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Abstract

Our brain is a network. It consists of spatially distributed, but functionally linked regions that
continuously share information with each other. Interestingly, recent advances in the acquisition
and analysis of functional neuroimaging data have catalyzed the exploration of functional
connectivity in the human brain. Functional connectivity is defined as the temporal dependency
of neuronal activation patterns of anatomically separated brain regions and in the past years an
increasing body of neuroimaging studies has started to explore functional connectivity by
measuring the level of co-activation of resting-state fMRI time-series between brain regions.
These studies have revealed interesting new findings about the functional connections of specific
brain regions and local networks, as well as important new insights in the overall organization of
functional communication in the brain network. Here we present an overview of these new
methods and discuss how they have led to new insights in core aspects of the human brain,
providing an overview of these novel imaging techniques and their implication to neuroscience.
We discuss the use of spontaneous resting-state fMRI in determining functional connectivity,
discuss suggested origins of these signals, how functional connections tend to be related to
structural connections in the brain network and how functional brain communication may form a

key role in cognitive performance. Furthermore, we will discuss the upcoming field of examining
functional connectivity patterns using graph theory, focusing on the overall organization of the
functional brain network. Specifically, we will discuss the value of these new functional
connectivity tools in examining believed connectivity diseases, like Alzheimer's disease,
dementia, schizophrenia and multiple sclerosis.
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1. Introduction

Our brain is a network. A very efficient network to be precise.
It is a network of a large number of different brain regions that
each have their own task and function, but who are
continuously sharing information with each other. As such,
they form a complex integrative network in which information
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is continuously processed and transported between structur-
ally and functionally linked brain regions: the brain network.

In the past three decades, a rich history of structural and
functional neuroimaging studies have provided an incredible
amount of knowledge about the primate and human brain,
especially about the role and function of each brain region.
Interestingly, recent advances in functional neuroimaging
have provided new tools to measure and examine functional
interactions between brain regions, catalyzing the examina-
tion of functional connectivity in the human brain. Func-
tional connectivity is defined as the temporal dependence of
neuronal activity patterns of anatomically separated brain
regions (Aertsen et al., 1989; Friston et al., 1993) and studies
have been shown the feasibility of examining functional
connectivity between brain regions as the level of co-
activation of functional MRI time-series measured during rest
(Lowe et al., 2000).

Examining the human brain as an integrative network of
functionally interacting brain regions can provide new insights
about large-scale neuronal communication in the human
brain. It provides a platform to examine how functional
connectivity and information integration relates to human
behavior and how this organization may be altered in
neurodegenerative diseases (Bullmore and Sporns, 2009;
Greicius, 2008). In the past few years, novel neuroimaging
techniques and analysis methods have enabled the examina-
tion of whole-brain functional connectivity patterns, enabling
the in vivo examination of functional connectivity on a whole-
brain scale. These studies have examined the level of co-
activation between the functional time-series of anatomically
separated brain regions during rest, using so-called resting-
state functional Magnetic Resonance Imaging, believed to
reflect functional communication between brain regions
(Biswal et al., 1995; Damoiseaux et al., 2006; Greicius et
al., 2003; Salvador et al., 2005a). This review provides an
overview of these new imaging and analysis techniques and
their implication to neuroscience. We discuss the most
commonly used resting-state fMRI acquisition and analysis
techniques, discuss how functional connections are likely to
relate to white matter structural tracts and how these resting-
state fMRI techniques can be used to examine specific as well
as whole-brain functional connectivity patterns. Furthermore,
we will discuss the upcoming field of applied graph analytical
approaches of resting-state data, enabling the exploration of
the overall organization of functional communication chan-
nels within the brain network. We discuss how the efficiency
of functional communication between brain regions might
form a new framework to examine complex behavior in the
human brain, reviewing recent studies on a direct link
between overall functional communication efficiency and
cognitive ability. Furthermore, we discuss how resting-state
functional connectivity can be used to examine hypothesized
disconnectivity effects in neurodegenerative and psychiatric
brain diseases.
2. Functional connectivity: resting-state fMRI

Our brain is a complex network of functionally and
structurally interconnected regions. Functional communica-
tion between brain regions is likely to play a key role in
complex cognitive processes, thriving on the continuous
integration of information across different regions of the
brain. This makes the examination of functional connectivity
in the human brain of high importance, providing new
important insights in the core organization of the human
brain. Functional connectivity is defined as the temporal
dependency between spatially remote neurophysiological
events (Aertsen et al., 1989; Friston et al., 1993). In the
context of functional neuroimaging, functional connectivity is
suggested to describe the relationship between the neuronal
activation patterns of anatomically separated brain regions,
reflecting the level of functional communication between
regions. Interestingly, around 15 years after the invention of
fMRI, studies started to examine the possibility of measuring
functional connectivity between brain regions as the level of
co-activation of spontaneous functional MRI time-series,
recorded during rest (Biswal et al., 1997; Greicius et al.,
2003; Lowe et al., 2000). During these resting-state experi-
ments, volunteers were instructed to relax and not to think of
something in particular, while their level of spontaneous brain
activity was measured throughout the period of the experi-
ment. Biswal and colleagues were the first to demonstrate
that during rest the left and right hemispheric regions of the
primary motor network are not silent, but show a high
correlation between their fMRI BOLD time-series (Biswal et
al., 1995; Biswal et al., 1997), suggesting ongoing information
processing and ongoing functional connectivity between these
regions during rest (Biswal et al., 1997; Cordes et al., 2000;
Greicius et al., 2003; Lowe et al., 2000). In their study
(schematically illustrated in Fig. 1), the resting-state time-
series of a voxel in the motor network was correlated with the
resting-state time-series of all other brain voxels, revealing a
high correlation between the spontaneous neuronal activation
patterns of these regions. Several studies have replicated
these pioneering results, showing a high level of functional
connectivity between the left and right hemispheric motor
cortex, but also between regions of other known functional
networks, like the primary visual network, auditory network
and higher order cognitive networks (Biswal et al., 1997;
Cordes et al., 2002; Cordes et al., 2000; Damoiseaux et al.,
2006; De Luca et al., 2005; Fox and Raichle, 2007; Greicius et
al., 2003; Lowe et al., 2000; Lowe et al., 1998; Van den Heuvel
et al., 2008a; Xiong et al., 1999). These studies mark that
during rest the brain network is not idle, but rather shows a
vast amount of spontaneous activity that is highly correlated
between multiple brain regions (Buckner et al., 2008; Buckner
and Vincent, 2007; Greicius, 2008). To summarize, resting-
state fMRI experiments are focused on mapping functional
communication channels between brain regions by measuring
the level of correlated dynamics of fMRI time-series.

