIs closest in Euclidean distance to the cen-
ter of the targeted areas. Specifically, the structural connectivities
in a targeted area were scaled by 0.5 from the normal values. We
examined focal, unidirectional, and bidirectional modifications.
In focal alterations, connections among the 25 ROIs in a single
anatomical area were scaled by 0.5, but connections between these
targeted ROIs and all other ROIs in the cortex were left unmodi-
fied. Bidirectional and unidirectional structural alterations were
only applied to the two separate anatomical regions—LPr and
LMPF. In bidirectional modifications, the connections from one
set of 25 target ROIs to and from the second set of 25 target ROIs
were scaled by the specified amount of 0.5. In unidirectional mod-
ifications, the connections from one set of ROIs in LMPF to the
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LPr set of ROIs were scaled, but the connections from the latter
set of ROIs to the former set were left intact.

Simulations were run for 10 “normals” subjects and 10
“patients.” Variation in the subjects was introduced by adding
or subtracting to all the structural connection weights random
numbers from a Gaussian distribution with a standard devia-
tion of 0.01. Pearson correlations between the time series of the
simulated BOLD activity from each anatomical area for each
“normal” subject and for each “patient” were evaluated. Given
the small number of “subjects” (10 in each group), and the rela-
tively weak reduction of structural connectivity between just two
brain areas, it is not surprising that there were few robust group
differences. Indeed, no significant group differences in rsfMRI-
FC between the two targeted areas LPr and LMPF were found in
any of the cases (focal, unidirectional, bidirectional). These sim-
ulation results thus indicate the relative insensitivity of simple
rsfMRI-FC to detecting the presence of structural modifications
that are weak and of restricted extent, even if one knows where to
look. That is, not much change occurs when one input is reduced
to areas that have inputs from multiple other areas. Simulations
could be used to see if the situation is different when the modi-
fication affects a connection between nodes engaged in a task, as
was the case for the Kim-Horwitz simulation (Kim and Horwitz,
2009) that was discussed earlier, but that would require adjust-
ing the structural and neural models so that a specific task can
be performed. Moreover, newer experimental and data analysis
procedure could arise to improve the situation. For instance, high
spatial resolution MRI may be able to find mild abnormalities in
either structural or functional connectivity in the future.

CONCLUSIONS

In this paper we reviewed some recent efforts at using neural
modeling to help understand and interpret human neuroimag-
ing data comparing patients with brain disorders to healthy
subjects. Experimental neuroimaging data provide macroscopic
measures of brain structure and function. In the case of fMRI,
these data are indirect measures of function; the signals are those
of the metabolic/hemodynamic consequences of neural activity.
Among the factors confounding the interpretation of such data in
patients are the sheer complexity of neural anatomy and connec-
tivity and the immense plasticity of the brain. Large-scale neural
modeling provides a way to study such a system and investigate
how the size and extent of various modifications translate into
alterations in neuroimaging signals. Furthermore, because we
know what alterations actually took place in the modeled brains,
potential interpretations of actual data can be checked against the
simulated data.
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Abbreviations:

AD Alzheimer’s Disease

BOLD Blood oxygenation level dependent

DMN Default mode network

DSl Diffusion spectrum imaging

DTI Diffusion tensor imaging

fMRI Functional magnetic resonance imaging
LPr Left precuneus area

LMPF Left medial prefrontal area

PET Positron emission tomography

PFC Prefrontal cortex

rCBF Regional cerebral blood flow

ROI Region of interest

rsfMRI Resting state fMRI

rsfMRI-FC Resting state fMRI functional connectivity
SEM Structural equation modeling

TR Repetition time

Frontiers in Human Neuroscience

www.frontiersin.org

November 2013 | Volume 7 | Article 649 | 20


http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

PERSPECTIVE ARTICLE
published: 15 August 2013
doi: 10.3389/fnhum.2013.00484

fromtiers in
HUMAN NEUROSCIENCE

o

The potential of the human connectome as a biomarker
of brain disease

Marcus Kaiser?3*

* School of Computing Science, Newcastle University, Newcastle upon Tyne, UK
2 Institute of Neuroscience, Newcastle University, Newcastle upon Tyne, UK
3 Department of Brain and Cognitive Sciences, Seoul National University, Seoul, South Korea

Edited by: The human connectome at the level of fiber tracts between brain regions has been shown
Yong He, Beijing Normal University, to differ in patients with brain disorders compared to healthy control groups. Nonetheless,
China there is a potentially large number of different network organizations for individual patients
Reviewed by:

that could lead to cognitive deficits prohibiting correct diagnosis. Therefore changes that
can distinguish groups might not be sufficient to diagnose the disease that an individual
patient suffers from and to indicate the best treatment option for that patient. We describe
the challenges introduced by the large variability of connectomes within healthy subjects
and patients and outline three common strategies to use connectomes as biomarkers
of brain diseases. Finally, we propose a fourth option in using models of simulated
brain activity (the dynamic connectome) based on structural connectivity rather than
the structure (connectome) itself as a biomarker of disease. Dynamic connectomes, in
addition to currently used structural, functional, or effective connectivity, could be an

Frederik Barkhof, Vrije University
Medical Centre, Netherlands

Alex Fornito, University of Melbourne,
Australia

*Correspondence:

Marcus Kaiser, School of Computing
Science, Newcastle University,
Claremont Tower, Newcastle upon
Tyne, NE1 7RU, UK

e-mail: m.kaiser@ncl.ac.uk
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The study of how different components of the brain, may they
be neurons or brain regions, are connected has become an
emerging field within the neurosciences (Spornsetal., 2004;
Bullmore and Sporns, 2009; Kaiser, 2011). The analysis of physi-
cal connections within neural systems gained momentum around
20 years ago with the availability of information on the nematode
Caenorhabditis elegans’ nervous system (White etal., 1986;
Achacoso and Yamamoto, 1992) and the rhesus monkey’s visual
system of cortico-cortical connections (Felleman and van Essen,
1991; Young, 1992). Now called connectomics, the field aims to
discover the structure of brain networks, representing physical
connections such as axons or fiber tracts. As a next milestone,
the first data sets of the Human Connectome Project are being
released. What will the next 20 years bring? Like for genomics,
the hopes are that features of the connectome of a patient can
be a biomarker for diseases and an indicator for therapeutic
interventions. ldentifying biomarkers for diseases based on
large-scale genome studies has been challenging. Is the link
between connectivity and brain disease also over-weighted? What
could a structural connectome in principle tell us about the brain
organization in health and disease?

In analogy to genetics, we may distinguish a genotype and
a phenotype of brain organization. The genotype is given
by the structural connectivity either observed at the level of
individual synapses (microconnectome) or at the level of fiber
tracts between brain regions (macroconnectome) (DeFelipe,
2010) and we will refer to this as connectome. As for every novel
field, the underlying techniques are still under development
(Jbabdi and Johansen-Berg, 2011). Diffusion tensor and diffusion

spectrum imaging can give us information on potential structural
connections of the macroconnectome. The phenotype represents
activity, as seen in functional Magnetic Resonance Imaging
(fMRI) or EEG, or behavior, as for cognitive clinical scores. We
refer to these patterns as consequences on dynamics or behavior
due to changed brain connectivity.

The problem of diagnosing a disease, as in genetics, is due
to the fact that several mutations of the genotype might result
in the same phenotype (disease). Observing brain connectivity,
there might be several combinations of changes in fiber tracts
leading to hallucinations or seizures, for example. Also, the same
connectome organization might lead to different dynamics for
changes that affect the internal anatomy and activity of net-
work nodes but not the nodes’ topology (Figure 1). The idea
that many pathways can lead to similar behavior is linked to
the concept of degeneracy (Tononi et al., 1999; Price and Friston,
2002), “the ability of elements that are structurally different to
perform the same function or yield the same output” If the
output (phenotype) is cognitive deficits in patients, the number
of connectome (genotype) patterns that lead to such behav-
ior can be seen as the degeneracy of a brain disease. Also, a
higher degeneracy, meaning that more connectome patterns are
linked to a disease, might result in a higher incidence in a
population. A related observation has been made in the field
of genetics when linking genetic changes to diseases: multiple
genotypes might lead to the same phenotype (heterogeneity)
(Addington and Rapoport, 2012). Therefore, detecting one con-
nectivity pattern linked to a disease might only relate to a fraction
of all patients. Moreover, many connectome changes will be
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Cause Connectome Consequence Classification

Mutation A Seizure
+ epigenetic

factors

Epilepsy

Mutation A Hallucinations
+ epigenetic

factors

Schizophrenia

Mutation B
+ epigenetic
factors

Seizure Epilepsy

FIGURE 1 | Mapping between underlying developmental causes of
connectome changes, ranging from genetic factors to spatiotemporal
epigenetic factors, to resulting brain connectivity (“connectome”),
observable network behavior (“‘consequence”), and final disease
classification. Similar patterns within each of the four categories are
shown in red. Note that both genetic patterns and network features alone
may be insufficient to inform the clinical diagnosis of a disease: first, the
same genetic mutation A might lead to a different connectivity due to
different epigenetic factors. Second, different genetic mutations A and B
could lead to the same connectivity due to additional factors. Third, the
same connectivity might lead to different behavior and disease
classification due to changes that solely affect the anatomical organization
within individual nodes.

neutral in that they do not lead to a brain disorder; thus variability
in the healthy population is expected to be large as well. As for
genetics, connectomics is currently moving to large-scale studies,
e.g., the 1,200-subject Human Connectome Project or the 1,000-
subject Functional Connectomes study, to address this underlying
variability.

Another problem besides large connectome variability
(“noise”) is that cognitive deficits might arise from small
changes (“signal”). Development can be seen as a system of
nonlinear dynamics (Turing, 1952). It has become clear that
genetic encoding (Kendleretal., 2011) and self-organization
shape the formation of neural systems in health and disease.
For self-organization, the interaction with the environment
(external factors) or physical constraints (internal factors) can
influence the establishment and survival of axonal connections.
Consequently, small changes during development might lead to
a different connectome and as a result to a different resulting
consequence for cognition and behavior of human subjects. As
the dynamics in the brain are also non-linear, a small change in
structural connectivity might be sufficient to lead to changes in
cognition and behavior. Relatively small changes in connectivity
might be sufficient to lead to a brain disorder. Therefore, some
connectivity patterns seen in patients might be quite close to the
organization of healthy subjects.

Let us look at some cases of how brain diseases could be linked
to brain connectivity. Also, let us only use two cases of how a net-
work structure (edge or node) in a patient could differ from that
of a control group: a significant increase or a significant decrease
of a network measure. We will only look at a single measure here,
say number of streamlines for edges and total strength of its con-
nections for nodes, but our general observations also hold for a

combination of network measures (Costa et al., 2007; Kaiser et al.,
2009; van den Heuvel et al., 2012).

First, a disease might affect a single brain region which could
have an effect on brain dynamics by changing its own activity
pattern, the pattern of directly connected neighbors of the region,
and, indirectly, the activity in the rest of the brain mediated by
intermediate brain regions. As a simplification, let us assume
that only structural connections from that brain region will be
altered. As each brain region (for a parcellation in humans of 110
cortical and subcortical regions including both hemispheres) is
connected to around 10 other brain regions, there are 21° = 1,024
possible changes assuming that each connection could either be
significantly increased or decreased in a patient. Thus even at the
local scale, only affecting a single brain region, many variations of
a disease are possible.

Second, a disease could affect a set of network nodes. For
example, regions of the neocortex mature at different times dur-
ing development: medial regions before lateral regions and pos-
terior before anterior regions. A change in the maturation of
the frontal lobe could affect multiple regions at the same time
and might affect a whole network module (Nisbach and Kaiser,
2007). Say that 10 regions show a different internal structure
that also manifests itself in altered fiber tracts between them and
other brain regions. Therefore, assuming 10 fiber tracts per brain
region, or 102 = 100 fiber tracts for all 10 affected regions, show
changes leads to 2190 = 1.3 10% variants. Let us look at a simpler
model where an increase (or a reduction) in at least 10 of those
100 fiber tracts is sufficient to lead to the behavioral features of a

disease. There are = 1.7 10'® ways to choose 10 out of 100

10
connections. Given that 10 is the lower bound for disease onset,
choosing 11, 12, 13, etc. connections leads to even more variations
at this regional level.

Third, a disorder could lead to changes of a set of edges at the
global level as a result of widely distributed changes. If there are
500 bidirectional connections (fiber tracts) between our 110 brain
regions, there are 2590 = 3.3 100 possible changes compared to
a benchmark brain based on a population of healthy subjects.

We know that there is huge variability not only in the surface
shape of human brains but also in its related connectivity pat-
tern (Van Essen, 1997; Hilgetag and Barbas, 2006). Clearly, only
a small fraction of connectome patterns is linked to a brain
disorder. Even if we assume that there are thousands of subtypes
of brain disorders, e.g., different kinds of epilepsy, and that many
diseases change synaptic efficacy without changing structural con-
nectivity, there might still be billions of connectome changes that
could lead to the clinical patterns observed in patients with one
type of a disease. Clearly, no two patients are the same (neither
are no two control subjects).

If there is a multitude of ways how connectome changes could
lead to a disease, how can we use brain connectivity information
to inform the diagnosis and treatment of clinical patients? First,
some links between connectome and consequential brain dynam-
ics might manifest themselves through changes of global net-
work features despite the variability in the changes of individual
connections. Examples are global topological changes, observed
through diffusion tensor imaging, in remitted geriatric depres-
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sion and amnestic mild cognitive impairment (Bai et al., 2012).
However, the same global changes, say a deviation from the brain’s
small-world organization towards random or regular connectivity
(Reijneveld et al., 2007), could be observed across diseases and
therefore limit their use as a classifier for brain diseases.

Second, some changes might be so widespread that they
affect the majority or all of the brain regions leaving fewer
degrees of freedom for variability in connectomes. The overall
pattern of altered structural connectivity in schizophrenia
patients (Skudlarski et al., 2010), along with resulting functional
connectivity changes (Fornito et al., 2012), would be one example
for this case.

Third, changes that are linked to a brain disease might only
affect specific circuits in the network. In that way, while the
strength of most connections also varies in healthy controls, more
consistent changes to specific fiber tracts would be expected for
patients. As a consequence, changes in selected circuits would be
common for a group of patients but a consistent change for all
fiber tracts of a circuit would not occur in control subjects. While
this is a potentially powerful approach it does need a priori knowl-
edge about the affected circuit. Such circuits might be identified
by large-cohort studies in patients or through “knock-out” stud-
ies, e.g., using transcranial magnetic stimulation (Hilgetag et al.,
2001), in healthy subjects.

Finally, I would propose a novel approach to deal with the
variability in brain disorders, which is the use of computer
simulations of brain activity, based on the connectivity in
individual patients. Such simulations are already emerging as
a way to understand the structural correlates of dynamical
changes and disease progression (Deco et al., 2011; Cabral et al.,
2012; Rajetal., 2012). As shown above, multiple structural
connectivity changes might lead to the same changes in brain
dynamics, patient behavior, or clinical test scores. Simulating the
activity in the brain of individual patients can inform us about
the expected behavioral features and thus about the presence or
absence of one sub-type of brain disorder. These models can go
beyond the observation of patterns in the recordings of brain
activity as simulated dynamics could include more complex
models. For example, a model based on structural connectivity
might include simulated activity of individual neurons or
local circuits, which cannot be observed by non-invasive
neuroimaging.
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The Default Mode Network (DMN) has been found to be involved in various domains of
cognitive and social processing. The present article will review brain connectivity results
related to the DMN in the fields of social understanding of others: emotion perception,
empathy, theory of mind, and morality. Most of the reviewed studies focused on healthy
subjects with no neurological and psychiatric disease, but some studies on patients with
autism and psychopathy will also be discussed. Common results show that the medial
prefrontal cortex (MPFC) plays a key role in the social understanding of others, and the
subregions of the MPFC contribute differently to this function according to their roles in
different subsystems of the DMN. At the bottom, the ventral MPFC in the medial temporal
lobe (MTL) subsystem and its connections with emotion regions are mainly associated
with emotion engagement during social interactions. Above, the anterior MPFC (aMPFC)
in the cortical midline structures (CMS) and its connections with posterior and anterior
cingulate cortex contribute mostly to making self-other distinctions. At the top, the dorsal
MPFC (dMPFC) in the dMPFC subsystem and its connection with the temporo-parietal
junction (TPJ) are primarily related to the understanding of other’s mental states. As
behaviors become more complex, the related regions in frontal cortex are located higher.
This reflects the transfer of information processing from automatic to cognitive processes
with the increase of the complexity of social interaction. Besides the MPFC and TPJ, the
connectivities of posterior cingulate cortex (PCC) also show some changes during tasks
from the four social fields. These results indicate that the DMN is indispensable in the

social understanding of others.