3. Origin of spontaneous resting-state fMRI
signals

Of special interest are the low frequency oscillations
(∼0.01–0.1 Hz) of resting-state fMRI time-series (Biswal et
al., 1995; Biswal et al., 1997; Cordes et al., 2001; Lowe et
al., 2000; Lowe et al., 1996). The true neuronal basis of
these low frequency resting-state fMRI oscillations is not yet
fully understood and in the past years there has been an
ongoing debate on whether these resting-state BOLD signals
result from physiological processes, like respiratory and



Figure 1 Resting-state fMRI studies are focused on measuring the correlation between spontaneous activation patterns of brain
regions. Within a resting-state experiment, subjects are placed into the scanner and asked to close their eyes and to think of nothing in
particular, without falling asleep. Similar to conventional task-related fMRI, the BOLD fMRI signal is measured throughout the
experiment (panel a). Conventional task-dependent fMRI can be used to select a seed region of interest (panel b). To examine the
level of functional connectivity between the selected seed voxel i and a second brain region j (for example a region in the
contralateral motor cortex), the resting-state time-series of the seed voxel is correlated with the resting-state time-series of region j
(panel c). A high correlation between the time-series of voxel i and voxel j is reflecting a high level of functional connectivity between
these regions. Furthermore, to map out all functional connections of the selected seed region, the time-series of the seed voxel i can
be correlated with the time-series of all other voxels in the brain, resulting in a functional connectivity map that reflects the regions
that show a high level of functional connectivity with the selected seed region (panel d).
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cardiac oscillations (Birn et al., 2006; Birn et al., 2008; Chang
et al., 2009; Shmueli et al., 2007; Wise et al., 2004) or
whether these correlations originate from co-activation in
the underlying spontaneous neuronal activation patterns of
these regions, measured through a hemodynamic response
function (Buckner and Vincent, 2007; Greicius et al., 2003;
Gusnard et al., 2001). Typically, fMRI protocols have a low
temporal resolution (common acquisition rate of 2–3 s per
scan, i.e. 0.5 Hz), causing high frequent respiratory and
cardiac oscillations to be aliased back into the lower resting-
state frequencies (0.01–0.1 Hz). As a result, these higher
frequent cardiac and respiratory patterns might shape the
BOLD time-series of anatomically separate brain regions in a
similar way, introducing artificial correlations between the
time-series of these regions (Birn et al., 2006; Birn et al.,
2008; Chang et al., 2009; Shmueli et al., 2007; van Buuren et
al., 2009; Wise et al., 2004). However, support for a possible
neuronal basis of resting-state fMRI signals comes from the
observation that most of the resting-state patters tend to
occur between brain regions that overlap in both function
and neuroanatomy, for example regions of the motor, visual
and auditory network (Biswal et al., 1995; Damoiseaux et al.,
2006; De Luca et al., 2005; Lowe et al., 2000; Salvador et al.,
2005a; Van den Heuvel et al., 2008a). This observation
suggests that brain regions that often have to work together
form a functional network during rest, with a high level of
ongoing spontaneous neuronal activity that is strongly
correlated between the anatomically separated regions
that form the network. Further support for a neuronal basis
of resting-state fMRI signals comes from studies who report
that the observed spontaneous BOLD signals are mainly
dominated by lower frequencies (b 0.1 Hz) with only a
minimal contribution of higher frequent cardiac and respi-
ratory oscillations (N 0.3 Hz) (Cordes et al., 2001; Cordes et
al., 2000). Cardiac and respiratory oscillations have been
reported to have a different frequency pattern and therefore
a different frequency related influence on resting-state
correlations than the low frequencies of interest in (0.01–
0.1 Hz) (Cordes et al., 2001; Cordes et al., 2000). Further-
more, support for a neuronal basis of resting-state fMRI
recordings comes from studies reporting on an (indirect)
association between the amplitude profiles of resting-state
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fMRI correlations and electrophysiological recordings of
neuronal firing (Nir et al., 2008) and from studies showing
a strong association between spontaneous BOLD fluctuations
and simultaneous measured fluctuations in neuronal spiking
(Shmuel and Leopold, 2008; Shmuel et al., 2002). Taken
together, more and more studies are in support of a neuronal
basis of the resting-state fMRI signal. As a result, the general
discussion tends to shift to to what extent resting-state fMRI
patterns are confounded by non-neural oscillations, like
cardiac and respiratory oscillations, rather than if resting-
state fMRI patterns reflect ongoing neuronal activation and
functional connectivity at all. However, this does not mean
that resting-state fMRI time-series are solely reflecting co-
activation of brain regions during rest. Influences of non-
neuronal patterns can still influence and corrupt the resting-
state signal and methods to reduce the influence of these
signals are becoming more and more standard in the
preprocessing of resting-state fMRI signals (Birn et al.,
2008; Chang et al., 2009; van Buuren et al., 2009). These
methods include the subtraction of physiological signals out
of the resting-state fMRI signal by monitoring physiological
patterns during scanning and/or regressing non-gray matter
signals out of the fMRI signal (Weissenbacher et al., 2009), as
well as the use of high sampling rates to prevent aliasing of
high frequencies into the lower resting-state frequencies of
interest (Cordes et al., 2001; Cordes et al., 2000; Van den
Heuvel et al., 2008a,b,c).

In general, a fast growing body of neuroimaging studies
support the notion that resting-state BOLD fluctuations of
cortical and sub-cortical regions originate, at least in part,
from spontaneous neuronal activity and that the observed
temporal correlation between fMRI time-series of anatomi-
cally separated regions is reflecting a level of ongoing
functional connectivity between brain regions during rest
(Buckner and Vincent, 2007; Greicius et al., 2003; Gusnard et
al., 2001). This makes spontaneous resting-state fMRI
oscillations a robust measure to examine functional connec-
tions between brain regions on a whole-brain scale.

4. How to process resting-state fMRI data

Several methods to process resting-state fMRI data, exam-
ining the existence and extent of functional connections
between brain regions, have been proposed, including seed
methods (Andrews-Hanna et al., 2007; Biswal et al., 1995;
Cordes et al., 2000; Fransson, 2005; Larson-Prior et al.,
2009; Song et al., 2008), principal component analysis (PCA)
(Friston et al., 1993), singular value decomposition (Worsley
et al., 2005), independent component analysis (Beckmann et
al., 2005; Calhoun et al., 2001; van de Ven et al., 2004) and
clustering (Cordes et al., 2002; Salvador et al., 2005a;
Thirion et al., 2006; Van den Heuvel et al., 2008a). Roughly,
resting-state fMRI methods can be placed into two groups:
model-dependent and model-free methods.

4.1. Model-dependent methods: seed method

The most straightforward way to examine the functional
connections of a particular brain region is to correlate the
resting-state time-series of the depicted brain region against
the time-series of all other regions, resulting in a functional
connectivity map (fcMap) defining the functional connec-
tions of the predefined brain region (Fig. 1) (Biswal et al.,
1997; Cordes et al., 2000; Jiang et al., 2004). This region of
interest is typically called seed. A seed can be a priori
defined region or it can be selected from a traditional task-
dependent activation map acquired in a separate fMRI
experiment, pinpointing a specific region of interest. For
example, if the focus of interest is on examining the
functional connections of the left primary motor cortex,
one can use a task-dependent fMRI experiment (Fig. 1) in
which the volunteers are instructed to move their right hand,
selecting the most activated voxels along the left precentral
gyrus as the seed area. Next, resting-state time-series of the
selected seed region can be correlated with the resting-state
time-series of all other voxels (Fig. 1), resulting in a
functional connectivity map (fcMap). The resulting fcMap
provides information about with which regions the selected
primary motor seed region is functionally linked and to what
extent. The relative simplicity of this analysis forms a strong
advantage of seed-dependent methods, together with the
straight forwardness of the results (Buckner and Vincent,
2007). Functional connectivity maps provide a clear view of
with which regions the seed region is functionally connected,
making it an elegant way of examining functional connec-
tivity in the human brain. However, the information of a
fcMap is limited to the functional connections of the selected
seed region, making it difficult to examine functional
connections patterns on a whole-brain scale.
4.2. Model-free methods

To examine whole-brain connectivity patterns, model-free
methods have been introduced, enabling the exploration of
connectivity patterns without the need of defining an a priori
seed region. In contrast to seed-based methods, model-free
methods are designed to look for general patterns of
(unique) connectivity across brain regions. Several model-
free methods have been suggested and successfully applied
to resting-state time-series, including principal component
analysis (PCA) (Friston, 1998), independent component
analysis (ICA) (Beckmann et al., 2005; Calhoun et al., 2001;
De Luca et al., 2006; van de Ven et al., 2004) and hierarchical
(Cordes et al., 2002; Salvador et al., 2005a), Laplacian
(Thirion et al., 2006) and normalized cut clustering (Van den
Heuvel et al., 2008a). ICA-based methods (Beckmann et al.,
2005; Calhoun et al., 2001; De Luca et al., 2006; van de Ven
et al., 2004) are perhaps the most commonly used and have
been reported to show a high level of consistency (Damoi-
seaux et al., 2006). ICA methods are designed to search for a
mixture of underlying sources that can explain the resting-
state patterns, looking for the existence of spatial sources of
resting-state signals that are maximally independent from
each other. ICA methods for resting-state fMRI are powerful
methods as they can be applied to whole-brain voxel-wise
data and as the temporal signals of the independent resting-
state components can be easily selected for further
examination of possible group differences between healthy
controls and patients. A possible disadvantage of ICA
methods might include that the independent components
are often perceived as more difficult to understand than
traditional seed-dependent fcMaps, as they contain a more
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complex representation of the data, which could complicate
the translation of between-group results to clinical rele-
vance (Fox and Raichle, 2007). In addition to ICA-based
approaches, a number of clustering strategies have been
applied to resting-state fMRI time-series. Clustering involves
the grouping of datapoints into a sub-group that show a high
level of similarity and grouping datapoints into different sub-
sets that show a low level of similarity (Salvador et al.,
2005a; Van den Heuvel et al., 2008a). Clustering is aimed at
maximizing the level of similarity between datapoints,
grouping connected points into non-overlapping sub-clus-
ters. As such, clustering results may be more comparable to
traditional fcMap results, as they more directly reflect
functional connections between brain regions. On the other
hand, ICA has the strong advantage of enabling direct
comparison between subject groups, while clustering meth-
ods generally need additional seed-like processing steps to
compare functional connectivity between patients and
healthy volunteers. Nevertheless, although all having their
advantages and disadvantages, ICA, clustering and seed
methods tend to show a high level of overlap (Fig. 2). For
example, group ICA resting-state fMRI studies have consis-
tently reported the formation of the so-called default mode
network during rest (Beckmann et al., 2005; Damoiseaux et
al., 2007; Damoiseaux et al., 2006), which have been
Figure 2 Resting-state networks. A number of group resting-state
linked resting-state networks during rest. These studies, although all
ICA or clustering) (Beckmann et al., 2005; Biswal et al., 1995; Damo
Van den Heuvel et al., 2008a) and different types of MR acquisition pr
robust formation of functionally linked resting-state networks in the
resting-state networks across these studies, including the primary se
network, a network consisting of bilateral temporal/insular and ante
consisting of superior parietal and superior frontal regions (*reported
consisting of precuneus, medial frontal, inferior parietal cortical regi
networks reported by the following studies: (a) Biswal et al. (19
(d) Damoiseaux et al. (2006), (e) Salvador et al. (2005a), and (f) Va
extensively confirmed by both seed-based (Greicius et al.,
2003; Whitfield-Gabrieli et al., 2009) and clustering
approaches (Van den Heuvel et al., 2008a,b). Furthermore,
ongoing functional connectivity in the primary motor
network, originally revealed by seed-based analysis (Biswal
et al., 1995; Cordes et al., 2001; Xiong et al., 1999), have
been extensively verified by ICA and clustering methods
(Beckmann et al., 2005; Damoiseaux et al., 2006; Salvador et
al., 2005b; Van den Heuvel et al., 2008a). Similarly, intrinsic
functional connectivity between primary visual and auditory
regions has been found by all three methods, as well
functional connectivity between regions of well known
frontal-parietal attentional networks. Taken together,
seed-based, ICA-based and clustering-based methods all
tend to show strong overlap between their results, support-
ing the notion of the robust formation of multiple function-
ally linked networks in the human brain during resting-state.