Keywords: default mode network, social cognition, brain connectivity, morality, theory of mind, empathy

INTRODUCTION

THE DEFAULT MODE NETWORK AND SOCIAL UNDERSTANDING OF
OTHERS

Human beings are social animals that have a tendency to interpret
stimuli according to their possible social relevance, and spend a
huge amount of time assessing one’s own and other’s social rela-
tionships and positions by engaging in activities such as thinking
about oneself and others and exchanging those thoughts during
the whole of life (Schilbach et al., 2008). Dunbar and coleagues
suggested a “social brain hypothesis,” which deemed that the large
brains observed in primates reflected the computational demands
of the complex social systems that characterized the order of their
members (Dunbar, 1993).

In the past two decades, the social brain of human has
been intensively studied in several different domains: (1) under-
standing others, (2) understanding oneself, (3) controlling one-
self, and (4) the processes that occur at the interface of self
and others (Lieberman, 2007). However, in the strictest sense,
social cognition is about understanding of other people, includ-
ing their emotional, mental, psychological status, and behav-
iors (Lieberman, 2007). Increasing studies have shown that
regions of the default mode network (DMN) largely activate

in tasks requiring participants to understand and interact with
others, such as perceiving and interpreting other’s emotion sta-
tus, showing empathy to other people, inferring other’s belief and
intention, and performing moral judgments on other’s behav-
ior (Schilbach et al., 2008; Laird et al., 2011). Besides overlaps
with the DMN, the large scale brain networks for social domains
also contain several regions outside the DMN, since these social
behaviors usually comprise extensive cognitive processes such as
obtaining, retrieving, and processing information about the lives,
relationships, and mental states of others (Mars et al., 2012).

In the present article we will review results related to the DMN
in the field of social understanding of others using brain con-
nectivity methods. Several important fields of social behavior,
emotion perception, empathy, theory of mind (ToM, or men-
talizing), and morality, will be summarized for both healthy
subjects and patients with autism, psychopathy and schizophre-
nia (see Table 1). The existing results were organized through two
aspects. The first one is how the regions within the DMN inter-
act with each other when people perform those social tasks, and
the second one is how the DMN interacts with other distributed
brain systems that contribute to the process of social cognition of
others. Possible future directions will be discussed at the end.
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Lietal. The DMN and social understanding of others

Table 1 | Brain connectivity studies on the social understanding of others.

Study Paradigm Method Connectivity Connectivity between Number Results
within the DMN DMN and other regions of subjects
EMOTION PERCEPTION
Etkin et al., 2006  Emotional stroop EC, PPI, rostral 19 1EC from rACC to
task voxel-wise DCM ACC-amygdala amygdala during high
conflict, the strength
predicted successful
conflict resolution
Passamonti Emotional faces  EC, PPI, VvACC-amygdala 21 EC from vACC to amygdala
etal., 2008 gender decision  voxel-wise DCM negatively correlated to
reward-drive score
Das et al., 2005 Fear perception FC, PPI, VACC, and dACC 28 Positive modulation from
seed-based with thalamus- dACC and negative
sensory cortex relationship from vACC on
pathway, and thalamus—sensory cortex
thalamus- pathway; both dorsal and
amygdala VACC had inverse
pathway interaction with
thalamus-amygdala
pathway
Cremers et al., Emotional faces  FC, PPI, dMPFC- 60 Neuroticism scores
2010 gender decision  voxel-wise amygdala; positively correlated with
ACC-amygdala FC of dMPFC-right
amygdala for angry and
fearful faces, and
negatively correlated with
FC of ACC-left amygdala
for angry, fearful, and sad
faces
Satterthwaite Emotion FC, PPI, Medial 39 Positive FC of medial
etal., 2011 identification voxel-wise OFC-amygdala, OFC-amygdala, and

MPFC-amygdala

negative FC of
MPFC-amygdala during
task

Kleinhans et al.,
2008

Face
identification

FC, seed-based

PCC-FFA

47 (24 autistic)

LFC in ASD group

Rudie et al., View emotional FC, seed-based VMPFC-rIFGpo 47 (23 autistic) L negative FC in ASD group
2012 face expressions
EMPATHY
Decety et al., View pain EC, PPI, Medial OFC-right Medial 17 1EC during condition of
2008 scenarios voxel-wise TPJ, OFC-anterior pain which was caused
ParaCC-right TPJ  IPS, precentral intentionally compared to
sulcus, and pain which occurred
anterior MCC; accidentally
ParaCC-anterior
IPS, and
precentral sulcus
Otti et al., 2010 View pain FC, ICA Within anterior 19 LFC from “No Pain” to
scenarios DMN “Pain,” and the strength

positively correlated with
the subjective post-scan
pain

(Continued)
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Table 1 | Continued

Study Paradigm Method Connectivity Connectivity between Number Results
within the DMN DMN and other regions of subjects
Zaki et al., 2007  Experience self  FC, PPI, MPFC, PCC-AI, 19 tFC from self pain task to
pain, and view  voxel-wise dACC other pain task
other pain
Cheng et al., View pain FC, PPI, MPFC-insula 28 (14 experts) tnegative FC in the
2007 scenarios seed-based experts compared to
control
Meyer et al., View social pain  FC, PPI, MPFC-AI, 16 1 FC for the friend’s
2013 scenarios voxel-wise MPFC-dACC exclusion
Gu et al., 2010 View pain FC, PPI, Superior MPFC- 18 LFC under the context of
scenarios seed-based frontoinsula painful stimuli
Cox etal.,, 2012  Self-report of FC, seed-based Perigenual 38 Dominance of affective
empathy ACC-left empathy was related to
amygdala stronger positive FC,
dominance of cognitive
empathy was related to
stronger negative FC
Akitsuki and View pain FC, PPI, Medial 26 1 FC of medial OFC-left
Decety, 2009 scenarios voxel-wise OFC-amygdala, amygdala, precuneus-left
precuneus- amygdala during painful
amygdala situations caused
intentionally
THEORY OF MIND
Atique et al., Emotion, FC, seed-based vMPFC-anterior 24 1 FC of vMPFC-anterior
2011 intention ToM TPJ TPJ during emotion
mentalizing
Burnett and Imagine basic FC, PPI, Anterior rostral 28 (10 adults) 1 FC during social emotion
Blakemore, 2009 and social seed-based, MPFC-pSTS/TPJ both in adolescents and
emotional voxel-wise adults, and tFC in
experience adolescents compared to
adults during social
emotion
Mason et al., Read passages FC, seed-based MPFC-TPJ Left hemisphere 36 (10 autistic) LFC between left MPFC
2008 language and right TPJ, as well as
network-ToM left hemisphere language
network network and ToM network,
during intentional inference
condition in the autistic
group
Baumgartner Punish people FC, PPI, dMPFC-left TPJ 16 Negative correlation
etal., 2012 for violating Seed-based between FC of dMPFC-left
social norms TPJ and third-party
punishment of defecting in
group members
Das etal., 2012  Infer states of FC, ICA Posterior 45 (23 schizophrenic) 1 FC in schizophrenic
two moving DMN-lateral
triangles fronto-temporal

networks and
insula

(Continued)
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Table 1 | Continued

Study Paradigm Method Connectivity Connectivity between Number Results
within the DMN DMN and other regions of subjects
Herve et al., Comprehend FC, seed-based MPFC-TPJ “Medial” 51 Interaction between
2012 affective speech network language (inferior frontal,
—*“Language” and temporal areas), ToM
network, (MPFC, TPJ), and emotion
amygdala processing network
observed during emotional
speech comprehension
Lombardo et al., ToM judgments FC, seed-based 33 VMPFC, PCC/precuneus,
2010 about self or a and TPJ exhibited same FC
familiar patterns during mentalizing
non-close other of both self and other
MORALITY
Pujol et al., 2012 Resting state, FC, seed-based n MPFC-PCC 44 (22 psychopaths) 1FC during resting state in
moral dilemma, psychopathic group
stroop task
Craig et al., 2009 DTI OFC-amygdala 27 (18 psychopaths) LFA of the uncinate
fasciculus in psychopaths
Marsh et al., Moral judgment  FC, seed-based rACC/OFC- 28 (14 psychopaths) | FC during task
2011 implicit amygdala performance in
association psychopaths
Decety et al., View moral FC, PPI, VMPFC-TPJ VMPFC- 126 1FC of vMPFC-amygdala
2012a scenarios seed-based amygdala with age when viewing
intentional harm, tFC of
VMPFC-pSTS/TPJ while
viewing moral actions in
adults compared to
adolescents
Verdejo-Garcia Resting state, FC, seed-based ACC-thalami 24 (cocaine users)  LFC during resting state in
et al., 2012 moral dilemma  cross-correlation cocaine-dependent
analysis subjects
Shannon et al., FC, IDEA DMN-PMdr 202 (107 offenders) FC positively correlated

2011

with impulsivity score in
juvenile offenders, while
negatively correlated with
age in typical developing
individuals

PPI, psychophysiologic interaction analyses; DCM, dynamic causal modeling; ICA, independent component analysis; IDEA, iterative data-driven evolutionary algo-
rithm; FC, functional connectivity; EC, effective connectivity; ASD, autism spectrum disorder; DTI, diffusion tensor imaging; MPFC, medial prefrontal cortex; vMPFC,
ventral medial prefrontal cortex; dMPFC, dorsal medial prefrontal cortex; PCC, posterior cingulate cortex; ACC, anterior cingulate cortex; rACC, rostral anterior cin-
gulate cortex; VACC, ventral anterior cingulate cortex; dACC, dorsal anterior cingulate cortex; OFC, orbital frontal cortex; TPJ, temporo-parietal junction area; IPS,
intraparietal sulcus; MCC, midcingulate cortex; ParaCC, paracingulate cortex; Al, anterior insula; pSTS, posterior superior temporal sulcus; IFG, inferior frontal gyrus;
MTG, middle temporal gyrus; PMdr, dorsolateral premotor cortex; AG, angular gyrus; SFG, superior frontal gyrus; FFA, fusiform face area; rIFGpo, the right pars
opercularis of the inferior frontal gyrus; PHC, parahippocampal cortex.

THE DEFAULT MODE NETWORK prefrontal cortex (MPFC), as well as bilateral inferior parietal

The DMN is an anatomically defined brain system that pref-
erentially activates when individuals are not focused on the
external environment (Buckner et al., 2008). Core areas of the
DMN include the medial posterior cortex [specifically the pos-
terior cingulate cortex (PCC) and parts of the precuneus], medial

lobule (IPL) expanding to posterior temporal areas around the
temporo-parietal junction (TPJ). Apart from these core areas,
hippocampus and adjacent regions in the medial temporal lobe
(MTL) and lateral temporal cortex (LTC) extending toward the
temporal pole (TP) are also often reported as part of the DMN
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(Shulman et al., 1997; Buckner et al., 2008; Andrews-Hannaet al.,
2010b) (see Figure 1).

The DMN was originally identified in a meta-analysis map-
ping brain areas that showed increased activity during passive
tasks compared to active tasks in block-design positron emission
tomography (PET) studies (Shulman et al., 1997). Three kinds of
activity patterns within the DMN have been found since then. The
first one is consistently decreased activity when subjects engage
in goal-directed tasks as compared to control states (Gusnard
and Raichle, 2001; Greicius et al., 2003); the second one is the
high intrinsic activity during resting states with the eyes closed or
visually fixating without engagement in any specific task (Raichle
et al., 2001; Greicius et al., 2003; Beckmann et al., 2005); and the
last one is the striking overlap between the DMN and regions
activated in social cognitive tasks (Schilbach et al., 2008; Eickhoff
et al., 2009).

So far, evidence have been found that brain regions within the
DMN contribute to specialized functions organized into subsys-
tems that converge on hubs. Buckner et al. (2008) pointed out
that the DMN consisted of at least two interacting subsystems:
the MTL subsystem containing both the hippocampal forma-
tion (HF) and parahippocampal cortex (PHC); and the core
MPFC subsystem including the posterior cingulate/retrosplenial
cortex (PCC/Rsp), ventral MPFC (vMPFC), and IPL. They pro-
posed that the MTL subsystem was associated with mnemonic
processes and activated during successful retrieval of old infor-
mation, and the MPFC subsystem was activated in tasks requiring
participants to engage in self-relevant mental simulations. Using

FIGURE 1 | The medial prefrontal cortex (MPFC) plays a key role in the
social understanding of others. The subregions of MPFC belong to
different subsystems of DMN. At the bottom, the ventral MPFC is in the
medial temporal lobe subsystem (green) and its connections with emotion
regions are mainly associated with emotion engagement during social
interactions. Above, the anterior MPFC is in the cortical midline structures
(yellow) and its connections with posterior and anterior cingulate cortex
contribute mostly to making self-other distinctions. At the top, the dorsal
MPFC (dMPFC) is in the dMPFC subsystem (blue) and its connection with
the temporo-parietal junction (TPJ) are primarily related to understanding
others’ mental states (Andrews-Hanna et al., 2010b). The orange clusters
show the anterior insula and amygdala, which contribute greatly in the
social understanding of others.

memories and associations from past experiences as its building
blocks, the DMN participated in constructing self-relevant men-
tal simulations that were exploited by a wide range of cognitive
functions including remembering the past, thinking about the
future, and conceiving the current viewpoint of others. Andrews-
Hanna and colleagues further suggested that the DMN consisted
of two subsystems that interacted with acommon core system (see
Figure 1): one was the dorsal MPFC (dMPFC) subsystem com-
prising the dMPFC, TPJ, LTC, and TP; and the other was the MTL
subsystem comprising the HF, PHC, Rsp, vVMPFC, and posterior
IPL. The dMPFC subsystem was selectively activated when par-
ticipants considered one’s own and others’ present mental states,
whereas the MTL subsystem showed preferential activity when
participants simulated the future using mnemonic imagery-based
processes. Both of these two subsystems were strongly correlated
with a midline common core system consisting of the anterior
MPFC (aMPFC) and PCC, which is usually activated when peo-
ple make self-relevant affective decisions. The midline core system
interacted with the MTL subsystem and the dMPFC subsys-
tem to facilitate the construction of mental models of personally
significant events (Andrews-Hanna et al., 2010b).

MEASURING BRAIN CONNECTIVITY IN THE DMN

An increasing number of researchers are interested in the brain
connectivity among the DMN regions and have applied several
newly developed approaches and methodologies to DMN stud-
ies. In the functional connectivity (FC) approach, researchers
compute the statistical interrelation of neurophysiological time
series representing temporal changes in different brain regions,
and examine the stimulus-dependent and -independent synchro-
nizations and interactions between these regions (Friston, 2005;
Menon, 2011). In the effective connectivity (EC) approach, data
can be obtained by dynamic causal modeling (DCM), which esti-
mates and judges the negative or positive impacts of one region
on another and how such impacts are affected by experimental
context (Aertsen et al., 1989; Friston, 2002). Granger causality
and other similar methods, unlike the bidirectional functional
connectivity, which is a model-free concept, computes the uni-
directional EC and emphasizes asymmetric causal interactions
between neural systems. Granger causality estimates forward
(bottom-up) vs. backward (top-down) connectivity between
diverse regions. Nevertheless, it has been criticized for the lack of
a biologically-based generative model and likelihood of obtaining
pseudo estimated “causality” that is in fact induced by systematic
differences across brain areas in hemodynamic lag (Friston, 2009;
Smith et al., 2011). Functional and effective connectivity can be
studied through both linear techniques (correlation coefficient,
coherence) and non-linear techniques (phase synchronization,
generalized synchronization) (Stam and van Straaten, 2012). It
is worth noting that, negative correlations in brain connectiv-
ity analysis, sometimes referred to as anti-correlations, must be
cautiously interpreted since they are usually present only after
regressing whole-brain signals. This raises a point of contro-
versy: whole-brain normalization leads to a bell-shaped corre-
lation value distribution centered on zero, thereby guaranteeing
negative correlations even if such correlations were not initially
present in the data (Murphy et al., 2009; van Dijk et al., 2010).
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A brain network can also be defined on the basis of structural
connectivity through Magnetic Resonance Imaging (MRI) mor-
phology and Diffusion Tensor Imaging (DTI) tractography in vivo
or tracer studies on postmortem tissue. Structural connectivity
denotes a network of anatomical links and places constraints on
which functional and effective interactions occur in the network
(Bullmore and Sporns, 2009; Bressler and Menon, 2010; Menon,
2011).

BRAIN CONNECTIVITY STUDIES ON DMN AND SOCIAL
UNDERSTANDING OF OTHERS

EMOTION PERCEPTION

Emotion plays a crucial role in human social cognition. Perceiving
and interpreting other people’s emotion status is one of the most
important steps during social interaction. Traditional studies on
the neural mechanism of emotion adopted a locationist approach,
which asserted that each basic emotion faculty has its own special-
ized neural circuitry that is architecturally distinct, inborn, and
shared with other animals (Panksepp, 2004). Early neuroimaging
results were indeed congruent with this assumption, for example
amygdala for fear (Adolphsetal., 1995), insula for disgust (Wicker
et al., 2003), orbitofrontal cortex (OFC) for anger (Murphy et al.,
2003), and subgenual anterior cingulate cortex (ACC) for sad-
ness (Murphy et al., 2003). However, several recent meta-analyses
and reviews favored the psychological constructionist approach,
which suggested that a set of interacting brain regions involved
in the basic psychological operations of both emotional and non-
emotional processing were activated during emotion experience
and perception (Lindquist and Barrett, 2012; Lindquist et al.,
2012). Yet co-activation of different brain regions does not nec-
essarily mean connectivity between them, so the evidence for the
constructionist approach is inconclusive and brain connectivity
results would be critical for examining this approach.