5. Functionally linked brain regions: resting-state
networks

Group resting-state studies have reported the formation of
strongly functionally linked sub-networks during rest, net-
works that are often referred to as resting-state networks
studies have consistently reported the formation of functionally
using different groups of subjects, different methods (e.g. seed,
iseaux et al., 2006; De Luca et al., 2006; Salvador et al., 2005a;
otocols, show large overlap between their results, indicating the
brain during rest. This figure shows the most consistent reported
nsorimotor network, the primary visual and extra-striate visual
rior cingulate cortex regions, left and right lateralized networks
as one single network) and the so-called default mode network

ons and medial temporal lobe. The figure illustrates resting-state
95), (b) Beckmann et al. (2005), (c) De Luca et al. (2006),
n den Heuvel et al. (2008a).
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(Beckmann et al., 2005; Damoiseaux et al., 2006; Fox and
Raichle, 2007; Fox et al., 2005). These resting-state net-
works consist of anatomically separated, but functionally
linked brain regions that show a high level of ongoing
functional connectivity during rest. Up until now, neuroima-
ging studies have identified around eight functionally linked
sub-networks (Beckmann et al., 2005; Damoiseaux et al.,
2006; De Luca et al., 2006; Fransson, 2005; Salvador et al.,
2005a; van de Ven et al., 2004; Van den Heuvel et al.,
2008a). Fig. 2 illustrates the most often reported resting-
state networks, describing networks of anatomically sepa-
rated brain regions that show a high level of functionally
connectivity during rest. These networks include the motor
network, the visual network, two lateralized networks
consisting of superior parietal and superior frontal regions,
the so-called default mode network consisting of precuneus,
medial frontal and inferior parietal and temporal regions
(Buckner and Vincent, 2007; Fox and Raichle, 2007; Fox et
al., 2005; Fransson, 2005; Greicius et al., 2003; Gusnard et
al., 2001; Raichle et al., 2001; Raichle and Snyder, 2007) and
a network consisting of bilateral temporal/insular and
anterior cingulate cortex regions (Fig. 2). Although using a
variety of MR scanners (multiple vendors, multiple field
strengths 1.5, 3 T, 4 T) and analysis techniques (seed
methods, independent component analysis, clustering)
these studies show large overlap between their reported
networks, demonstrating the robust formation of resting-
state networks during rest (Fig. 2).

Interestingly, most of these resting-state networks tend
to represent known functional networks, overlapping regions
that are known to share a common function, supporting the
functional relevance of these networks. They overlap the
primary motor regions, the primary visual regions and
parietal–frontal networks involved in attention processing
(Biswal et al., 1995; Cordes et al., 2000; De Luca et al., 2006)
(Damoiseaux et al., 2006; Fox et al., 2005). Interestingly,
recently studies have suggested that not only wide-scale
functional networks are formed, but that resting-state
networks may show an internal topology that is strongly
organized to their sub-functions. Whole-brain voxel-wise
analysis have distinguished the formation of sub-networks
within the full visual network, separating a sub-network
overlapping primary visual regions from a sub-network
overlapping extra-striate visual regions (Beckmann et al.,
2005; Damoiseaux et al., 2006; Van den Heuvel et al.,
2008a). Furthermore, the functional connections within the
primary motor resting-state network have been reported to
be ordered according to the somatotopic organization of the
precentral gyrus, suggesting the formation of functionally
linked somatotopic sub-networks within the primary motor
network (Van den Heuvel and Hulshoff Pol, 2010). Together
these findings tend to suggest that, at least one class of
functional connectivity during rest may indicate ongoing
connectivity between regions that have an overlapping
function. Neurons are well known to show a high level of
spontaneous firing in the absence of performing a task,
continuously transporting information to other neurons. In
this context, it may be reasonable to speculate about the
idea that functional connectivity may aid to keep functional
systems in an active state, helping to improve performance
and their reaction time whenever functional connectivity is
needed. Indeed, recent studies have suggested that long
term motor training may significantly increase resting-state
activity within primary motor regions (Xiong et al., 2008).

Of special interest is the so-called default mode network, a
network consisting of functionally linked posterior cingulate
cortex/precuneus, medial frontal and inferior parietal regions
(Fig. 2). In contrast to the other resting-state networks, the
regions of the default mode network are known to show an
elevated level of neuronal activity during rest, in comparison
to when (cognitive) tasks are performed, suggesting that
activity of this network is reflecting a default state of
neuronal activity of the human brain (Gusnard et al., 2001;
Raichle et al., 2001; Raichle and Snyder, 2007). Furthermore,
these increased levels of neuronal activity tend to be strongly
correlated during rest, forming one integrative functionally
interconnected resting-state network (Greicius et al., 2003).
Activity and connectivity of the default mode network have
been linked to core process of human cognition, including the
integration of cognitive and emotional processing (Greicius et
al., 2003), monitoring the world around us (Gusnard et al.,
2001) and mind-wandering (Mason et al., 2007). This makes
default mode activation and connectivity of special interest in
examining cognitive disfunctioning in neurologic and psychi-
atric brain disorders (Bullmore and Sporns, 2009; Greicius,
2008) (Harrison et al., 2007; Rombouts et al., 2005) (Garrity et
al., 2007; Lowe et al., 2008; Mohammadi et al., 2009;
Whitfield-Gabrieli et al., 2009; Zhou et al., 2007b).

6. Functional versus structural connectivity: a
structural core of resting-state connectivity

What is supporting this ongoing functional connectivity
between these anatomically separated brain regions during
rest? Most resting-state networks, like the default mode
network and the lateralized attentional parietal-frontal net-
works, but also the primary motor and visual networks, consist
of anatomically separated cortical regions. But how are these
anatomically separated brain regions able to stay functionally
connected? If resting-state fluctuations truly reflect ongoing
neuronal activity and communication between brain regions,
one would at least expect the existence of structural
connections between these functionally linked brain regions
to support the ongoing communication. When we are talking
about structural connections in the brain we refer to white
matter tracts, describing the bundles of millions of long-
distance axons that directly interconnect large groups of
spatially separated neurons. White matter tracts are the
information highways of the brain, enabling transport of large
amount of functional data between spatially separated
regions. In this context, when correlation of resting-state
fMRI time-series of anatomically separated brain regions is
indeed reflecting ongoing interregional functional communi-
cation, there should be a structural core of white matter
connections facilitating this neuronal communication (Damoi-
seaux and Greicius, 2009). Recently, a number of studies have
indeed suggested a direct association between functional and
structural connectivity in the human brain by combining
resting-state fMRI with structural diffusion tensor imaging
measurements (DTI). DTI is a MRI technique that enables the
reconstruction of white matter tracts in the human brain. DTI
measures the diffusion profile of free water molecules in brain
tissue, which are known to diffuse along a strong preferred
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direction in white matter tracts due to the compact layout of
axonal bundles. Indeed, concerning a general relationship
between functional and structural connectivity, local regions
on either side of a sulcus that are structurally connected by
short-range fibers were found to also show a high level of
functional connectivity (Koch et al., 2002). Furthermore, also
on a global whole-brain scale, regions with a higher level of
structural connectivity have been reported to show a higher
level of functional connectivity (Hagmann et al., 2008; Honey
et al., 2007; Honey et al., 2009). Focusing on the default mode
network, specific white matter tracts have been suggested to
structurally interconnected the functionally linked regions of
this network (Greicius et al., 2008). Combining resting-state
fMRI recordings with DTI data identified an important role for
the cingulum tract in interconnecting the key regions of the
default mode network, verifying the direct structural axonal
connections between the posterior cingulate cortex and
medial frontal cortex known from animal studies (Lawes et
al., 2008; Schmahmann et al., 2007; Wakana et al., 2004).
Moreover, the microstructural organization of these white
matter tracts was found to be directly related to the level of
functional connectivity between these regions (Van den
Heuvel et al., 2008b). Besides suggesting an important role
for the cingulum in the default mode network, also the medial
temporal lobe and posterior cingulate cortex, other regions of
the default mode network have been found to be
interconnected by structural white matter tracts, suggesting
a more general link between structural and functional
connectivity within the default mode network and resting-
state networks in general (Greicius et al., 2008). Indeed, a
recent study showed that almost all functionally linked regions
of the most often reported resting-state networks are
structurally interconnected by known white matter tracts
(Van den Heuvel et al., 2009). This suggests the existence of a
general structural core of resting-state networks, supporting
the notion of an overall link between structural and functional
connectivity on a whole-brain scale (Damoiseaux and Greicius,
2009; Hagmann et al., 2008; Honey et al., 2009). However,
although the functional and structural organization of the
brain network are likely to be linked, we by no means try to
suggest that it is a one-to-one relationship; their exact
relationship remains unknown (Bullmore and Sporns, 2009).
The structural brain network needs to facilitate a vast amount
of functional configurations, but how this is achieved remains
unknown. This calls for future structural and functional
network studies to examine how the structural brain network
is able to support fast changing functional activation patterns
of functional networks (Bullmore and Sporns, 2009).

7. Examining the organization of the brain
network

7.1. Graph analysis

Up until now the main focus of this review has been on the
examination of specific functional connections between
specific cortical regions. However, recently, new advances
in resting-state analysis techniques have shown the possibil-
ity of examining the overall structure of the brain network,
still with a high level of spatial detail, using graph analytical
methods. Interestingly, these studies have shown that,
besides the formation of multiple resting-state networks,
the human brain forms one integrative complex network,
linking all brain regions and sub-networks together into one
complex system. Examining the overall organization of this
network can provide new valuable insights in how the human
brain operates. How are the functional connections between
brain regions organized? How efficiently can the brain
integrate information between different sub-systems? And
are there brain regions that have a specialized role in this
efficient communication? Graph theory provides a theoret-
ical framework in which the topology of complex networks
can be examined, and can reveal important information
about both the local and global organization of functional
brain networks (Bullmore and Sporns, 2009; Sporns et al.,
2004; Stam et al., 2009; Stam and Reijneveld, 2007).

Using graph theory, functional brain networks can be
defined as a graph G=(V,E), with V the collection of nodes
reflecting the brain regions, and E the functional connections
between these brain regions. Fig. 3 provides a schematic
figure of a graph representation of the functional brain
network. Within such a graph theoretical framework, the
nodes of the brain network can be represented as (sub)cortical
regions, which can be a small number of large-scale brain
regions based on a predefined cortical template (e.g.
Brodmann template) or fMRI voxels, or a hybrid approach
somewhere in between. Second, the level of functional
connectivity between two regions is computed as the level
of correlation between the time-series of the two brain
regions (Fig. 3b). Computing the level of functional connec-
tivity between all possible node-pairs and determining the
existence of a functional connection by using a predefined
cut-off threshold or by using a weighted approach, results in a
graph representation of the functional brain network and
allows for the examination of its organization using graph
theory (Fig. 3c).

Graph theory has been extensively used to examine the
properties of complex networks like the internet, aircraft
flight patterns and biological systems, collecting key
information about their organization. Fig. 4 explains the
notion of a graph and some of its key graph properties,
including the clustering-coefficient, characteristic path
length, node degree and degree distribution, centrality and
modularity (Reijneveld et al., 2007; Sporns et al., 2004; Stam
and Reijneveld, 2007). The clustering-coefficient of a graph
provides information about the level of local neighborhood
clustering within a graph, expressing how close the neighbors
of node are connected themselves. This indicates the level of
local connectedness of a graph (Fig. 4b). Furthermore, the
characteristic path length of a graph describes how close on
average a node of the network is connected to every other
node in the network, providing information about the level of
global connectivity of the network and about how efficient
information can be integrated between different systems
(Fig. 4c). The degree of a node describes the number of
connections of a node (Fig. 4d) and provides information
about the existence of highly connected hub nodes in the
brain network. Important additional information of the
formation of hubs in networks comes from centrality
measures, indicating how many of the shortest travel routes
within a network pass through a specific node of the
network. If a node has a high level of centrality , it facilitates
a large number of shortest routes in the network, indicating