Most emotion perception studies using brain connectivity
methods revealed changes between the DMN and other brain sys-
tems, especially between the prefrontal cortex and amygdala. In a
gender discrimination task of angry and neutral faces, Passamonti
et al. (2008) confirmed that the interaction between the ventral
ACC and amygdala was influenced by the drive to obtain reward,
with reduced negative connectivity in high reward-drive partici-
pants. The direction of this effect was limited to connection from
the ventral ACC to the amygdala but not vice versa. Moreover,
in another study, the rostral ACC was negatively coupled with the
amygdala in high vs. low conflict resolution trials of a classic emo-
tion Stroop task with fearful and happy faces, and the strength
of the connectivity predicted successful conflict resolution (Etkin
et al., 2006). Studies also found that the connectivity between dif-
ferent subregions of the MPFC and amygdala may make diverse
effects on emotion function. For example, when people did a fear
perception task, there was a dorsal-ventral division in ACC mod-
ulation of the thalamus-sensory cortex pathway, with a positive
modulation of this pathway from dorsal ACC and a negative one
from the ventral ACC (Das et al., 2005). In addition, Satterthwaite
et al. (2011) demonstrated that the amygdala responded prefer-
entially to threatening (fearful or angry) faces and had increased
connectivity during threat trials with the OFC. Moreover, a
study also showed that the neuroticism scores of subjects were

negatively related to the left amygdala-ACC connectivity, but pos-
itively associated with the right amygdala-dorsomedial prefrontal
connectivity, when processing negative emotional facial expres-
sions (angry and fearful compared to neutral faces) (Cremers
etal., 2010).

Besides the prefrontal cortex and amygdala, functional con-
nectivity changes between other regions were also found in autism
patients. For example, in a facial expression identification task,
the healthy control group had significantly increased connectiv-
ity between the fusiform face area and PCC compared to autism
patients (Kleinhans et al., 2008). In another study requiring
subjects to passively view emotional facial expressions, typically
developing children showed an anticorrelation between the right
pars opercularis of the inferior frontal gyrus (rIFGpo) and the
DMN, whereas autistic children showed a similar anticorrelated
relationship between the rIFGpo and the posterior portion of the
DMN, but not the anterior portion of the DMN (VMPFC) (Rudie
etal., 2012).

General speaking, the FC in emotion perception studies con-
centrated on the relation between the vMPFC (including parts
of ACC), and other emotion-related areas, mainly the amyg-
dala and insula. The DMN has been theorized to make sensory
inputs meaningful as “situated conceptualizations” for distinct
emotions, since it reconstitutes past experiences for use in the
present (Lindquist and Barrett, 2012; Lindquist et al., 2012). The
VMPFC, as part of the DMN, is believed to receive reinforce-
ment expectancy information from emotion learning systems
that process the reinforcement provided by specific reinforcers of
emotional expressions (Blair, 2007). Thus, the above results from
functional connectivity in emotion perception may demonstrate
that the vMPFC is indeed associated with successful regulation of
human’s emotional perception and responses.

EMPATHY

Empathy can be defined as the process to generate an isomorphic
affective state in the self to understand another individual’s emo-
tional state or condition while realizing that it is the other who
causes this affective state (Decety and Svetlova, 2012; Engen and
Singer, 2012). Neuroimaging of empathy is usually acquired by
scanning people’s brain when they fall into empathic states with
various emotions such as disgust, reward, joy, and, particularly,
pain (Jabbi et al., 2008; Singer et al., 2009; Bernhardt and Singer,
2012). Researchers proposed that at least three neural systems play
vital roles in empathy: the mirror neuron system, the affective
empathy system located in the anterior insula (Al) and midcin-
gulate cortex (MCC), and the cognitive empathy system of theory
of mind that almost overlaps with the DMN network. The affec-
tive empathy system and the cognitive empathy system are linked
through the vMPFC (Walter, 2012).

Only a few empathy studies adopted brain connectivity meth-
ods to investigate the FC within the DMN, most of which were
studying pain. For instance, although temporal correlation anal-
ysis demonstrated that the anterior DMN (aDMN) was deacti-
vated in both the “Pain” and “No Pain” conditions compared to
the resting-state, the decrease of connectivity was significantly
stronger in the “No Pain” than “Pain” condition. In addition,
independent component analysis (ICA) demonstrated that higher
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integration of the left medial OFC into the aDMN was associated
with higher post-scan pain ratings (Otti et al., 2010).

Most of empathy studies focused on the connection between
the DMN (e.g., MPFC) and other regions, especially the insula.
When participants watched short videos of other people suffer-
ing painful injuries, the brain area of dAMPFC and PCC showed
greater connectivity with the dorsal ACC and Al than when par-
ticipants received noxious thermal stimulation (Zaki et al., 2007).
In another study, subjects were asked to view color photographs
describing human body parts in painful or non-painful situations
and then judge whether the person was suffering from pain or not.
Results revealed that the frontoinsular cortex showed decreased
FC with the superior MPFC in response to the painful compared
to non-painful stimuli (Gu et al., 2010). Moreover, observing a
friend experiencing social exclusion would trigger greater inten-
sity of FC between the MPFC and both the dorsal ACC and
bilateral insula than observing a stranger doing so (Meyer et al.,
2013). Furthermore, Cheng et al. (2007) proposed that medical
experts who applied painful procedures in their practice could
regulate the unpleasant feelings generated by perceiving others
in pain through modulating attentional demands. In accord with
this hypothesis, experts showed negative FC between the MPFC
and Al, whereas the controls showed no significant correlation
with the MPFC.

As to the relationship between the amygdala and MPFC in
empathy, studies found that the FC pattern between the amyg-
dala and other brain areas was modulated by social context. For
instance, the medial OFC and precuneus showed stronger covari-
ation with the left amygdala when the visual stimulus was one per-
son in a painful situation caused by another individual than when
the situation was caused by accident (Akitsuki and Decety, 2009).
Cox et al. (2012) argued that relative empathic ability (REA), the
difference between affective empathy and cognitive empathy, is
a useful index for empathy ability. Their results showed that the
dominance of affective empathy was associated with stronger FC
among social-emational regions (ventral anterior insula, OFC,
amygdala, perigenual ACC), whereas the dominance of cognitive
empathy was related to stronger FC among areas implicated in
social-cognitive regions (brainstem, STS, ventral anterior insula).

The FC differences found in empathy studies may reflect
similar mechanisms as emotion perception, which involve the
vMPFC’s connection with the amygdala and insula (Akitsuki and
Decety, 2009; Otti et al., 2010). Empathy has a deep evolutionary
foundation stemming from the phylogenetically ancient practice
of parental care, which assists the propagation of genetic legacy
to future generations. The motivational systems originally devel-
oped to care for one’s offspring have gradually been used to
facilitate positive relationships between unrelated group mem-
bers. Ultimately, empathy became a useful means of forming
and maintaining strong social bonds between unrelated individ-
uals (Decety et al., 2012b). By enabling human beings to feel the
suffering of others, empathy can promote affective interactions
and contribute to prosocial behaviors toward other conspecifics,
depending on relevant social contexts and social relationships
(Decety and Porges, 2011). Thus, it is very important for humans
to identify the real protagonist of emotion—the one who causes
this affective state. It follows that empathy, to a great extent,

is based on emotion perception. Consistent with this line of
thought, the region in the frontal cortex that is strongly impli-
cated in both empathy and emotion perception is the aMPFC
(Cheng et al., 2007; Otti et al., 2010; Cox et al., 2012; Meyer et al.,
2013), which takes charge of the self-other distinction. There are
also some other areas connected with the dMPFC (Zaki et al.,
2007; Gu et al., 2010), which contribute to the recognition of
other humans’ mental states.

THEORY OF MIND

Theory of mind refers to the ability to explain, predict, and
interpret another person’s behavior by attributing affective and
cognitive mental states such as desires, beliefs, intentions and
emotions to other people (Amodio and Frith, 2006; Abu-Akel
and Shamay-Tsoory, 2011; Krause et al., 2012). The machin-
ery of ToM involves at least three basic processes: representing
cognitive and affective mental states, attributing these mental
states to others, and finally applying (or deploying) these mental
states to correctly comprehend and forecast behavior (Abu-Akel
and Shamay-Tsoory, 2011). A number of neuroimaging stud-
ies have demonstrated the crucial role of the MPFC in ToM
tasks (Northoff and Bermpohl, 2004; Uddin et al., 2007; Qin and
Northoff, 2011). Some researchers also declared that ToM was
subserved by the posterior DMN (pDMN) regions. For instance,
Saxe argued that the right TPJ was vital for representing men-
tal states, particularly false beliefs (Saxe, 2006), and Samson and
colleagues proposed that the left TPJ (coupled with the frontal
lobes) was crucial for the representation of mental states (Samson
et al., 2004). In general, neuroimaging studies have identified a
common pattern of brain activation underlying autobiographical
memory, ToM, and the DMN (Fair et al., 2008; Spreng et al., 2009;
Spreng and Grady, 2010).

Past ToM studies investigating the brain connectivity within
the DMN revealed strong connections between the parietal and
frontal cortex. For instance, Atique and colleagues compared the
different patterns of functional connectivity between inferring
another person’s emotion (emotion mentalizing) and intention
(intention mentalizing) in the DMN. The results revealed a dou-
ble dissociation, such that a more anterior region of the right and
left TPJ was more strongly activated during emotion mentaliz-
ing and showed stronger FC with the vMPFC, whereas a more
posterior region was more strongly activated during intention
mentalizing (Atique et al., 2011). Burnett and Blakemore found
that an anterior rostral region of the MPFC (arMPFC) showed
greater connectivity with the posterior superior temporal sul-
cus (pSTS) bordering on the TPJ and anterior temporal cortex
during social emotion (such as embarrassment and guilt) than
basic emotion, which was in line with the assumption that social
emotions require the representation of another’s mental states.
They also found that the adolescent group possessed stronger
connectivity between arMPFC and pSTS/TPJ during social vs.
basic emotion than did the adult group (Burnett and Blakemore,
2009). Moreover, Mason et al. (2008) detected that the autism
group had lower functional connectivity within the DMN net-
work (between the left medial frontal gyrus and right TPJ) in the
intentional inference condition than the control group. In addi-
tion, researchers found that when subjects made the decision to
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punish in-group members and out-group members for violating
social norms (third-party punishment), the less in-group mem-
bers were punished, the stronger was the FC between the dAMPFC
and left TPJ (Baumgartner et al., 2012).

Some other studies explored the connectivity between the
DMN network and other regions during ToM processing. For
example, in a study asking schizophrenia patients to infer the
social interactions of two moving triangles, FC analyses showed
that the degree of FC between task-positive (lateral fronto-
temporal network and insula) and task-negative (medial fronto-
temporal network and pDMN) regions was significantly reduced
in schizophrenia patients as compared to controls (Das et al.,
2012). Another study also detected that autistic patients had lower
FC between the DMN (the left MPFC and the right TPJ) and a
left hemisphere language network (the inferior frontal gyrus and
posterior left middle temporal gyrus) in the intentional infer-
ence condition than the control group (Mason et al., 2008).
Additionally, in a study using an affective speech comprehen-
sion task, researchers identified three functional modules with
FC analysis, including a “medial” ToM network (the MPFC and
TPJ regions), a bilateral “language” network (the inferior frontal
and temporal areas), and the bilateral amygdala. The coopera-
tion of these modules was observed during people’s emotional
speech comprehension, with the left angular gyrus playing a crit-
ical role when the medial network and the language network
interacted (Herve et al., 2012). Furthermore, Lombardo et al.
(2010) found that the vMPFC, PCC/precuneus, and TPJ all exhib-
ited the same FC patterns during mentalizing of both self and
others, which indicated that identical neural circuits were imple-
menting processes involved in the mentalizing of both self and
others.

To sum up, the main findings of ToM studies focused on
the connection between the dMPFC and TPJ (Mason et al.,
2008; Burnett and Blakemore, 2009; Baumgartner et al., 2012;
Herve et al., 2012), with few studies on the FC between vMPFC
(Lombardo et al., 2010; Atique et al., 2011) and aMPFC (Burnett
and Blakemore, 2009), as well as some other regions, such as
the insula and language network (Das et al., 2012; Herve et al.,
2012). Relative to emotion perception and empathy, ToM is con-
sidered as a relatively high-level cognitive process (Gallagher and
Frith, 2003; Amodio and Frith, 2006). Many species can predict
the goals of others, while only humans and perhaps some non-
human primates can separate one’s own mental perspective from
that of others (Van Overwalle, 2009; Van Overwalle and Baetens,
2009). The process of ToM critically involves self-projection, since
we must imagine ourselves in the same situation as another per-
son and use our own experiences to simulate and understand
the mind of that person (Blakemore and Decety, 2001; Spreng
et al., 2009; Spreng and Grady, 2010; Spreng and Mar, 2012).
Hence, the ToM processes require not only representing current
and mnemonic event materials, which mainly depends on the
posterior hemisphere of the human brain, but also distinguish-
ing self from others, which is the critical function of the frontal
cortex. The involvement of dMPFC in ToM is perhaps due to
its responsibility for evaluation and decision-making processes
in self- and other-referential processing (van der Meer et al.,
2010).

MORALITY

Psychologists’ interest in the moral dimensions of life and
thoughts could date back to the dialogs of Plato and Aristotle’s
ethical treatises. In the recent 20 years, neuroscience has started
a new era for moral psychology. Neuroimaging studies have
found several brain regions related to morality, such as the ACC
(Greene et al., 2004), TPJ (Young et al., 2007, 2011; Young and
Saxe, 2008, 2009), vMPFC (Tangney et al., 2007; Zahn et al.,
2009; Moll et al., 2011), and dorsolateral prefrontal cortex Greene
et al., 2004, 2008. The distributed nature of the moral network
led researchers to shift their focus from seeking domain-specific
brain regions dedicated to morality to determining the contri-
butions of domain-general processes to morality (Shenhav and
Greene, 2010; Young and Dungan, 2011). The existing results
show that the moral brain network is closely associated with the
DMN (Buckner et al., 2008; Bzdok et al., 2012; Reniers et al.,
2012).

Connectivities within the DMN have been found in some
morality studies. Decety found that the adult group showed
the strongest connectivity between the vMPFC and pSTS/TPJ
during viewing of moral actions relative to non-moral actions
when compared to other, younger groups (Decety et al., 2012a).
Harrison et al. (2008a) compared the FC within the DMN when
subjects were resting, judging moral dilemmas, or performing the
Stroop task. They found that regions within the DMN, particu-
larly the posterior and anterior cingulated cortex, showed greater
correlated activity during the moral dilemma task compared to
the resting state. Pujol and colleagues further discovered that,
in contrast with control subjects, psychopathic individuals with
documented histories of severe criminal offenses showed signifi-
cantly reduced FC between the medial frontal cortex (aDMN) and
posterior brain areas (pDMN) in the resting state (Pujol et al.,
2012).

Due to the complexity of morality, researchers are also very
interested in the relation between the DMN and other networks,
particularly the amygdala. When categorizing illegal and legal
behaviors in an implicit association moral judgment task, youths
with psychopathic traits displayed reduced FC between the amyg-
dala and the medial OFC compared with healthy controls (Marsh
et al., 2011). Decety et al. (2012a) found a positive age-related
increase of FC between the vMPFC and amygdala in response to
intentional harm. Another study reported significantly reduced
fractional anisotropy (FA), an indirect measure of microstruc-
tural integrity, in the uncinate fasciculus (white matter connec-
tions linking the amygdala and OFC) of psychopaths compared
with controls (Craig et al., 2009). Cocaine-dependent subjects
have been found to have less resting-state functional connectivity
between the ACC, thalamus, insula and the brain stem com-
pared with controls (Verdejo-Garcia et al., 2012). Furthermore,
researchers also found that the strength of the coupling between
the dorsolateral premotor cortex and the DMN was positively
correlated with the impulsivity scores in juvenile offenders but
negatively correlated with age in typically developing individuals
(Shannon et al., 2011).

Moral judgment is one of the most complex social behaviors.
It involves a variety of lower level cognitive processes, such as
distinguishing between self and others, integrating social norms,
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computing goal-directed actions, showing empathy to others and
inferring the intentions of others (Moll et al., 2008; Bzdok et al.,
2012; Feldmanhall et al., 2013). Corresponding complexity has
been shown in the above FC results. Moral judgment studies
reported FC results that not only involved areas subserving emo-
tion perception, empathy, ToM, but also other regions, such as
the FC between the medial OFC and precentral sulcus (Decety
et al.,, 2008), as well as the ACC and thalamus (\erdejo-Garcia
et al., 2012). However, neuroimaging studies using brain connec-
tivity methods are still scarce in the field of morality. Given the
importance of moral judgment to society, high priority should
be given to conducting more studies using the FC approach to
further explore the neural mechanisms of morality.