Figure 3 Modeling the functional brain network. The functional connected brain network can be represented as a graph, consisting
of nodes, and edges (or connections) between regions that are functionally linked. First, the collection of nodes is defined. These can
be brain regions, defined by a preselected template of brain regions, for example the Brodmann Areas (panel a). Second, the existence
of functional connections between the nodes in the network needs to be defined, indicating the level of interaction between the nodes
of the network. Within resting-state fMRI studies, the level of co-activation between brain regions is used as a measure of
connectivity, defined by the level of correlation between the resting-state fMRI time-series. Within a graph approach, the level of
functional connectivity between each possible pair of nodes in the network is computed (i.e. between all possible regions or voxel
pairs), resulting in a connectivity matrix (panel b). Finally, the existence of a connection between two points can be defined as
whether their level of functional connectivity exceeds a certain predefined threshold. This results in modeling the brain as a
functional network with connections between regions that are functionally linked (panel c).
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that it has a key role in the overall communication efficiency
of a network. Furthermore, the level of modularity (Fig. 4e)
of a graph describes to which extent groups of nodes in the
graph are connected to the members of their own group,
indicating the formation of sub-networks within the full
network. All together, these graph values provide important
information about the structure of a network and may mark a
specific organization, like a small-world, scale-free and/or
modular organization (see Fig. 5). The use of graph theory on
neuroimaging data is an upcoming field and more and more
graph organizational measures are designed and tested for
their potential use in examining the functional and structural
connectome of the brain (Rubinov and Sporns, 2009)
(Bullmore and Sporns, 2009).
7.2. Applying graph analysis to resting-state fMRI:
exploring the functional brain network

A number of pioneering studies have applied advanced graph
analysis techniques to resting-state fMRI data (Achard and
Bullmore, 2007; Achard et al., 2006; Eguiluz et al., 2005; Liu
et al., 2008; Salvador et al., 2005b; Van den Heuvel et al.,
2008c; van den Heuvel et al., 2009), revealing new insights
about the general organization of functional brain networks.
These resting-state fMRI studies have indicated a very
efficient organization of functional connectivity during rest
(Achard et al., 2006; Watts and Strogatz 1998), supporting
the findings of MEG and EEG studies (Bassett et al., 2006;
Micheloyannis et al., 2006a; Stam, 2004). Together, these
studies show that the brain network is organized according to
an efficient small-world organization (Fig. 5a). Small-world
networks are known for their high level of local connected-
ness, but still with a very short average travel distance (i.e.
low path length) between the nodes of the network. As such,
this organization combines a high level local efficiency with a
high level of global efficiency. Recent studies have
supported these findings, showing an efficient organization
of the human brain network on both a regional (Achard and
Bullmore, 2007; Liu et al., 2008) as well as on a voxel-scale
(Eguiluz et al., 2005; Van den Heuvel et al., 2008c).
Furthermore, it has also been suggested that connectivity
distribution of the functional brain network is different from
that of a random network, suggesting that within the
functional brain network some nodes (i.e. brain regions)
have many more connections than other nodes. Regional
studies, using a predefined anatomical template to define
the nodes of the network as brain regions, have indicated
that the probability of a node having k connections follows an
exponential truncated power-law (Achard et al., 2006; Liu et
al., 2008). Moreover, voxel-based studies, defining the brain
network as a detailed network of voxels, have even



Figure 4 Graph characteristics: a graph, clustering-coefficient, characteristic path length, connectivity degree, centrality and
modularity. A graph (panel a). Complex dynamic systems can be represented as graph G=(V,E), with V the collection of nodes
and E the collection of edges (connections), describing the interactions between the nodes. Clustering-coefficient (panel b). The
clustering-coefficient of node i provides information about the level of local connectedness in the graph and is given by the ratio
of the number of connections between the direct neighbors of node i and the maximum number of possible connections between
the neighbors of node i. The clustering-coefficient provides information about the level of local connectedness of the graph.
Characteristic path length (panel c). The characteristic path length of node i provides information about how close node i is
connected to all other nodes in the network and is given by the distance d(i,j) between node i and all other nodes j in the
network. Distance d(i,j) can be defined as the number of connections that have to be crossed to travel from node i to node j in
the graph. Path length L provides important information about the level of global communication efficiency of a network.
Centrality (panel d). The level of (betweenness) centrality of a node i indicates how many of the shortest paths between the
nodes of the network pass through node i. A high betweenness centrality indicates that this node is important in interconnecting
the nodes of the network, marking a potential hub role of this node in the overall network. Node degree (panel e). The degree of
node i is defined as its total number of connections. The degree probability distribution P(k) describes the probability that a
node is connected to k other nodes in the network. Modularity (panel f). The modularity of a graph describes the possible
formation of communities in the network, indicating how strong groups of nodes form relative isolated sub-networks within the
full network.
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suggested a possible power-law function of the connectivity
distribution, marking a possible scale-free organization of
functional brain networks (Fig. 5b) (Eguiluz et al., 2005;
Fraiman et al., 2009; Van den Heuvel et al., 2008c). Scale-
free networks and exponentially truncated power-law net-
works are known for their high level of resilience against
random attack, indicating a very robust network organiza-
tion, making them an interesting model for the functional
brain network (Barabasi and Albert, 1999; Barabasi and
Bonabeau, 2003). However, a scale-free organization is
vulnerable to specialized attacks on the connected hub
nodes. This suggests a possible specialized attack on hub
nodes in brain connectivity diseases. Graph analysis of
resting-state fMRI data have revealed a number of highly
connected hub-regions in the human brain and it has been
hypothesized that these specialized hub nodes may be
affected in Alzheimer's disease, resulting in decreased
functional brain efficiency in these patients (Buckner et
al., 2009). Indeed, recent MEG results have suggested that
specialized attack on brain hub nodes may result in reduced
network efficiency as observed in Alzheimer's patients (Stam
et al., 2009). Taken together, graph analysis of resting-state
time-series have suggested an efficient organization of
functional communication in the brain network, indicating
that the human brain is not just a random network, but one
with an organization optimized towards a high level of local
and global efficiency.