DISCUSSION

One of the consistent trends revealed in the above studies is that
tasks from all the related fields of social understanding of oth-
ers, from emotion perception to morality, elicit brain connectivity
changes from the MPFC (extending to the ACC), a core region of
the DMN, to other regions either inside (e.g., TPJ or PCC) or out-
side (e.g., insula or amygdala) of the DMN. Furthermore, more
complex behaviors are subserved by brain regions which are sit-
uated higher in the frontal cortex. These results indicate that the
MPFC plays a critical role in the social understanding of others,
and different parts of MPFC take charge in distinct cognitive pro-
cesses. According to Andrews-Hanna et al. (2010b), the MPFC
can be divided into three subregions that belong to different sub-
systems of the DMN: the dMPFC in the dMPFC subsystem, the
VMPFC in the MTL subsystem and the aMPFC in the midline
common core system. The FC results reviewed in the current
article provide support for the statements above.

CONNECTIVITY FROM THE vMPFC OF THE MTL SUBSYSTEM

The vMPFC in the MTL subsystem is crucial in processing emo-
tional features during social cognition. Connectivity changes
between the vMPFC and other DMN regions (TPJ) have been
found in ToM studies and morality studies. Atique and col-
leagues found that a more anterior region of the right and left
TPJ showed strong FC with the vMPFC during emotion men-
talizing (Atique et al., 2011). In contrast, Decety et al. (2012a)
found an increase of FC between the vMPFC and pSTS/TPJ while
viewing moral actions in adults compared to adolescents. The
connection between the vMPFC and TPJ in these two fields can
be attributed to the affective aspects of ToM that enables humans
to infer emotions.

The dense connections between the VMPFC and emotional
regions (e.g., amygdala, insula) means this frontal region can
represent and regulate socioemotional states and synthesize a
diverse range of information to represent affective mental states
(Abu-Akel and Shamay-Tsoory, 2011). In all four fields, particu-
larly emotion perception and empathy, the connectivity changes
between the amygdala and vMPFC were repeatedly attested. The
detection of connectivity between these two regions, to a certain
extent, is consistent with discoveries in animal studies using fear
conditioning paradigms which affirm that these regions play a
critical role in the process of animal fear conditioning (Maren and
Quirk, 2004; Jovanovic and Ressler, 2010; Fiorenza et al., 2012).

Researchers have put forward a fear conditioning neuromech-
anism model, in which learning the conditioned responses in
the central nucleus of the amygdala is modulated by two sepa-
rate processes. One signals a positive prediction error from the
basolateral amygdala, and another signals a negative prediction
error from the vMPFC (Moustafa et al., 2013). This model is,
in part, similar to the Integrated Emotion Systems (IES) model
proposed by Blair (2007), which states that relatively indepen-
dent emotion learning systems (e.g., the processing of fearful, sad
and happy expressions in the amygdala, disgust expressions in the
insula, as well as angry expressions in the inferior frontal cor-
tex) input reinforcement expectancy information to the vMPFC
while processing reinforcement provided by specific reinforcers
of emotional expressions. The VMPFC represents the informa-
tion and thus allows decision making, including moral decision
making. The reduced connectivity between the MPFC and amyg-
dala (Marsh et al., 2008; Glenn, 2011; Motzkin et al., 2011)
instead of the insula and inferior frontal cortex in psychopaths
relative to controls offers strong confirmation, as their impair-
ments when processing care-based transgressions is thought to
depend on the amygdala’s role in the association of the trans-
gression with the fear/sadness of the victim. Compared with
the IES model, the amygdala-hippocampal-prefrontal interaction
model includes the hippocampus, which is also frequently found
in emotion related studies using functional connectivity meth-
ods (Kensinger and Corkin, 2004; Smith et al., 2006), and takes
the effects of environment into account. However, there are still
many open questions. For example, what is the actual role of the
VMPFC? Does this region only signal a negative prediction error
to the central nucleus of the amygdala, as Moustafa states, or does
it play a part in successful decision making, as Blair asserts? How
do other’s emotions influence one’s own moral decision?

CONNECTIVITY FROM THE aMPFC OF THE CORTICAL MIDLINE
STRUCTURES

The aMPFC and PCC are part of the core cortical midline struc-
tures (CMS) of the DMN, which mostly contributes to the elab-
oration of the experiential feelings of self (Northoff et al., 2006,
2011; Leech et al., 2011; Pearson et al., 2011; Qin and Northoff,
2011; Denny et al., 2012; Leech and Sharp, 2013). The aMPFC
has been proposed to be critical in making self-other distinc-
tions. For example, the aMPFC activates when participants make
judgments or remember trait adjectives about themselves com-
pared to other people (e.g., Kelley et al., 2002; D’Argembeau et al.,
2005; Heatherton et al., 2006; Mitchell et al., 2006). The above
results show the crucial role the aMPFC plays in processes of
social behavior, especially empathy. For instance, medical experts
who applied painful procedures in their practice showed negative
FC between the MPFC and Al, while controls showed no signif-
icant correlation with the MPFC (Cheng et al., 2007). It could
be interpreted that long-term practice allows the medical experts
to regulate the unpleasant feelings through self-other discrimina-
tion to identify the real protagonist of pain. In addition, observing
a friend experience social exclusion triggers greater intensity of
FC between the MPFC and both the dorsal ACC and bilateral
insula than observing a stranger doing so (Meyer et al., 2013).
This result can be explained by the logic that the concept of friend,
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as compared to stranger, is closer to the self, thus social exclusion
of a friend brings about greater FC.

CONNECTIVITY FROM THE dMPFC OF THE dMPFC SUBSYSTEM

The main results of the reviewed studies with regards to the
DMN are the associations between the dMPFC and TPJ in the
dMPFC subsystem, which were present not only in ToM (men-
talizing) but also in morality studies. Understanding complex
social interactions among people who are presumed to be social,
interactive, and emotive always involves the processing of self-
reflective thoughts and judgments (Buckner et al., 2008). Thus it
is not surprising that connections between the TPJ and dMPFC
are commonly found in these studies, since these two areas
are key regions known to be involved in inferring temporary
goals, intentions, desires, and more enduring dispositions of
others owing to previous localization results using the mental-
izing paradigm (Gallagher and Frith, 2003; Mitchell et al., 2005;
Hampton et al., 2008; Steinbeis and Koelsch, 2009; Van Overwalle
and Baetens, 2009). For example, studies have shown that func-
tional connectivity between the dMPFC and TPJ increased when
healthy participants performed ToM tasks on social properties
but decreased when autistic participants did (Mason et al., 2008;
Burnett and Blakemore, 2009; Baumgartner et al., 2012).

Several different theories have been proposed to interpret
the relationship between the dMPFC and TPJ (as well as other
LTC regions such as pSTS). For example, it is suggested that
the dMPFC is associated with the internally-focused process
of considering the contents of another person’s mind, whereas
those temporal regions are related to externally-focused processes
that do not require consideration of a target’s internal states
(Lieberman, 2007). Some researchers have argued that the TPJ is
responsible for a domain-general computational mechanism for
reorienting attention to the agency (e.g., other individual) and the
MPFC is more domain specific for understanding human men-
tal states (Decety and Lamm, 2007). Others have proposed that
the TPJ is more specific for the, possibly uniquely, human abil-
ity to reason about others’ affective and cognitive mental states,
and the MPFC is more domain-general (Saxe, 2006). Thus the FC
between the TPJ and the MPFC would be an index of either shift-
ing between internally-focused and externally-focused processes
or communication between domain-general and domain-specific
processing during the understanding of others’ mental states.

CONNECTIVITY FROM OTHER REGIONS OF THE DMN

Besides the MPFC and TPJ, several studies also revealed con-
nectivity changes between the PCC/Precuneus in the CMS and
other regions within and outside the DMN (Zaki et al., 2007;
Harrison et al., 2008b; Assaf et al., 2010; Weng et al., 2010; Pujol
et al., 2012). The PCC appears sensitive not only to explicit
emotional engagement, for example, during tasks of emotional
word processing and face-perception, but also implicit emotional
engagement during self-directed attention or evaluation, as well
as autobiographical memory Leech et al., 2011, 2012; Pearson
et al., 2011; Leech and Sharp, 2013. Vogt et al. (2006) thus
proposed that the PCC may respond to the general emotional
content of events, particularly when the nature of processing is
self-relevant.

In summary, during tasks from all four social fields, emotion
perception, empathy, ToM, and moral judgments, connectivity
changes were found between the MPFC and other regions within
the DMN (e.g., TPJ, PCC) or outside the DMN (e.g., amygdala,
insula). Evidence has shown that the MPFC is closely related to
self-referential processing (Northoff et al., 2011; Wagner et al.,
2012; Moran et al., 2013). The connectivity changes between
the MPFC and other regions further confirm the viewpoint that
humans use memories and associations from past experiences
as the building blocks for understanding other’s emotional and
cognitive states. Furthermore, these studies suggest that different
parts of the MPFC undertake distinct responsibilities. Specifically,
connectivity changes between the emotion regions and vMPFC
were repeatedly found in all four fields, particularly emotion
perception and empathy; the aMPFC was found to be crucial,
especially for empathy; and the associations between the dMPFC
and TPJ were usually present in ToM (mentalizing) and moral-
ity studies. As social behaviors become more and more complex,
the involvement of related regions in the medial frontal cortex
gradually increased as well, which may reflect the transition of
information processing from automatic to effortful cognitive pro-
cesses. In consideration of all these findings, we propose that the
VMPFC is engaged in identifying self-relevant information and
assessing the salience of stimuli (Gusnard et al., 2001; Northoff
and Bermpohl, 2004; Northoff et al., 2006); the aMPFC takes
charge in making clear self-other distinctions (Andrews-Hanna
et al., 2010b), and the dMPFC is involved in the evaluation and
decision of whether a certain stimulus is applicable to the self or
to another (van der Meer et al., 2010).

In addition to the MPFC regions, social understanding of
others also includes cognitive processing for extracting existing
storage and perceiving immediate material to represent current
events, as well as for identifying and expressing the emotion itself.
The former is closely related to the TPJ, which is believed to help
in the establishment of a social context for a decision (Carter and
Huettel, 2013), whereas the latter is managed by the amygdala,
insula and other emotion regions. These three basic processes
interact with each other and eventually lead to the formation of
complex social behavior.

Reproducibility is a lingering issue with previous studies. For
example, Andrews-Hanna and colleagues divided the MPFC into
dMPFC, vMPFC, and aMPFC and proposed that they respectively
belong to the dMPFC subsystem, MTL subsystem, and common
core system (Andrews-Hanna et al., 2010a,b). van der Meer and
colleagues further suggested that “the vMPFC is responsible for
tagging information relevant for “self,” whereas the dMPFC is
responsible for evaluation and decision-making processes in self-
and other-referential processing” (van der Meer et al., 2010).
However, other studies did not emphasize the role of aMPFC, but
instead showed that the vMPFC responds more to self, whereas
the dMPFC responds more to others (Denny et al., 2012; \Wagner
et al., 2012). Compared with these studies, the present article
specifically highlights the function of self-other distinction in
the aMPFC for two main reasons: theoretically, there must be
some transition from self to others and the aMPFC anatomi-
cally connects the vMPFC and dMPFC; in practice, as we have
presented, this area has been repeatedly found to participate in
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the differentiating of self and others. However, to address the
divergence and inconsistencies between studies, more brain con-
nectivity methods such as those from graph theory, statistical
physics, and non-linear dynamics should be put to use to confirm
the relations and differences between the subregions of the MPFC
and the DMN. Transcranial magnetic stimulation and transcra-
nial direct-current stimulation should also be considered because
they can provide causal evidence to evaluate the above theories.

CONCLUSION AND FUTURE DIRECTIONS

In this article, we reviewed recent studies on the social under-
standing of others using brain connectivity methods. We focused
on the brain connectivity within and outside the DMN in four
different research fields: emotion perception, empathy, ToM, and
morality. The reviewed studies suggest that the MPFC plays a
key role in the social understanding of others, the subregions of
the MPFC contribute differently to this function according to
their roles in the different subsystems of the DMN, and more
complex behaviors are related to anatomically higher regions
in the frontal cortex. Starting from the bottom, the vMPFC in
the MTL subsystem and its connection with emotion regions
are mainly associated with emotion engagement during social
interactions. Above the vMPFC, the aMPFC in the CMS and its
connections with the PCC and ACC contribute mostly to mak-
ing self-other distinctions. At the top, the dMPFC in the dMPFC
subsystem and its connection with the TPJ are primarily associ-
ated with understanding others’ mental states. Besides the MPFC
and TPJ, the connectivities of the PCC also show some changes
during tasks from the four social fields. These results indicate
that the DMN is indispensable in the social understanding of
others.

Several points require attention during future development of
large-scale brain connectivity studies of social cognition. First of
all, interest in brain connectivity arose from the study of brain
lesions and neuropsychiatric disorders ranging from epilepsy to
autism (Menon, 2011; Shafi et al., 2012). A rich body of litera-
ture on neuropsychiatric disorders suggest that abnormalities in
the interactions of network components play a vital role in these
disorders (Lytton, 2008; Vissers et al., 2012), and damage to spe-
cific functional connectivity networks can result in corresponding
neuropsychopathy (Seeley et al., 2009). However, compared with
lesions and patient studies, there are far fewer studies on healthy
human participants applying the methods and theories of brain
connectivity, let alone in the field of social cognition. This is a
very promising approach for future work.

Secondly, most previous studies exploring the social brain
in healthy participants only computed the functional or effec-
tive connectivity among regions of interest determined by prior
experience or localization tasks, whereas a wide range of brain
connectivity methods such as those from graph theory, statistical
physics, and non-linear dynamics have been adopted in neuropsy-
chiatric disorders studies (van den Heuvel and Hulshoff Pol, 2010;
Menon, 2011; Xia and He, 2011; Stam and van Straaten, 2012;
Yu et al.,, 2012; Griffa et al., 2013). Undoubtedly, these meth-
ods should be put to use to confirm the relations and differences
between subregions in the MPFC or the DMN and deeply explore
the complex social brain network in healthy participants.

Thirdly, so far most brain connectivity studies are con-
ducted with fMRI, a technique based mainly on correlational
evidence. However, investigating causality is the main goal of
scientific studies, so building causal models accounting for the
entire loop of social information processing within and between
brains would be a promising future direction (Singer, 2012).
Consequently, the methods for studying brain networks could
be combined with many other methodologies, such as multi-
voxel pattern analyses (Carter et al., 2012), transcranial magnetic
stimulation/transcranial direct-current stimulation (Young et al.,
2010; Carter et al., 2012), genetic-imaging approaches (Glenn,
2011), and pharmacological interventions (Sripada et al., 2012)
to explore the neural substrates of various human physiological
and psychological states during social interaction.
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equipped with basic functionalities to an efficient network facilitating complex behavior
starts during gestation and continues into adulthood. Resting-state functional MRI
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INTRODUCTION

The change from basic behavioral patterns during the first
months after birth to being able to reason logically as an
adult illustrates that development of the brain with age is very
important. Although these cognitive manifestations of brain
development are impressive, brain maturation may be even bet-
ter appreciated by the macroscopic anatomical changes which the
brain undergoes before birth. Considerable increases in both cor-
tical folding and volume have been studied from 26 weeks gesta-
tional age (Figure 1) (Dubois et al., 2008; Ment et al., 2009). Even
though this process continues also beyond the age of 2, impor-
tant changes in cortical folding and volume are observed before 2
years of age. From the age of 2 onwards, both cognitive and behav-
ioral development becomes more prominent, while the extent of
macroscopic anatomical changes and myelination is fairly limited
compared to changes before the age of 2 (Paus et al., 1999). Thus,
development of these domains during late human development
is more likely to rely on microstructural or functional changes
(Yakovlev and Lecours, 1967; Paus et al., 1999).

For studying brain development, previous research has shed
light on different aspects of the early developing brain, such as
cerebral volume, cortical morphology, gray/white matter ratios,
and brain metabolism (Chugani, 1998; Dubois et al., 2008;
Huppi, 2011). Studies have revealed several aspects of brain
structure and function using techniques such as conventional
MR, diffusion-tensor imaging (DT]I), positron emission tomog-
raphy (PET), and electroencephalography (EEG) (Chugani, 1998;
Smit et al., 2012; Vasung et al., 2013). An imaging technique
to study the functional interactions between brain regions is

resting-state functional MRI (rs-fMRI), which measures the level
of correlation between endogenous brain signals. Evidence is
emerging that this spontaneous activity is predominantly of
a neuronal origin and can thus reflect functional connectiv-
ity (FC) within the brain (Fox and Raichle, 2007; Leopold
and Maier, 2011). In case of a significant overlap of sponta-
neous activation patterns of two spatially distant brain regions,
a level of FC is assumed and a so-called resting-state net-
work (RSN) can be identified (Fox et al., 2005; Fox and
Raichle, 2007). At least eight resting-state networks, among oth-
ers motor, visual, attentional, and default-mode networks, have
been described in adult humans (Figure 2) (Damoiseaux et al.,
2006; Smith et al., 2009; Van den Heuvel and Hulshoff Pol,
2010). Also animal studies in rodents (Becerra et al., 2011;
Jonckers et al., 2011) and monkeys (Hutchison et al., 2011;
Mars et al., 2011) have shown analogous large-scale brain net-
works, validating concepts of functional network connectivity in
humans.

This review will address some of the developmental changes
that can be observed in the functional networks of the young
brain using rs-fMRI. First, to illustrate how the early human
brain develops qualitatively, connectivity patterns of preterm
and full-term children up to the age of 2 will be discussed.
After a concise description of late human brain development,
i.e. from 2 years of age onwards, the focus will shift toward
guantitative measurements of brain development. Lastly, a brief
summary, a discussion of a number of technical limitations
of rs-fMRI as well as future directions for research will be
provided.
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EARLY HUMAN DEVELOPMENT

In recent years, early brain maturation has been studied by
examining the resting-state dynamics in both prenatal and post-
natal life. Recently, two studies have conducted fetal rs-fMRI
showing that it may be possible to map FC of healthy fetuses
(Schopf et al., 2012; Thomason et al., 2013). Almost half of all
bilateral functional networks could be identified in utero from
24 weeks gestational age onwards, with increasing connectivity
strength toward full-term age (Thomason et al., 2013). Similar
maturation effects have been observed in prematurely born
infants (Fransson et al., 2007; Doria et al., 2010; Smyser et al.,
2010). Five functional networks were indentified in extremely
preterm to early preterm infants at term-equivalent age, encom-
passing the primary visual cortex, bilateral sensorimotor area,
bilateral auditory cortex, precuneus area, lateral parietal cortex,
cerebellum, and the medial and dorsolateral prefrontal cortex
(Figure 3) (Fransson etal., 2007). Additionally, default-mode and
executive control RSNs have been reported in very preterm to
late preterm infants as well (Doria et al., 2010). One network in

A B C
FIGURE 1 | Cortical folding at 26 weeks (A), 29 weeks (B), and 36
weeks gestational age (C). This illustrates considerable macroscopic
changes of the developing preterm brain. Images are generated by brain
surface rendering with a mathematical morphology approach. The different

colors delineate surface curvature. Reproduced with permission from
Elsevier (Ment et al., 2009).

the prematurely born infants (Figure 3, network D) could not be
directly linked to a comparable network known in adults. Also,
immaturity of the identified networks was characterized by less
extension into the posterior-anterior direction compared to adult
networks. Although contradicting results have been reported on
lateralization of developing networks in which also unilateral net-
works have been described (Liu et al., 2008), more evidence seems
to be present for bilateral FC patterns, already present at the
neonatal stage (Fransson et al., 2007, 2009; Lin et al., 2008; Kelly
et al., 2009; Gao et al., 2013). Based on the consistent findings
of both fetal and neonatal rs-fMRI studies it can be hypothe-
sized that the foundations of resting-state networks are already
laid down before term age, with rapid neural growth in the last
trimester of pregnancy (Doria et al., 2010).

The default-mode network (DMN) is a network that received
considerable attention in FC studies in children. The adult DMN
encompasses the posterior cingulate cortex (PCC), the precuneus,
the medial prefrontal cortex (mPFC), the orbital frontal gyrus,
the anterior cingulate cortex (ACC), the inferolateral temporal
cortex, the parahippocampal gyrus as well as the bilateral pari-
etal cortex (Raichle et al., 2001; Thomason et al., 2008; Van den
Heuvel et al., 2009; Damaraju et al., 2010). Which exact collec-
tion of functions the network employs in humans has not yet been
elucidated. However, the DMN is considered to be important for
internally focused tasks, such as episodic memory, self-referential
thought, and other social cognitive processes (Buckner et al.,
2008; Uddin et al., 2010). Resting-state studies that could not
detect a DMN in preterm infants have suggested the existence of
a pre-DMN, or “proto-DMN” (Fransson et al., 2007, 2009, 2011;
Doria et al., 2010; Power et al., 2010; Smyser et al., 2010). This
network, composed of the bilateral parietal cortex and the pre-
cuneus/PCC, has been suggested to be a fragment of the posterior
part of the adult DMN, forming the basics of the DMN at term
age (Doria et al., 2010).

primary
motor

*88

left
parietal-frontal

H ¢

FIGURE 2 | lllustration of eight commonly reported resting-state
networks (RSNs), consisting of distant areas that show
functional coupling. Both unilateral and bilateral connectivity

insular-temporal/ACC

frontal

networks have been consistently reported in adults. Reproduced
with permission from Elsevier (Van den Heuvel and Hulshoff Pol,
2010).
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FIGURE 3 | The five resting-state networks consistently found in
preterm infants. Each row depicts one resting-state network represented
on an axial T2-weighted template, with on the left hand side the left
hemisphere. Colors indicate correlation strength, with increasing correlation
strength toward the yellow part of the spectrum. (A) primary visual areas;
(B) bilateral somatosensory and motor cortices; (C) bilateral
temporal/inferior parietal cortex encompassing the primary auditory cortex;
(D) posterior lateral and midline parts of the parietal cortex and lateral
aspects of the cerebellum; (E) medial and lateral sections of the anterior
prefrontal cortex. With permission reproduced from (Fransson et al., 2007).
Copyright National Academy of Sciences, U.S.A. (2007).

Even though the frameworks of the DMN and other RSNs
can be recognized at term age, some networks appear to be
more developed than others. For example, FC of the visual and
auditory networks is relatively mature compared to other net-
works in preterm infants around 36 weeks of gestation (Lin
et al., 2008; Doria et al., 2010). Medial regions develop through
different connectivity patterns as compared to lateral regions
(Smyser et al., 2010). In these medial regions, such as in the
anterior cingulate, an increase in interhemispheric connectivity
can already be detected as early as 26 weeks post-menstrual age
(PMA) (Smyser et al., 2010; Thomason et al., 2013). Seeds in lat-
eral brain regions, for instance in the sensorimotor cortex, have
connections that extend over a relatively large distance to their
homotopic counterparts. Interhemispheric connectivity between
these laterally located areas still cannot be detected by 38 weeks
PMA (Smyser et al., 2010). They appear to first intensify local

connection strength before the connection toward the homo-
topic counterpart is established (Smyser et al., 2010). Increasingly
coherent interhemispheric activity and high thalamic FC during
the period of accelerated neural development demonstrates the
critical importance of this last period of pregnancy for brain net-
work maturation (Smyser et al., 2010, 2011; Uddin et al., 2010;
Thomason et al., 2013).

THE FIRST YEARS OF LIFE

Next to different developmental rates of connectivity strength,
development of network size appears to differ between networks
as well. Changes in network size, represented by a percentage of
brain volume, have been observed during the first years of life.
Comparing infants of 2 weeks with infants at 2 years of age, sev-
eral RSNs have shown to exhibit a significant increase in FC as
well as cerebral volumes of cortical connectivity (Lin et al., 2008).
However, the latter study showed that growth of network vol-
ume is not necessarily associated with a simultaneous increase in
FC strength across all RSNs. Whereas FC strength of the sensori-
motor RSNs is comparable to the visual RSNs, the sensorimotor
network exhibits the most significant increase in volume between
2 weeks and 1 year, preceding the growth of the visual network,
which occurs predominantly between 1 and 2 years of age (Lin
et al., 2008). Lack of linear correlation between increases in con-
nectivity strength and network size also applies to the DMN in
the first 2 years (Gao et al., 2009). With a gradual increase in net-
work size and a decrease in fragmentation during this period, it
is possible that the more fragmented state of the DMN early in
development could be a sign of immaturity, in which the network
achieves adult-like properties around 1 year of age (Fair et al.,
2008; Gao et al., 2009; de Bie et al., 2011). The dorsal attention
network synchronizes in a similar way, although its configuration
also seems to be influenced by network-network interactions with
the DMN (Gao et al., 2013).

LATE HUMAN DEVELOPMENT

From the age of 2 years onwards, neurodevelopment is char-
acterized by a gain in higher-order cognitive abilities, such as
attention and memory. Networks supporting these abilities show
differences between children and adults, which is assumed to
reflect a process of maturation. For example, EEG in healthy
5-8-year-old children has demonstrated that RSNs associated
with higher-order cognitive functions, such as the DMN, cingulo-
opercular, ventral, and dorsal frontoparietal RSNs, still have a
primitive architecture compared to adults (de Bie et al., 2011).
Characteristics of such a primitive architecture are lower overall
FC, weak within-network connectivity and presence of aber-
rant connections between distant brain areas as compared to
adults. The sensorimotor area, which starts its development rel-
atively early (de Bie et al., 2011), did not show these immature
characteristics. Rather, FC of the sensorimotor area, which is
similar to adults, may suggest mature-like characteristics of pri-
mary networks by the age of 7 (de Bie et al., 2011). As for
the DMN, a more integrated network is found in teenagers and
young adults (Fair et al., 2008, 2009). By the age of 10, each
of the major regions of the DMN are present, with areas in the
mPFC, the PCC, the left and right medial temporal lobe and the
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left and right angular gyrus (Supekar et al., 2010). Small spa-
tial differences from adult patterns persist and FC of all RSN,
including the DMN, is still reduced. At 12 years of age, over-
all FC as well as network size is still decreased in comparison
with adults (Jolles et al., 2011). However, areas associated with
higher cognitive and emotional processing (for instance the exec-
utive control system, the dorsal attention system and the DMN)
showed locally increased FC compared to the level of connec-
tivity in these areas in adults. Hence, the basic configuration of
RSNs may be subject to fine-tuning and specialization during
the first years of adolescence, especially in the regions neces-
sary for higher-order cognitive functions. Some studies have
suggested that brain maturation may be reflected by a decrease
in connectivity of short-range links and an increase of FC of
long-range connections (Fair et al., 2007, 2008; Kelly et al.,
2009; Supekar et al., 2009). Yet, caution is warranted regard-
ing the interpretation of the results, as observed effects may at
least be partly explained by effects of head motion, which has
been shown to impose systemic effects on rs-fMRI measures
(Power et al., 2012; Van Dijk et al., 2012).

QUANTITATIVE MEASUREMENTS OF BRAIN DEVELOPMENT:
GRAPH THEORY

Graph theory describes and quantifies complex whole-brain net-
works (for a comprehensive review of graph theory, see Bullmore
and Sporns, 2009), which allows interpretation of different quan-
titative measurements into qualitative aspects of whole-brain
organization.

Initially, communication between networks seems to be mostly
localized to areas in close anatomical proximity (Fair et al., 2007,
2009; Supekar et al., 2009; Gao et al., 2011). During development,
large-scale brain networks transform from a locally oriented orga-
nization to a more integrated topology (Fair et al., 2007, 2009;
Supekar et al., 2009; Gao et al., 2011). The presence of “func-
tional hubs” is an example of how graph theoretical measures may
provide insight into functional cerebral architecture. Functional
hubs, which are brain areas with a high FC density, are thought
to be important for efficient neural signaling and integration of
information (Buckner et al., 2009; Tomasi and Volkow, 2011).
Cortical hubs and their related cortical networks in healthy, full-
term infants have been found to be bilaterally connected and
mainly located in the homomaodal primary sensorimotor, visual,
and auditory brain regions (Fransson et al., 2011). As of the age of
2, the posterior cingulate cortex/retrosplenial (PCC/Rsp) connec-
tion exhibits considerable strength, which would make it suitable
to function as a primary cortical hub within the developing DMN
(Gao et al., 2009). With age, FC between hub and non-hub
connections increases strongly, while connectivity between hubs
remains relatively stable (Hwang et al., 2013).

METHODOLOGICAL CONSIDERATIONS

Currently, the approaches most commonly used for the analysis
of the rs-fMRI data are seed-based or region-of-interest (ROI)
analyses, independent component analysis (ICA) and graph the-
ory. The latter approach is used for describing properties of
the functional connections rather than establishing them; some
applications of graph theory have been discussed in the previous

section. In ROI-based analysis the time series of a brain region
of interest are correlated to time series of other brain regions.
The functional connections of this predefined area of the brain,
or seed, can thus be determined. Its relative simplicity may be
a disadvantage, as whole-brain connectivity patterns—without
predefined brain regions to correlate to—cannot be evaluated.
Also, it can be more difficult to detect novel links (Gao et al.,
2009). Alternatively, this limitation does not apply to ICA, which
enables formation of a whole-brain connectivity map. Although
an a priori hypothesis is not necessary to run the statistics, the
interpretation of the analysis is more difficult than the ROI-
based analysis method (Fox and Raichle, 2007; de Bie et al.,
2011). When further comparing seed-based analysis and ICA, the
resting-state data results appear to correspond fairly well (Gao
etal., 2011; Rosazza and Minati, 2011). Yet, the level of correspon-
dence slightly decreases when more components are included
in the analysis (Rosazza and Minati, 2011). The application of
different preprocessing steps enhances the heterogeneity among
rs-fMRI studies, further complicating comparison and uniform
interpretation of rs-fMRI studies (Lee et al., 2013). In addition,
rs-fMRI data may also be subject to other confounding effects
possibly leading to misinterpretation. Potential and unknown
effects of other neurophysiological processes or sedation on the
rs-fMRI data (Nallasamy and Tsao, 2011; Birn, 2012), as well
as the already mentioned sensitivity to effects of motion (Power
et al., 2012; Van Dijk et al., 2012), with reported intra-individual
differences (Honey et al., 2009) could impinge on reproducibil-
ity and question the neuronal nature of observed developmental
effects.

EFFECTS OF PREMATURITY ON FC

Prematurity, especially in the context of a complicated postnatal
course, may have adverse effects on gray matter volume, myeli-
nation, cerebral surface area, and overall cerebral volume (Hippi
et al., 1996; Inder et al., 2005; Kapellou et al., 2006). However,
data on effects of prematurity on FC development are still limited.
The networks identified in preterm infants have been reproduced
in healthy full-term neonates, supporting at least similar RSN
architecture (Fransson et al., 2009). In addition, despite small
differences in the basal ganglia, the visual cortex and the cere-
bellum, no major differences have been reported between the
anatomical locations of RSNs in preterm infants without serious
postnatal complications and full-term controls (Damaraju et al.,
2010; Doria et al., 2010; Smyser et al., 2010). The studies cited
included prematurely born infants without acquired brain injury
or early developmental problems and provided limited infor-
mation on long-term neurodevelopmental outcome. Therefore,
to what extent brain development of preterm infants may be
different from full-term neonates warrants further exploration.
Prematurely born infants with only minor cerebral abnormal-
ities showed disruption in network architecture, especially in
thalamo-cortical connections (Smyser et al., 2010). Compared
to the networks of the full-term infant, preterm infants scanned
at term-equivalent age had lower correlations and less connec-
tivity between lateral seeds. Moreover, whereas infant born at
term showed characteristics of a coherent network with possible
DMN precursors, term-equivalent premature infants did not
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(Smyser et al., 2010). Follow-up data of preterm infants at 36
months of age showed lower overall connectivity compared to
full-term peers (Damaraju et al., 2010). Long-term effects of pre-
mature birth on FC have been observed in young adulthood, in
which alternative functional circuits involved in language have
been described (Constable et al., 2013).

Summarizing, a number of studies have looked at resting-state
dynamics in premature populations, but only limited data is avail-
able on possible effects of prematurity on FC development. More
studies in both preterm and healthy term infants with long-term
follow-up are therefore required to improve insights into brain
development.

DIRECTIONS FOR FUTURE RESEARCH

All of the aspects outlined in the previous section should be
taken into consideration in the interpretation of developmen-
tal effects in rs-fMRI studies and also provide directions for
further investigations. In addition, elucidating the structure-
function relationship of networks by further combination of
imaging techniques could improve insights into the mechanisms
behind functional network development. Similar maturational
effects can be observed with DTI measuring structural parame-
ters (Vasung et al., 2013) and arterial spin labeling MRI to map
perfusion (De Vis et al., 2013). Furthermore, the translational
aspect of developmental connectivity patterns toward executive
functions and behavior merits attention as well, which ultimately
may improve prediction of neurodevelopmental outcome or dis-
ease progression by rs-fMRI techniques. Considering that the last
trimester of pregnancy may be especially relevant for adequate
FC development (Doria et al., 2010), studying effects of pre-
maturity related to both brain maturation and neurocognitive
outcome could be an important application. Full-term infants
with neonatal encephalopathy, in whom prediction of cognitive
outcome is often difficult, may also be a relevant study popula-
tion. In addition, a possible effect of gender on RSN patterns has
been suggested (Biswal et al., 2010; Weissman-Fogel et al., 2010;

Zuo et al., 2010; Gong et al., 2011). Structural MRI studies have
shown that in particular across puberty gradual sexual dimor-
phisms develop, with unknown relationships between gender,
puberty and neural development (Blakemore, 2011). So far, only
one study addressed gender differences in functional homotopy
in children (Zuo et al., 2010). Therefore, to what extent gender
effects might influence developmental patterns of FC in neonates,
children or young adults remains unknown. Lastly, this review
supports the notion that foundations of each of the RSNs are laid
down before term age, after which fine-tuning and specialization
of these networks take place. It has been suggested that a genetic
substrate for functional networks may exist (e.g., Glahn et al.,
2010). Twin-studies in children and adults indeed show signif-
icant effects of heritability, primarily on the level of whole-brain
connectivity efficiency and functional organization (Fornito et al.,
2011; Van den Heuvel et al., 2013). More research into the
genetic control underlying functional network organization is
needed, also toward possible identification of specific deficits
in FC relevant for neuropsychiatric diseases, such as autism or
schizophrenia.