8. Linking functional connectivity to cognition

A number of recent studies have suggested a direct link
between resting-state functional connectivity patterns and



Figure 5 Network topologies: regular, random, small-world, scale-free and modular networks. The organizational characteristics of
a graph provide important information about the organization of a network. A regular network (panel a, left) has a rather local
character, characterized by a high clustering-coefficient C (Fig. 4a) and a high path length L (Fig. 4b), taking a large number of steps to
travel from a specific node to a node on the other end of the graph. However, distributing all connections randomly across the network
results in a graph with a random organization (panel a, right). In contrast to the local character of the regular network, a random
network has a more global character, with a low C and a much shorter path length L than the regular network. Interestingly, Watts and
Strogatz (1998) showed that with a low probability p of randomly reconnecting a connection in the regular network, a so-called small-
world organization arises, with both a high C and a low L, combining a high level of local clustering with still a short average travel
distance in the overall network. Small-world networks mark a special topology as they are shown to be very robust and combine a high
level of local and global efficiency. Many networks in nature have been marked as small-world, including the internet, protein-
networks, social networks and recent studies have also indicated such an efficient organization of the functional and structural brain
network, combining a high level of segregation with a high level of global information integration. In addition, Barabasi et al. showed
that networks can have a heavy tailed connectivity distribution, in contrast to random networks in which the nodes roughly all have
the same number of connections (Barabasi and Albert, 1999; Barabasi and Bonabeau, 2003). Scale-free networks are characterized by
a degree probability distribution that follows a power-law function, indicating that on average a node has only a few connections, but
with the exception of a small number of nodes that are heavily connected (panel b). These nodes are often referred to as hub nodes
and they play a central role in the level of efficiency of the network, as they are responsible for keeping the overall travel distance in
the network to a minimal. As these hub nodes play a key role in the organization of the network, scale-free networks tend to be
vulnerable to specialized attack on the hub nodes. In addition, networks can show the formation of so-called communities, consisting
of a subset of nodes that are mostly connected to their direct neighbors in their community and to a lesser extend to the other nodes in
the network. Such networks are referred to as modular networks (panel c) and are characterized by a high level of modularity of the
nodes (Fig. 4, panel f).
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human cognition. The main focus of these studies has been
on the examination of cognitive behavior in relation to
specific resting-state networks, mostly the default mode
network. Activity and connectivity of the default mode
network has been suggested to be involved in the integration
of cognitive and emotional processing (Greicius et al., 2003)
and monitoring the world around us (Gusnard et al., 2001).
Furthermore, higher levels of activity of the default mode
network has been linked to an increased occurrence of
stimulus independent thoughts (Mason et al., 2007). The
default mode network is likely to be related to a wide range
of high order cognitive functions and several possible
functions of the default mode network have been suggested,
often based on functional properties of the network in
combination with its specific structural network structure of
linked associative brain regions (Buckner et al., 2008;
Buckner and Vincent, 2007). Suggested functions of the
default mode network include the support of internal mental
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processing detached from the external world, linking stored
personal experiences with thinking about future events
and evaluating alternative perspectives for the present and
a special role in monitoring the external world (Gusnard
et al., 2001) (Buckner et al., 2008; Buckner and Vincent,
2007).

Furthermore, in addition to linking functional activity and
functional connectivity of the default mode network to
cognitive behavior, recent studies have explored the
relationship between the overall topology of functional
brain networks and cognitive ability, using a graph theoret-
ical approach (see section 7). The organization of a network
is directly related to its efficiency, as the topology defines its
level of robustness, capability to integrate information and
communication capacity (Achard and Bullmore, 2007; Bull-
more and Sporns, 2009; Buzsaki and Draguhn, 2004; Chen et
al., 2006; Grigorov, 2005; Latora and Marchiori, 2001;
Mathias and Gopal, 2001). Indeed, recent studies have
suggested a link between the efficient organization of the
brain network and intellectual performance. Focusing on
specific functional connections, the level of functional
connectivity of the dorsolateral prefrontal cortex has been
found to be predicative for intellectual performance (Song et
al., 2008). Furthermore, supporting a neural efficiency
hypothesis of intellectual performance, a recent study has
suggested a positive relationship between the level of
efficiency of functional brain networks and IQ, showing
that the most efficient organized brain networks belonged to
the most intelligent people (van den Heuvel et al., 2009).
Interestingly, as these studies were based on resting-state
fMRI recordings, and not acquired during the performance of
a task that enters into the IQ score, this may mark functional
connectivity patterns as a powerful predictor for cognitive
performance. Indeed, supporting an information integration
efficiency hypothesis of intelligence (Jung and Haier, 2007;
Neubauer and Fink, 2009; van den Heuvel et al., 2009), EEG
findings have indicated that higher educated participants
have on average a shorter path length than lower educated
subjects (Micheloyannis et al., 2006b). Further support
comes from structural studies, showing that the quality of
white matter tracts between associative brain regions is
associated with intellectual performance (Chiang et al.,
2009), as well as the level of overall organization of white
matter tracts between brain regions (Li et al., 2009). Taken
together, although it is too early to be conclusive, these
preliminary studies support the notion that the efficiency of
functional and structural connectivity patterns in the human
brain may be related to cognitive performance. Interesting-
ly, the critical role of a short path length in cortical networks
has been noted before, showing that structural cortical
networks are optimized towards a short average travel
distance, due to the existence of important long-distance
projections (Kaiser and Hilgetag, 2006). This suggests that
the human brain is optimized towards a high level of
information integration, possibly leading towards to a high
IQ (van den Heuvel et al., 2009). In conclusion, graph
theoretical studies of functional resting-state fMRI data have
marked that the human brain is organized according to a
highly efficient and cost-effective small-world topology with
an optimization towards an high level of information
processing and information integration across the different
sub-systems of the brain network.
9. Functional connectivity and neurological
and psychiatric brain disorders
A growing body of studies are exploring the use of resting-
state fMRI techniques in examining possible functional
disconnectivity effects in neurologic and psychiatric brain
disorders, including Alzheimer's disease (Greicius et al.,
2004; Rombouts et al., 2005), depression (Greicius et al.,
2007), dementia (Rombouts et al., 2009) and schizophrenia
(Liu et al., 2008; Whitfield-Gabrieli et al., 2009; Bluhm et
al., 2007; Garrity et al., 2007). Most of these studies have
been focused on the default mode network, but recent
studies have started to examine the overall organization of
the functional brain network using graph analysis techni-
ques. Furthermore, also altered levels of functional connec-
tivity in other neurogenerative brain diseases, like multiple
sclerosis (MS) (Lowe et al., 2008) and amyotrophic lateral
sclerosis (ALS) (Mohammadi et al., 2009) have been
reported, reporting changed functional connectivity in
default mode network as well as in other resting-state
networks. Together, these studies suggest that neurodegen-
erative diseases are targeting interconnected cortical net-
works, rather than single regions (Seeley et al., 2009).