CONCLUSION

This review described developmental changes observed in the
functional networks of the brain from 20 weeks of gestation
onwards using rs-fMRI. Even though the techniques used to
acquire and analyze rs-fMRI data leave room for improvement,
all of the efforts so far have led to significant insights into brain
development. Even before term age, a network with founda-
tions of each of the RSNs can be recognized (Doria et al., 2010;
Fransson et al., 2011). RSNs differ in their growth trajectories,
but fine-tuning and specialization of RSNs is generally character-
ized by increasing FC, network volume, and coherence. The next
step in developmental fMRI research may be to explore the ori-
gins of inter-individual network variation as well as associations
with cognitive functioning and behavior by combining structure
and function at different ages, in both healthy and diseased states.

REFERENCES

Becerra, L., Pendse, G., Chang, P.
C., Bishop, J., and Borsook, D.
(2011). Robust reproducible rest-
ing state networks in the awake
rodent brain. PLoS ONE 6:25701.
doi: 10.1371/journal.pone.0025701

Birn, R. M. (2012). The role of
physiological noise in resting-
state  functional  connectivity.
Neuroimage 62, 864-870. doi:
10.1016/j.neuroimage.2012.01.016

Biswal, B. B., Mennes, M., Zuo, X.
N., Gohel, S., Kelly, C., Smith,
S. M., et al. (2010). Toward dis-
covery science of human brain
function. Proc. Natl. Acad. Sci.
USA. 107, 4734-4739. doi:
10.1073/pnas.0911855107

Blakemore, S. J. (2011). Imaging brain
development: the adolescent brain.
Neuroimage 61, 397-406. doi:
10.1016/j.neuroimage.2011.11.080

Buckner, R. L., Andrews-Hanna, J. R.,
and Schacter, D. L. (2008). The
brain’s default network: anatomy,
function, and relevance to disease.
Ann. N.Y. Acad. Sci. 1124, 1-38. doi:
10.1196/annals.1440.011

Buckner, R. L., Sepulcre, J., Talukdar, T.,
Krienen, F. M., Liu, H., Hedden, T.,
et al. (2009). Cortical hubs revealed
by intrinsic functional connectiv-
ity: mapping, assessment of stabil-
ity, and relation to Alzheimer’s dis-
ease. J. Neurosci. 29, 1860-1873. doi:
10.1523/JNEUROSCI.5062-08.2009

Bullmore, E., and Sporns, O. (2009).
Complex brain networks: graph
theoretical analysis of structural
and functional systems. Nat.
Rev. Neurosci. 10, 186-198. doi:
10.1038/nrn2575

Chugani, H. T. (1998). A critical period
of brain development: studies of
cerebral glucose utilization with

PET. Prev. Med. 27, 184-188. doi:
10.1006/pmed.1998.0274

Constable, B. R., Vohr, D., Scheinost, J.
R., Benjamin, J. R., Fulbright, R. K.,
Lacadie, C., et al. (2013). A left cere-
bellar pathway mediates language
in prematurely-born young adults.
Neuroimage 64, 371-378. doi:
10.1016/j.neuroimage.2012.09.008

Damaraju, E., Phillips, J. R., Lowe, J.
R., Ohls, R., Calhoun, V. D., and
Caprihan, A. (2010). Resting-state
functional  connectivity  differ-
ences in premature children.
Front. Syst. Neurosci. 4:23. doi:
10.3389/fnsys.2010.00023

Damoiseaux, J. S., Rombouts, S. A.,
Barkhof, F., Scheltens, P., Stam,
C. J, Smith, S. M., et al. (2006).
Consistent resting-state networks
across healthy subjects. Proc. Natl.
Acad. Sci. U.S.A. 103, 13848-13853.
doi: 10.1073/pnas.0601417103

de Bie, H. M., Boersma, M., Adriaanse,

S., \eltman, D. J, Wink, A.
M., Roosendaal, S. D., et al
(2011). Resting-state  networks

in awake five- to eight-year old
children. Hum. Brain Mapp. 33,
1189-1201. doi:  10.1002/hbm.
21280

De Vis, J. B., Petersen, E. T., de Vries,
L. S., Groenendaal, F., Kersbergen,
K. J., Alderliesten, T., et al. (2013).
Regional changes in brain perfu-
sion during brain maturation mea-
sured non-invasively with arterial
spin labeling MRI in neonates.
Eur. J. Radiol. 82, 538-543. doi:
10.1016/j.ejrad.2012.10.013

Doria, V., Beckmann, C. F, Arichi,
T., Merchant, N., Groppo, M.,
Turkheimer, F. E., et al. (2010).
Emergence of resting state net-
works in the preterm human
brain. Proc. Natl. Acad. Sci.

Frontiers in Human Neuroscience

www.frontiersin.org

October 2013 | Volume 7 | Article 650 | 44


http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

Hoff et al.

Development of functional brain connectivity

US.A. 107, 20015-20020. doi:
10.1073/pnas.1007921107

Dubois, J., Benders, M., Cachia, A.,
Lazeyras, F, Ha-Vinh Leuchter,
R., Sizonenko, S. V., et al. (2008).
Mapping the early cortical folding
process in the preterm new-

born brain. Cereb. Cortex 18,
1444-1454. doi: 10.1093/cercor/
bhm180

Fair, D. A., Cohen, A. L., Dosenbach,
N. U. F, Church, J. A., Miezin, F.
M., Barch, D. M., et al. (2008).
The maturing architecture of the
brain’s default network. Proc. Natl.
Acad. Sci. U.S.A. 105, 4028-4032.
doi: 10.1073/pnas.0800376105

Fair, D. A., Cohen, A. L., Power, J.
D., Dosenbach, N. U., Church, J.
A., Miezin, F. M., et al. (2009).
Functional brain networks develop
from a “local to distributed”
organization. PLoS Comput. Biol.
5:€1000381. doi: 10.1371/journal.
pcbi.1000381

Fair, D. A., Dosenbach, N. U., Church,
J. A., Cohen, A. L., Brahmbhatt,
S., Miezin, £ M., et al. (2007).
Development of distinct control
networks through segregation and
integration. Proc. Natl. Acad. Sci.
US.A. 104, 13507-13512. doi:
10.1073/pnas.0705843104

Fornito, A., Zalesky, A., Bassett, D.
S., Meunier, D., Ellison-Wright,
I, Yucel, M., et al (2011).
Genetic  influences on  cost-
efficient organization of human
cortical ~ functional ~ networks.
J. Neurosci. 31, 3261-3270. doi:
10.1523/JNEUROSCI.4858-10.2011

Fox, M. D., and Raichle, M. E. (2007).
Spontaneous fluctuations in brain
activity observed with functional
magnetic resonance imaging. Nat.
Rev. Neurosci. 8, 700-711. doi:
10.1038/nrn2201

Fox, M. D., Snyder, A. Z., Vincent,
J. L., Corbetta, M., van Essen, D.
C., and Raichle, M. E. (2005). The
human brain is intrinsically orga-
nized into dynamic, anticorrelated
functional networks. Proc. Natl.
Acad. Sci. US.A. 102, 9673-9678.
doi: 10.1073/pnas.0504136102

Fransson, P., Aden, U., Blennow, M.,
and Lagercrantz, H. (2011). The
functional architecture of the infant
brain as revealed by resting-state
fMRI. Cereb. Cortex 21, 145-154.
doi: 10.1093/cercor/bhgq071

Fransson, P., Skiold, B., Engstrom,
M., Hallberg, B., Mosskin, M.,
Aden, U., et al. (2009). Spontaneous
brain activity in the newborn
brain  during natural sleep-an
fMRI study in infants born at full
term. Ped. Res. 66, 301-305. doi:
10.1203/PDR.0b013e3181b1bd84

Fransson, P, Skiold, B., Horsch,
S., Nordell, A., Blennow, M.,
Lagercrantz, H., et al. (2007).

Resting-state  networks in the
infant brain. Proc. Natl. Acad. Sci.
US.A. 104, 15531-15536. doi:
10.1073/pnas.0704380104

Gao, W.,, Gilmore, J. H., Giovanello, K.
S., Smith, J. K., Shen, D., Zhu, H.,
et al. (2011). Temporal and spatial
evolution of brain network topology
during the first years of life. PLoS
ONE 6:€25278. doi: 10.1371/jour-
nal.pone.0025278

Gao, W.,, Gilmore, J. H., Maisog, J.
M., Foss-Feig, J., Billington, M. E.,
Smith, J. K., et al. (2013). The
synchronization within and interac-
tion between the default and dorsal
attention networks in early infancy.
Cereb. Cortex 23, 594-603. doi:
10.1093/cercor/bhs043

Gao, W., Zhu, H., Giovanello, K. S,
Smith, J. K., Shen, D., Gilmore,
J. H., et al. (2009). Evidence
on the emergence of the brain’s
default network from 2-week-old
to 2-year-old healthy pediatric
subjects. Proc. Natl. Acad. Sci.
USA. 106, 6790-6795. doi:
10.1073/pnas.0811221106

Glahn, D. C., Winkler, A. M,
Kochunov, P, Almasy, L., Duggirala,
R., Carless, M. A, et al. (2010).
Genetic control over the rest-
ing brain. Proc. Natl. Acad. Sci.
USA. 107, 1223-1228. doi:
10.1073/pnas.0909969107

Gong, G., He, Y., and Evans, A.
C. (2011). Brain connectiv-
ity: gender makes a difference.
Neuroscientist 17, 575-591. doi:
10.1177/1073858410386492

Honey, C. J., Sporns, O., Cammoun,
L., Gigandet, X., Thiran, J. P,
Meuli, R., et al. (2009). Predicting

human  resting-state  functional
connectivity ~ from  structural
connectivity. Proc. Natl. Acad.

Sci. U.S.A. 106, 2035-2040. doi:
10.1073/pnas.0811168106

Huppi, P. S. (2011). Cortical develop-
ment in the fetus and the newborn:
advanced MR techniques. Top.
Magn. Reson. Imaging 22, 33-38.
doi: 10.1097/RMR.0b013e318
2416178

Huppi, P. S., Schuknecht, B., Boesch,
C., Bossi, E., Felblinger, J., Fusch,
C., et al. (1996). Structural and
neurobehavioral delay in postnatal
brain development of preterm
infants. Ped. Res. 39, 895-901.
doi: 10.1203/00006450-199605000-
00026

Hutchison, R. M., Leung, L. S,
Mirsattari, S. M., Gati, J. S., Menon,
R. S., and Everling, S. (2011).
Resting-state  networks in  the

macaque at 7T. Neuroimage 56,
1546-1555. doi: 10.1016/j.neuro
image.2011.02.063

Hwang, K., Hallquist, M. N., and Luna,
B. (2013). The development of hub
architecture in the human func-
tional brain network. Cereb. Cortex
23, 2380-2393. doi: 10.1093/cercor/
bhs227

Inder, T. E., Warfield, S. K., Wang,
H., Hippi, P. S., and Volpe, J. J.
(2005). Abnormal cerebral struc-
ture is present at term in premature
infants. Pediatrics 115, 286—294. doi:
10.1542/peds.2004-0326

Jolles, D. D., van Buchem, M. A.,
Crone, E. A., and Rombouts, S. A.
(2011). A comprehensive study of
whole-brain functional connectivity
in children and young adults. Cereb.
Cortex 21, 385-391. doi: 10.1093/
cercor/bhq104

Jonckers, E., van Audekerke, J., de
Visscher, G., van der Linden, A.,
and Verhoye, M. (2011). Functional
connectivity fMRI of the rodent
brain: comparison of functional
connectivity networks in rat and
mouse. PLoS ONE 6:¢18876. doi:
10.1371/journal.pone.0018876

Kapellou, O., Counsell, S. J., Kennea,
N., Dyet, L., Saeed, N., Stark, J,
et al. (2006). Abnormal cortical
development after premature birth
shown by altered allometric scaling
of brain growth. PLoS Med. 3:¢265.
doi: 10.1371/journal.pmed.0030265

Kelly, A. M., Di Martino, A., Uddin,
L. Q. Shehzad, Z., Gee, D.
G., Reiss, P. T, et al. (2009).
Development of anterior cingulate
functional connectivity from late
childhood to early adulthood.
Cereb. Cortex 19, 640-657. doi:
10.1093/cercor/bhn117

Lee, M. H., Smyser, C. D., and Shimony,
J. S. (2013). Resting-state fMRI:
a review of methods and clin-
ical applications. AJNR Am. J.
Neuroradiol.  doi:  10.3174/ajnr.
A3263. [Epub ahead of print].

Leopold, D. A. and Maier, A.
(2011). Ongoing physiological
processes in the cerebral cortex.
Neuroimage 62, 2190-2200. doi:
10.1016/j.neuroimage.2011.10.059

Lin, W,, Zhu, Q., Gao, W., Chen,
Y., Toh, C. H., Styner, M., et al.
(2008). Functional connectivity MR
imaging reveals cortical functional
connectivity in the developing
brain. AINR Am. J. Neuroradiol.
29, 1883-1889. doi: 10.3174/ajnr.
A1256

Liu, W. C., Flax, J. F, Guise, K.
G., Sukul, V., and Benasich, A.
A. (2008). Functional connec-
tivity of the sensorimotor area
in naturally sleeping infants.

Brain Res. 1223, 42-49. doi:
10.1016/j.brainres.2008.05.054
Mars, R. B., Jbabdi, S., Sallet, J,
O'Reilly, J.  X., Croxson, P.
L., Olivier, E. et al. (2011).

Diffusion-weighted imaging
tractography-based parcellation of
the human parietal cortex and com-
parison with human and macaque
resting-state functional connectiv-
ity. J. Neurosci. 31, 4087-4100. doi:
10.1523/JNEUROSCI.5102-10.2011

Ment, L. R., Hirtz, D., and Huppi,
P. S. (2009). Imaging biomark-
ers of outcome in the develop-
ing preterm brain. Lancet Neurol.
8, 1042-1055. doi: 10.1016/S1474-
4422(09)70257-1

Nallasamy, N., and Tsao, D. Y. (2011).
Functional connectivity in the
brain:  effects of anesthesia.
Neuroscientist 17, 94-106. doi:
10.1177/1073858410374126

Paus, T., Zijdenbos, A., Worsley, K.,
Collins, D. L., Blumenthal, J., Giedd,
J. N, et al. (1999). Structural
maturation of neural pathways in
children and adolescent: in vivo
study. Science 283, 1908-1911. doi:
10.1126/science.283.5409.1908

Power, J. D., Barnes, K. A., Snyder,
A. Z. Schlaggar, B. L., and
Petersen, S. E. (2012). Spurious
but systematic correlations in
functional connectivity MRI net-
works arise from subject motion.
Neuroimage 59, 2142-2154. doi:
10.1016/j.neuroimage.2011.10.018

Power, J. D., Fair, D. A., Schlaggar,

B. L, and Petersen, S. E.
(2010). The development of
human functional brain net-

works. Neuron 67, 735-748. doi:
10.1016/j.neuron.2010.08.017

Raichle, M. E., MacLeod, A. M.,
Snyder, A. Z., Powers, W. J,
Gusnard, D. A., and Shulman,

G. L. (2001). A default mode of
brain function. Proc. Natl. Acad.
Sci. USA. 98, 676-682. doi:
10.1073/pnas.98.2.676

Rosazza, C., and Minati, L. (2011).
Resting-state brain networks: liter-
ature review and clinical applica-
tions. Neurol. Sci. 32, 773-785. doi:
10.1007/510072-011-0636-y

Schopf, V., Kasprian, G., Brugger, P.
C., and Prayer, D. (2012). Watching
the fetal brain at ‘rest’ Int. J.
Dev. Neurosci. 30, 11-17. doi:
10.1016/j.ijdevneu.2011.10.006

Smit, D. J. A., Boersma, M., Schnack,
H. G., Micheloyannis, S., Boomsma,
D. 1., Hulshoff Pol, H. E., et al.
(2012). The brain matures with
stronger functional connectivity
and decreased randomness of its
network. PLoS ONE 7:¢36896. doi:
10.1371/journal.pone.0036896

Frontiers in Human Neuroscience

www.frontiersin.org

October 2013 | Volume 7 | Article 650 | 45


http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

Hoff et al.

Development of functional brain connectivity

Smith, S. M., Fox, P. T., Miller, K.
L., Glahn, D. C., Fox, P. M.,
Mackay, C. E., et al. (2009).
Correspondence of the brain’s
functional  architecture  during
activation and rest. Proc. Natl. Acad.
Sci. U.S.A 106, 13040-13045. doi:
10.1073/pnas.0905267106

Smyser, C. D., Inder, T. E., Shimony, J.
S., Hill, J. E., Degnan, A. J., Snyder,
A. Z., et al. (2010). Longitudinal
analysis of neural network devel-
opment in  preterm infants.
Cereb. Cortex 20, 2852-2862.
doi: 10.1093/cercor/bhq035

Smyser, C. D. Snyder, A. Z., and
Neil, J. J. (2011). Functional con-
nectivity MRI in infants: explo-
ration of the functional organi-
zation of the developing brain.
Neuroimage 56, 1437-1452. doi:
10.1016/j.neuroimage.2011.02.073

Supekar, K., Musen, M., and Menon,
V. (2009). Development of
large-scale functional brain net-
works in children. PLoS Biol.
7:€1000157. doi: 10.1371/journal.
pbio.1000157

Supekar, K., Uddin, L. Q., Prater, K.,
Amin, H., Greicius, M. D., and
Menon, V. (2010). Development
of functional and structural
connectivity within the default
mode network in young children.
Neuroimage 52, 290-301. doi:
10.1016/j.neuroimage.2010.04.009

Thomason, M. E., Chang, C. E,
Glover, G. H., Gabrieli, J. D,
Greicius, M. D., and Gotlib, 1. H.

(2008). Default-mode function
and task-induced deactivation have
overlapping brain substrates in chil-
dren. Neuroimage 41, 1493-1503.
doi:  10.1016/j.neuroimage.2008.
03.029

Thomason, M. E., Dassanavake, M. T.,
Shen, S., Katkuri, Y., Alexis, M.,
Anderson, A. L., etal. (2013). Cross-
hemispheric functional connectivity
in the human fetal brain. Sci. Transl.
Med. 5, 173ra24. doi: 10.1126/sci-
transimed.3004978

Tomasi, D., and Volkow, N. D.
(2011).  Functional  connectiv-
ity hubs in the human brain.
Neuroimage 57, 908-917. doi:
10.1016/j.neuroimage.2011.05.024

Uddin, L. Q., Supekar, K., and
Menon, V. (2010). Typical and

atypical development of func-
tional human brain networks:
insights from resting-state
fMRI.  Front.  Syst.  Neurosci.
4:21.  doi:  10.3389/fnsys.2010.
00021

Van den Heuvel, M. P, and Hulshoff
Pol, H. E. (2010). Exploring the
brain network: a review on resting-
state fMRI functional connectiv-
ity. Eur. Neuropsychopharmacol. 20,
519-534. doi: 10.1016/j.euroneuro.
2010.03.008

Van den Heuvel, M. P, Mandl, R. C. W.,
Kahn, R. S., and Hulshoff Pol, H. E.
(2009). Functionally linked resting-
state networks reflect the under-
lying structural connectivity archi-
tecture of the human brain. Hum.

Brain Mapp. 30, 3127-3141. doi:
10.1002/hbm.20737

Van den Heuvel, M. P.,, van Soelen,
I. L. C, Stam, C. J, Kahn, R. S,
Boomsma, D. I, and Hulshoff
Pol, H. E. (2013). Genetic
control of functional brain net-
work efficiency in children. Eur.
Neuropsychopharmacol. 23, 19-23.
doi: 10.1016/j.euroneuro.2012.
06.007

Van Dijk, K. R., Sabuncu, M. R,
and Buckner, R. L. (2012). The
influence of head motion on
intrinsic  functional connectivity
MRI. Neuroimage 59, 431-438. doi:
10.1016/j.neuroimage.2011.07.044

Vasung, L., Fischi-Gomez, E,
and Hippi, P. S (2013).
Multimodality ~ evaluation of

the pediatric brain: DTI and its
competitors. Pediatr. Radiol. 43,
60-68. doi: 10.1007/s00247-012-
2515-y

Weissman-Fogel, 1., Moayedi, M.,
Taylor, K. S., Pope, G., and Davis,
K. D. (2010). Cognitive and default-
mode resting state networks: do
male and female brains “rest”
differently? Hum. Brain Mapp. 31,
1713-1726.

Yakovlev, P. I., and Lecours, A. R.
(1967). “The myelogenetic cycles of
regional maturation of the brain,” in
Regional Development of the Brain
in Early Life, ed A. Minkowski
(Oxford: Blackwell), 3-70.

Zuo, X. N., Kelly, C., Di Martino,
A., Mennes, M., Margulies, D.

S., Bangaru, S., et al. (2010).
Growing together and growing
apart: regional and sex differences
in the lifespan developmental tra-
jectories of functional homotopy.
J. Neurosci. 30, 15034-15043. doi:
10.1523/JNEUROSCI.2612-10.2010

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 04 June 2013; accepted: 18
September 2013; published online: 08
October 2013.

Citation: Hoff GEAJ, Van den Heuvel
MP, Benders MINL, Kersbergen KJ and
De Vries LS (2013) On development
of functional brain connectivity in the
young brain. Front. Hum. Neurosci.
7:650. doi: 10.3389/fnhum.2013.00650
This article was submitted to the journal
Frontiers in Human Neuroscience.
Copyright © 2013 Hoff, Van den
Heuvel, Benders, Kersbergen and De
Vries. This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) or licensor are cred-
ited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use, dis-
tribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Human Neuroscience

www.frontiersin.org

October 2013 | Volume 7 | Article 650 | 46


http://dx.doi.org/10.3389/fnhum.2013.00650
http://dx.doi.org/10.3389/fnhum.2013.00650
http://dx.doi.org/10.3389/fnhum.2013.00650
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

fromtiers in

HUMAN NEUROSCIENCE

REVIEW ARTICLE
published: 15 May 2013
doi: 10.3389/fnhum.2013.00192

=

A review of attention-deficit/hyperactivity disorder from the
perspective of brain networks

Angelica De La Fuentel, Shugao Xia?2, Craig Branch 22 and Xiaobo Li 2345

* Ferkauf Graduate School of Psychology, Albert Einstein College of Medicine, Yeshiva University, Bronx, NY, USA

2 Gruss Magnetic Resonance Research Center, Albert Einstein College of Medicine, Yeshiva University, Bronx, NY, USA

3 Department of Radiology, Albert Einstein College of Medicine, Yeshiva University, Bronx, NY, USA

“ Department of Neuroscience, Albert Einstein College of Medicine, Yeshiva University, Bronx, NY, USA

5 Department of Psychiatry and Behavioral Sciences, Albert Einstein College of Medicine, Yeshiva University, Bronx, NY, USA

Edited by:
Yong He, Beijing Normal University,
China

Reviewed by:

Jin Fan, Mount Sinai School of
Medicine, USA

Qingjiu Cao, Natural Science
Foundation, China

*Correspondence:

Xiaobo Li, Department of Radiology,
Albert Einstein College of Medicine,
Yeshiva University, 1300 Morris Park

Avenue, Gruss 204, Bronx, NY 10461,

USA.
e-mail: xli.aecom@gmail.com;
xiaobo.li@einstein.yu.edu

Attention-deficit/hyperactivity disorder (ADHD) is the most commonly diagnosed
neurodevelopmental disorder in childhood, which affects more than 5% of the population
worldwide. ADHD is characterized by developmentally inappropriate behaviors of
inattention, and/or impulsivity and hyperactivity. These behavioral manifestations contribute
to diminished academic, occupational and social functioning, and have neurobiological
bases. Neuronal deficits, especially in the attention and executive function processing
networks, have been implicated in both children and adults with ADHD by using
sophisticated structural and functional neuroimaging approaches. These structural and
functional abnormalities in the brain networks have been associated with the impaired
cognitive, affective, and motor behaviors seen in the disorder. The goal of this review
is to summarize and integrate emerging themes from the existing neuroimaging
connectivity studies based on advanced imaging techniques, applied in data of structural
magnetic resonance imaging (MRI), functional MRI (fMRI), diffusion tensor imaging,
electroencephalography and event related potential; and to discuss the results of
these studies when considering future directions for understanding pathophysiological
mechanisms and developmental trajectories of the behavioral manifestations in ADHD.
We conclude this review by suggesting that future research should put more effort
on understanding the roles of the subcortical structures and their structural/functional

pathways in ADHD.

Keywords: ADHD, brain networks, structural MRI, fMRI, DTI, EEG/ERP

INTRODUCTION

Attention deficit/hyperactivity disorder (ADHD) is the most com-
monly diagnosed neurodevelopmental disorder in childhood.
Diagnoses of ADHD are made based on developmentally inap-
propriate behavioral symptoms, which have been categorized into
three subtypes: inattentive, impulsive and hyperactive, and com-
bined type. These core behavioral symptoms must be pervasive
across situations, persistent for more than 6 months and observed
before the age of 7 years, defined by the diagnostic and statistical
manual of mental disorders (DSM-IV-TR) issued by the Amer-
ican Psychiatric Association (2000). The DSM-IV-TR reported
that 3-7% of school-aged children have ADHD. However, most
recent surveys have estimated significantly increased prevalence
rates, from 6.9% in 1998 to 9.0% in 2009, shown in children aged
5-17 years (Akinbami etal., 2011).

Attention deficit/hyperactivity disorder is considered one of
the most hereditable disorders with an estimated mean heri-
tability of 75% (Faraone, 2005). Besides the genetic component,
ADHD also has neurobiological and environmental underpin-
nings. The etiology of this highly inhomogeneous disorder is
still unknown. Apart from the behavioral symptoms that are
used for diagnostic measurements, both children and adults

with ADHD have been found to have impairments in neu-
ral networks associated with sensory and cognitive processing
functions. For instance, neuronal deficits in attention and
executive function processing networks have been frequently
reported in both children and adults with ADHD, by using
sophisticated structural and functional neuroimaging approaches
(Bush, 2005; Konrad and Eickhoff, 2010). And these structural
and functional abnormalities in the brain have been associ-
ated with impaired cognitive, affective, and motor behaviors
seen in ADHD approaches (Bush, 2005; Konrad and Eickhoff,
2010). In addition, spontaneous low-frequency functional activi-
ties have been reported in multiple brain regions, which formed
the default mode network (DMN), during wakeful resting-state
functional magnetic resonance imaging (fMRI) acquisition (Bar-
tels and Zeki, 2005). Patients with ADHD have been reported
to have both structural and functional abnormalities associ-
ated with the DMN (Konrad and Eickhoff, 2010; Castellanos,
2012).

In this study, we will review and summarize these existing stud-
ies, which have assessed the regional features and systems-level
patterns of the structural and functional brain networks in ADHD,
based on advanced computational techniques applied to data of
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structural MR, diffusion tensor imaging (DTI), fMRI, electroen-
cephalography (EEG), and event related potential (ERP). We will
also discuss the results of these studies when considering future
directions for understanding pathophysiological mechanisms and
developmental trajectories of the behavioral manifestations in
ADHD.

STRUCTURAL MRI-BASED BRAIN NETWORKS

IN ADHD

Structural MRI is the primary imaging tool used for studying
brain anatomy and identifying changes in brain structures. Com-
monly used structural MRI measures include volume and density
of the gray (GM) or white matter (WM) of the whole brain or
sub-regions, as well as the regional and whole brain cortical GM
thickness (Vaidya, 2012). Techniques for investigating the topo-
logical and structural features of the anatomical brain networks
have also been developed by using regional volume or thickness
as basic metric (Lerch etal., 2006; He and Evans, 2007; Zielinski
etal., 2010).

The early estimations showed approximately 4-5% overall
cerebral and cerebellar volumetric reductions in children and ado-
lescents with ADHD, compared to that of typically developing
controls (TDC; Castellanos, 2002; Carmona etal., 2005). Other
structural MRI studies have reported volumetric reductions in
the frontal lobe, [including orbitofrontal (OFC), superior frontal
(SFC), and dorsolateral prefrontal (DLPFC) cortices], posterior
and anterior cingulate gyri, precentral gyrus, caudate nuclei, cor-
pus callosum (CC), as well as the cerebellum (Seidman etal.,
2005; Shaw etal., 2006; Bush, 2011). Significantly reduced whole
brain cortical GM thickness has also been found in children
with ADHD when compared to TDC (Shaw etal., 2006, 2007,
Makris etal., 2007). Studies also showed significantly thinner cor-
tical thickness in regions including bilateral DLPFC and OFC,
anterior and posterior cingulate cortex (PCC) and the temporo-
occipito-parietal junction, in adults with ADHD when compared
to controls (Makris etal., 2007; Proal etal., 2011). The rate of
cortical thinning in these regions has been shown to be inversely
associated with the severity of hyperactivity and impulsiveness in
normal development (Shaw, 2011).

Basal ganglia regions, such as the globus pallidus, putamen,
and caudate have been reported to have structural abnormali-
ties in children with ADHD. Structural MRI studies have detected
reduced globus pallidus, putamen, and caudate volumes in voxel-
based studies (Frodl and Skokauskas, 2012), and in manual tracing
region of interest (ROI)-based deformation analysis (Qiu etal.,
2009) in children with ADHD. Interestingly, they did not find any
regional volumetric differences of the basal ganglia in adults with
ADHD when compared to age-matched controls (Qiu etal., 2009;
Frodl and Skokauskas, 2012). However, clinical studies found that
the hyperactive/impulsive symptoms, observed in children with
ADHD, significantly decline over time, whereas the inattentive
symptoms rarely vanish (Lahey etal., 2005). Thus, the similar stri-
atal volumes shown in the adults with ADHD and age-matched
control may explain the vanished hyperactivity/impulsivity symp-
toms during the adulthood in many of the clinical cases. More
cross-sectional and longitudinal investigations need to be done,
to clarify the relationships among the striatum, its associated

brain pathways,
disorder.

By now, most replicated findings from the voxel-based and
ROI-based structural MRI studies have suggested significant
decrease of the whole brain GM and WM volumes and signifi-
cant regional underdevelopment in the prefrontal cortex (PFC),
including the OFC, DLPFC, and SFC, basal ganglia substructures
(striatum and globus pallidus), and cerebellum, in patients with
ADHD (Frodl and Skokauskas, 2012). Structural changes, in the
brain networks encompassing PFC and its connections to the
striatum and cerebellum, have been found to be associated cogni-
tive impairments, such as distractibility, forgetfulness, impulsivity,
poor planning, and locomotor hyperactivity, in both children and
adults with ADHD (Seidman et al., 2005; Arnsten, 2006).

From literature, structural MRI-based techniques for con-
structing the anatomical brain networks, such as in (Lerch etal.,
2006; He and Evans, 2007; Zielinski et al., 2010), have not yet been
implemented in cohorts with ADHD. Investigations of the topo-
logical features and pair-wise nodal communication patterns of
the anatomical networks, and their relationships with the clinical
and behavioral manifestations are important future directions in
the research field related to ADHD.

and the developmental trajectories of the

FUNCTIONAL BRAIN NETWORKS IN ADHD

Functional MRI techniques provide a way to understand normal
brain functions and to test for regional brain dysfunctions associ-
ated with disorders (Bush, 2005). Both task-based and resting-state
fMRI have been frequently applied in children with ADHD, and
have demonstrated atypical functional activations in the frontal,
temporal, parietal lobes, and cerebellar regions (Shaw et al., 2006;
Cubillo etal., 2010, 2011; Rubia etal., 2010). The frontal cor-
tex can be divided into five major functional sub-regions: the
orbital, dorsolateral, mesial (all which make up the PFC), the
premotor, and motor regions. Social inhibition and impulse con-
trol are associated with the OFC (Fischer etal., 1990). Abnormal
functional activations in OFC have been suggested to influence
behavioral inhibition in children with ADHD (Bush, 2010). The
DLPFC, another most frequently reported region of functional
impairment in ADHD, has been implicated in planning, work-
ing memory and attentional processes (Danielson etal., 2011).
In addition, one fMRI study conducted in adults with child-
hood ADHD showed reduced activations in bilateral inferior
prefrontal cortices (IFC), left parietal lobe, caudate and thalamus,
and reduced inter-regional functional connectivity between right
inferior fronto-frontal, fronto-striatal, and fronto-parietal neural
networks during a stop and switching task, when compared to
controls (Cubillo etal., 2010).

Structures of the cingulo-fronto-pariental (CFP) cogni-
tive/attention network, including the fronto-striatal and fronto-
parietal pathways, are thought to be the primary substrate for
most attention and executive functions (Bush, 2011). The main
regions that comprise the CFP network are the lateral frontal pole,
dorsal anterior cingulate cortex (dACC), DLPFC, ventrolateral
PFC (VLPFC), caudate, cerebellum, and the parietal cortex (Bush,
2010). This network controls goal-directed processes and provides
the ability to respond to changing task demands (Castellanos,
2012). Significantly decreased activations have been reported in
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DLPFC,VLPFC, IFC,and superior parietal cortex (SPC) in ADHD,
during multiple cognitive performance tasks and in resting-state
(Rubiaetal., 2010; Bush, 2011; Castellanos, 2012).