Alzheimer's disease has been linked to decreased default
mode functional connectivity. Using an ICA approach, studies
have shown decreased resting-state activity in the PCC and
hippocampus, suggesting a decreased participation of these
regions in the default mode network in Alzheimer's patients
(Greicius et al., 2004). In support, Alzheimer's patients have
been reported to show decreased deactivation of the default
mode network in the processing of attentional information,
suggesting decreased resting-state activity and decreased
adaptation of the default mode network in comparison to
healthy controls (Rombouts et al., 2005). Furthermore, a
resting-state fMRI graph analysis study revealed a decreased
overall clustering of the brain network of Alzheimer's
patients in comparison to age-matched healthy controls,
suggesting decreased efficiency of local information proces-
sing in Alzheimer's disease (Supekar et al., 2008). These
findings are in support of resting-state functional connec-
tivity MEG studies, reporting on decreased brain network
integrity and efficiency in Alzheimer's disease (de Haan et
al., 2008; Stam et al., 2009).

From almost the beginning of its definition, schizophrenia
has been marked as a potential disconnection disease
(Bleuler, 1911; Kraepelin, 1919). Schizophrenia is a severe
psychiatric disease that is characterized by delusions and
hallucinations, loss of emotion and disrupted thinking.
Widespread functional disconnectivity between brain
regions has been suggested to underlie these symptoms
(Andreasen et al., 1998; Friston, 1998; Friston and Frith,
1995). Schizophrenia is known to have aberrant effects on
gray and white matter, with the most strong effects in
frontal and parietal regions (Hulshoff Pol et al., 2004;
Hulshoff Pol et al., 2001; van Haren et al., 2007), regions
that overlap with the regions of the default mode network.
Therefore, examining the default state and the organization
of the functional brain network of schizophrenic patients can
provide new insights in impaired brain communication and
functional connectivity in schizophrenia (Bassett et al.,
2008; Bluhm et al., 2007; Kim et al., 2005; Kim et al., 2003;
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Zhou et al., 2007a; Garrity et al., 2007). Indeed, recent
studies have indicated aberrant default mode functional
connectivity in schizophrenic patients, reporting on a
decrease in functional connectivity between medial frontal
cortex and precuneus, key regions of this network (Bluhm et
al., 2007; Whitfield-Gabrieli et al., 2009). Interestingly, also
altered levels of white matter integrity have been reported
in schizophrenia (Kubicki et al., 2007; Kubicki et al., 2005;
Mandl et al., 2008), including decreased levels of micro-
structural organization in the cingulum tract (Nestor et al.,
2007; Sun et al., 2003). In particular, as the white matter
cingulum tract is known to interconnect the MFC and PCC
regions of the default mode network (Greicius et al., 2008;
Van den Heuvel et al., 2008b), changed levels of default
mode functional connectivity and altered integrity of the
cingulum could play an interactive role in schizophrenia.
Furthermore, studies have also marked spatial differences in
the default mode network in schizophrenia patients together
with significant higher frequency fluctuations in default
mode regions (Garrity et al., 2007), as well as hyperactivity
and hyperconnectivity of the default mode network in
patients in the early phase of schizophrenia (Whitfield-
Gabrieli et al., 2009). These studies suggest an important
role for the default mode network in the pathophysiology of
schizophrenia (Whitfield-Gabrieli et al., 2009). Functional
disconnectivity in schizophrenia could be expressed in
altered connectivity of specific functional connections
and/or functional networks, but it could also be related to
a changed organization of the functional brain network.
Indeed, schizophrenia patients have been suggested to show
a decreased level of overall brain network efficiency,
suggesting aberrant information integration between regions
of the brain network in schizophrenic patients (Liang et al.,
2006; Liu et al., 2008; Micheloyannis et al., 2006a). These
studies have marked an important role for graph analysis in
the examination of brain network alterations in schizophre-
nia. Especially, examining the brain network in high spatial
detail could provide new insights in which brain regions have
a differentiating role in the overall network organization in
schizophrenic patients in comparison to healthy controls.

As mentioned, also in other degenerative brain diseases
altered functional connectivity patterns have been reported.
Examining the link between functional and structural
connectivity in multiple sclerosis (MS) indicated a direct
link between decreased resting-state functional connectivity
of regions of the primary motor network and decreased
microstructural organization of the interconnecting callosal
white matter tracts (Lowe et al., 2008). This marks that
decreases in white matter integrity can directly have an
effect on functional connectivity within the primary motor
network. Furthermore, using ICA analysis, studies have
suggested decreased functional connectivity in patients
with amyotrophic lateral sclerosis (ALS) (Mohammadi et
al., 2009).

These studies, aimed at either specific networks or
overall functional connectivity organization, suggest that
altered resting-state functional connectivity patterns occur
in a wide variety of neurodegenerative diseases. These
studies show the importance of examining neurodegenera-
tive diseases as conditions that target large-scale
interconnected functional and structural brain networks,
rather than separate brain regions (Seeley et al., 2009).
10. Conclusion

Our brain is a complex integrative network of functionally
linked brain regions. Multiple spatially distributed, but
functionally linked brain regions continuously share infor-
mation with each other, together forming interconnected
resting-state communities. With the use of resting-state
fMRI we can explore the functional connections of the
brain network, using seed-based, ICA-based and/or cluster-
based methods. Recent studies have shown that functional
communication within the human brain is not just random,
but organized according to an efficient topology that
combines efficient local information processing with
efficient global information integration. This integration
of information may be facilitated by important hub-
regions, as suggested by the observed heavy tailed
connectivity distributions of functional brain networks.
Interestingly, most pronounced functional connections are
found between regions that are known to share a common
function, suggesting that resting-state fMRI oscillations may
reflect ongoing functional communication between brain
regions during rest. Around eight resting-state networks
have been consistently reported, overlapping the primary
motor, visual and auditory network, the default mode
network and known higher order attention networks.
Functional connections of resting-state networks tend to
be strongly related to structural white matter connections,
suggesting the existence of an underlying structural core of
functional connectivity networks in the human brain.
Recently, the use of graph theory in combination with
resting-state fMRI has provided a new platform to explore
the overall structure of local and global functional
connectivity in the human brain. In conclusion, recent
resting-state fMRI studies examining functional connectiv-
ity between brain regions have revealed new fundamental
insights in the organization of the human brain and provide
a new and promising platform to examine hypothesized
disconnectivity effects in neurologic and psychiatric brain
diseases.
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