The dACC isan important component of the fronto-striatal cir-
cuitry of the CFP network, which has been consistently reported
to have abnormal activation in ADHD (Sun etal., 2012). The
dACC has a critical role in attention, cognitive processing, target
detection, novelty detection, response selection, response inhi-
bition, error detection, and motivation (Bush, 2010). Hypothe-
ses about its functions include reward-based decision-making,
response selection, error detection, and predicting task difficulty,
which have shown to be impaired in children and adults with
ADHD (Seidman et al., 2005). An attention task-based fMRI study
found hypo-activation of the dACC in adults with ADHD when
compared to controls (Bush, 2011). Resting-state fMRI studies fre-
quently reported disrupted functional connectivity between the
dACC and PCC (Castellanos etal., 2008), and abnormal develop-
mental pattern of the JACC-DMN interactions in ADHD subjects
(Fair, 2010; Sun etal., 2012). The atypical connectivity in ADHD
may relate to delayed or disrupted maturation. ADHD adults
presented with abnormal dACC-PCC connectivity patterns when
compared to age-matched TD adults. Connectivity patterns were
similar between the ADHD group and the young TD subjects,
indicating atypical brain maturation in the ADHD group (Sato,
2012). In addition, significantly increased functional connectivity
between the dACC and the bilateral thalamus, bilateral cerebel-
lum, and bilateral insula have been shown during resting-state in
children with ADHD, compared to TDC (Tian, 2006).

The thalamus is a key subcortical structure of the cortico-
striato-thalamo-cortical (CSTC) loops that serve attentional and
cognitive processing. Significantly reduced regional activations in
bilateral thalami (especially in the pulvinar nuclei), significantly
decreased functional connectivity between bilateral pulvinar and
right prefrontal regions, and significantly increased connectivity
between the right pulvinar and bilateral occipital regions have
been reported in children with ADHD, during a visual sustained
attention task-based fMRI study (Li etal., 2012). Another study
has found reduced functional connectivity between thalamus and
basal gangliaareas (especially in putamen) in children with ADHD,
during resting-state (Cao etal., 2009).

Altered topological features and inter-regional functional con-
nectivity in large-scale brain networks encompassing cortical and
subcortical regions have been increasingly reported, indicating
systematic and more widespread brain alterations in ADHD.
Resting-state fMRI has been used across laboratories to identify
neural networks such as the DMN, dorsal, and ventral attentional
networks, as well as motor, visual, and executive control systems
(Fox etal., 2006; Buckner etal., 2008; Castellanos, 2012). The
DMN is a distributed network of brain regions, which is more
active during rest than during performance of sensory and cogni-
tive demanding tasks. Studies have found significantly decreased
functional connectivity among the brain regions of the DMN,
and between those with putamen and thalamus (Cao etal., 2009;
Qiu etal., 2011). Incremental deactivations of the regions in the
DMN have been associated with increased task difficulty as well as
during transition from rest-to-task states in ADHD (Konrad and
Eickhoff, 2010; Liddle, 2011). Furthermore, by applying the graph

theoretical approach (GTT), which has been used to characterize
the topology of global and regional brain communications (Kon-
rad and Eickhoff, 2010; Ahmadlou etal., 2012), a resting-state
fMRI study found significantly increased local efficiency com-
bined with a decreasing tendency in global efficiency of the DMN,
and significantly decreased nodal efficiency in the medial pre-
frontal, temporal, occipital, and subcortical regions in children
with ADHD, when compared to the control group (\Wang, 2009).
Castellanos (2012) have suggested that ADHD could be consid-
ered asa DMN disorder. In addition, a resting-state fMRI study, by
running network based statistics (NBS) in 90 cortical and subcor-
tical regions, demonstrated abnormal inter-regional connectivity
of the frontal-amygdala-occipital network and frontal-temporal-
occipital network in young adults with ADHD (Cocchi, 2012).
Impaired inter-regional connectivity within reward-motivation
regions and their decreased connectivity with regions from the
DMN and dorsal attentional networks have also been reported,
and suggest impaired interactions between control and reward
pathways that might underlie attention and motivation deficits in
ADHD (Tomasi and Volkow, 2012).

Altered topological features and inter-regional functional con-
nectivity in large-scale brain networks in ADHD, which have been
reviewed in the fMRI section, are convinced in EEG/ERP studies as
well. A GTT-based study in resting-state EEG data reported abnor-
mal cluster coefficients and path lengths of the nodes in the left
hemisphere, which were recognizable in the delta band, in patients
with ADHD when compared to controls (Ahmadlou etal., 2012).
An NBS study in sustained attention task-based EEG data showed
distinct frontal-central-parietal patterns in the theta and alpha fre-
quency bands in adults with ADHD compared to controls, where
ADHD subjects displayed a more robust homogeneous response
pattern in the 120-260 ms time range that included the P1, N1,
P2 component, with a majority of latency peaks characterized by
alpha and theta activation in the fronto-central sites (Shahaf et al.,
2012). Similar findings have been interpreted as revealing a com-
pensatory mechanism activated by ADHD patients in early stages
of stimulus processing, by which more attention was directed to
the task (Prox etal., 2007).

DTI-BASED BRAIN NETWORKS IN ADHD
While functional brain imaging studies may reveal specific regions
of dysfunction within the brain, it is important to know how
the nodes within these networks are structurally connected.
Micro-structural abnormalities in the WM may lead to disrupted
functional communications between brain regions, ultimately
resulting in disrupted behavioral functioning in ADHD (Nagel,
2011). DTI is an MRI method that provides in vivo information
about the WM microstructure through water diffusion, which can
reveal microscopic details about tissue architecture (Konrad and
Eickhoff, 2010). Orientations of the WM tracts in the brain can
be measured by the directions of diffusivity (Konrad and Eickhoff,
2010). The most common quantitative indices used to measure the
WM integrity are mean diffusivity (MD) and fractional anisotropy
(FA; Konrad and Eickhoff, 2010; Nagel, 2011).

Two primary analysis methods have been applied in DTI stud-
ies: voxel-based analysis (VBA) that allows for acomplete overview
of the WM integrity in the brain, and ROI-based analysis for
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more specific exploration of the WM abnormalities in certain
brain regions. A recent meta-analysis reviewed the ROI-based
studies assessing the WM integrity, and provided evidence of sev-
eral disturbed WM regions in children with ADHD, including the
inferior and superior longitudinal fasciculus, anterior corona radi-
ate, cortico-spinal tract, cingulum, CC, internal capsule, caudate
nucleus, and cerebellum (van Ewijk, 2012). Review of the VBA
studies also confirmed WM changes in these regions, and found
extensive differences across the four brain lobes, as well as areas
within the basal ganglia, uncinate fasciculus, and forceps minor
(van Ewijk, 2012).

Development of WM determinative and probabilistic tractog-
raphy techniques has made it possible to estimate and visualize
the structural connectivity of the WM pathways in human
brain. Using tractography-based analyses, DTI studies have
demonstrated increased FA in WM structures connecting parietal-
occipital regions (Silk, 2009), and tracts connecting the temporal
lobe and other distant cortical regions in children with ADHD
compared to TDC, which were positively associated with symp-
tom severity in the patient group (Peterson, 2011). Significantly
reduced FA in the cortico-spinal tract (Carmona etal., 2005;
Hamilton etal., 2008; Cubillo, 2010), the superior longitudinal
fascicle that connects the prefrontal and parietal regions (Makris,
2008; Cubillo etal., 2010; Konrad, 2010), the cingulum bun-
dle (Makris, 2008; Konrad, 2010), have also been reported in
patients with ADHD. In addition, one study detected significantly
increased MD in the frontal portion of the left fronto-occipital
fasciculus in adults with ADHD when compared with controls
(Konrad etal., 2006). DTI studies have also shown alterations
within the cerebellar WM areas in children and adolescents with
ADHD (Ashtari et al., 2005; Bechtel et al., 2009).

The neural pathways that are associated with the areas of abnor-
mal WM reviewed above are the pathways connecting the cortical
regions, cortical-striatum and cortical-cerebellum. The prevailing
theory regarding the neurobiological basis of ADHD identified the
fronto-striatal network as a probable substrate of cognitive and
behavioral impairments seen in ADHD (Bush, 2005; van Ewijk,
2012). Studies found disturbed WM structural connectivity of the
frontal-striatal network in both adults and children with ADHD,
compared to group-matched controls (Konrad and Eickhoff, 2010;
Tamm etal., 2012). Tract- specific analyses found reduced FA
in bilateral fronto-striatal fiber tracts in children with ADHD,
specifically in the orbitofrontal and ventrolateral tracts, associated
with poor executive functioning performance (Shang, 2013). In
addition, significant reductions of probabilistic WM connectivity
between the thalamus and striatum has been reported in children
with ADHD when compared to TDC (Xiaetal., 2012).

The CC, the largest band of WM fibers in the brain that con-
nects the left and right hemispheres, plays an important role in
inter-hemispheric communication. Thus, abnormal microstruc-
ture of CC may affect cognitive functions that depend on bilateral
collaboration (Vaidya, 2012). Across studies, children with ADHD
showed reduced volume of the splenium, the posterior region of
the CC that connects bilateral parieto—temporal cortices (Valera,
2007). Using both DTI and anatomical MRI, one study found
microstructure abnormalities in the isthmus/splenium part of the
CC, characterized by reduced FA values in adultswith ADHD when

compared to healthy controls (Dramsdahl, 2012). These results are
in line with two earlier studies, which observed reduced FA in the
isthmus in children with ADHD (Chao, 2009; Cao, 2010).

DISCUSSIONS

Attention-deficit/hyperactivity disorder is the most common neu-
rodevelopmental disorder in childhood. Neuroimaging studies
have attempted to identify the pathophysiology of the disorder by
searching for abnormalities in brain regions and their connections
that are involved in attention, executive function, motor control,
response inhibition, working memory, and even during rest. We
reviewed and summarized the important findings from the struc-
tural MRI, fMRI, EEG/ERP, and DTI studies, which have provided
the abundant evidence of structural and functional alterations in
widespread brain regions and their connections, in this severe and
heritable brain disorder.

The majority of the existing neuroimaging studies, which have
attempted to find the neurobiological underpinnings of ADHD,
have focused on cortical regions and their connections, and has
demonstrated global cortical maturation delay based on reduced
cortical thickness and reduced GM and WM volumes, specifically
in frontal lobe (Carmona etal., 2005), regional WM micro-
structural abnormalities in frontal, temporal and parietal lobes
(Nagel, 2011; Dramsdahl, 2012; Shang, 2013), and aberrant neu-
ronal activations, inter-regional functional connectivity and global
network features over these cortical areas, during sensory and cog-
nitive performance or even at rest (\Wang, 2009; Ahmadlou etal.,
2012; Castellanos, 2012; Cocchi, 2012; Shahaf etal., 2012). Fur-
thermore, the existing studies also suggest that the structural and
functional connectivity deficits and the ADHD symptoms might
arise incidentally from a common etiologic mechanism, involv-
ing altered modulation of synaptic potentiating and pruning by
dopamine and other factors during development, which result in
altered patterns of cortico-cortical connectivity that might persist
into adulthood (Liston etal., 2011).

Subcortical regions may also significantly contribute to the
pathophysiology of ADHD. For example, the basal ganglia has
been associated with the execution of appropriate goal-directed
behaviors and may play a role in the behavioral impairments
for response control seen in many children with ADHD (Qiu
etal., 2009). Neuroimaging studies have demonstrated regional
structural and functional deficits of the basal ganglia, especially
in the striatum (Qiu etal., 2009; van Ewijk, 2012). Disturbed
WM structural connectivity and atypical functional connectiv-
ity have been shown in the frontal-striatal network in both adults
and children with ADHD (Konrad and Eickhoff, 2010; Tamm
etal.,, 2012). It has been hypothesized that the impairments of
the striatum and its brain connections are associated with the
hyperactivity/impulsivity component in children with ADHD
(van Ewijk, 2012).

However, the role of the thalamus and its mediating role in
cortico-striatal and cortico-cortical pathways in ADHD have been
relatively ignored. Very recently, investigation of high resolution
structural MRI data revealed reduced bilateral thalamic volumes,
as well as regional surface atrophy in the pulvinar nucleus of the
left side thalamus in children with ADHD (Xiaetal., 2012). In the
same study, disturbed frontal-thalamo and thalamo-striatal WM
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connectivity have also been demonstrated in the children with
ADHD. Furthermore, significantly reduced pulvinar activations
and abnormal pulvinar-frontal and occipital-pulvinar functional
connectivity have been shown in children with ADHD during a
visual sustained attention task, which were also significantly cor-
related with their inattentiveness indices for clinical diagnoses
(Li etal., 2012). This series of neuroimaging studies may drive
the field forward by placing the pulvinar nuclei of the thala-
mus at the center of dysfunctional attentional networks in ADHD

(Shaw, 2012).

As a summary, brain network associated dysfunctions have
been found to be central in ADHD pathophysiology. It is impor-
tant to gain a better understanding of how subcortical-cortical
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Structural and functional MRI networks in TLE

high amyloid-beta deposition (Buckner et al., 2009). Central hubs
may form a so-called rich club, a collection of mutually densely
linked nodes with disproportionally high centrality (Van Den
Heuvel and Sporns, 2011; Harriger et al., 2012). This architecture
is thought to contribute to the robustness of the core constituents
of the brain network. In humans, a rich club inferred from
diffusion MRI has been shown to comprise lateral prefrontal,
midline and lateral parietal, as well as the hippocampus, puta-
men, and thalamus (Van Den Heuvel and Sporns, 2011). In the
macaque monkey, rich club regions have been shown to be pref-
erentially located on short paths through the network, thereby
contributing effectively to global communication (Harriger et al.,
2012).

In focal epilepsy, relatively few studies have employed graph-
theoretical analysis of brain networks derived from MRI (Liao
et al.,, 2010; Bernhardt et al., 2011; Bonilha et al., 2012;
Vaessen et al., 2012b). We previously showed that in drug-
resistant TLE, structural networks derived from inter-regional
MRI-based cortical thickness correlations are characterized by
increased clustering and path length, a finding indicative of a
more regular global topology (Bernhardt et al., 2011). These
findings were complemented by the parallel observation of
reduced network robustness, a measure of organizational sta-
bility (Bernhardt et al., 2011), and subtle alterations in the
distribution of network hubs pointing toward a more paral-
imbic distribution in patients relative to controls. In a longi-
tudinal study, we showed that structural network disruptions
intensify over time. Furthermore, relating network parameters
to postsurgical seizure outcome data indicated that patients
who continued to have seizures after surgery had more marked
network disruptions relative to those who became seizure-free
(Bernhardt et al., 2011). These findings speak to the hypoth-
esis that seizure recurrence after surgery may, in part, be
related to an extended epileptogenic network (Ryvlin, 2003;
Bernhardt et al., 2010). Our findings therefore suggest a pos-
sible clinical potential for network data in the presurgical
workup.

Our finding of a more regularized topology of structural
cortico-cortical networks in drug-resistant TLE closely resem-
bled results from graph-theoretical analyses of intracerebral

EEG recordings during focal seizures (Ponten et al., 2007,
Kramer et al., 2008; Schindler et al., 2008) and scalp EEG
data of generalized absence seizures (Ponten et al., 2009).
Indeed, electrophysiological work has suggested that seizures
may be associated with a sudden regularization of func-
tional networks. It may, thus, be plausible that network syn-
chronization during the ictal phase may influence mutual
inter-cortical trophic exchanges, ultimately leading to progres-
sive and long-lasting remodeling of inter-regional structural
networks.

Few other studies assessed the topology of brain networks
derived from MRI in TLE using graph-theoretical methods. A
diffusion MRI tractography of structures belonging to the limbic
network showed increased clustering and centrality in 12 patients
with unilateral TLE (Bonilhaetal., 2012). Analysis of whole-brain
resting-state functional networks in patients with bilateral TLE
has revealed both atypical low-level connectivity (i.e., increases in
temporal and decreases in fronto-parietal connectivity) and topo-
logical disruptions, indicative of decreased clustering and path
length (Liao et al., 2010). These studies have further demon-
strated that TLE is associated with topological disruptions in
large-scale structural and functional networks. Results have nev-
ertheless been somewhat divergent, possibly as a result of het-
erogeneous patient populations and diverse network construction
methods.

CONCLUSIONS AND FUTURE DIRECTIONS

Advances in brain network construction and graph theoretical
modeling have permitted a characterization of topological aspects
of healthy and abnormal brain connectivity. While an extensive
literature has shown regional as well as low-level connectional
disruptions in TLE, studies focusing on disruptions of network
topology have been so far rather sparse. The unified and elegant
framework of graph theoretical analysis promises to further con-
solidate our understanding of how functional networks interact
with their structural substrate. Moreover, given initial observa-
tions of a relationship between the extent of network damage and
post-surgical seizure outcome, establishing subject-specific pro-
files of network properties has great potential to assist in clinical
decision-making.
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