1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

HHS Public Access

Author manuscript
Int J Dev Neurosci. Author manuscript; available in PMC 2015 May 25.

Published in final edited form as:
Int J Dev Neurosci. 2014 February ; 32: 41-57. doi:10.1016/j.ijdevneu.2013.11.005.
Mapping connectivity in the developing brain
Emily L. Dennis” and Paul M. Thompson
Imaging Genetics Center, Laboratory of Neuro Imaging, UCLA School of Medicine, 635 Charles

Young Drive South, Suite 225, Los Angeles, CA 90095-7334, USA

Abstract

Recently, there has been a wealth of research into structural and functional brain connectivity, and
how they change over development. While we are far from a complete understanding, these
studies have yielded important insights into human brain development. There is an ever growing
variety of methods for assessing connectivity, each with its own advantages. Here we review
research on the development of structural and/or functional brain connectivity in both typically
developing subjects and subjects with neurodevelopmental disorders. Space limitations preclude
an exhaustive review of brain connectivity across all developmental disorders, so we review a
representative selection of recent findings on brain connectivity in autism, Fragile X, 22911.2
deletion syndrome, Williams syndrome, Turner syndrome, and ADHD. Major strides have been
made in understanding the developmental trajectory of the human connectome, offering insight
into characteristic features of brain development and biological processes involved in
developmental brain disorders. We also discuss some common themes, including hemispheric
specialization — or asymmetry — and sex differences. We conclude by discussing some promising
future directions in connectomics, including the merger of imaging and genetics, and a deeper
investigation of the relationships between structural and functional connectivity.
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1. Introduction

After birth, the brain undergoes remarkable changes as it adapts and learns in a new
environment. Over a century of neuroanatomical research has revealed how the brain
changes structurally and functionally throughout development; the last thirty years have also
seen the widespread use of brain imaging to probe functional activation and coherence, as
well as other dynamic brain changes (reviewed by Casey et al., 2000). In addition to
understanding these changes, it is equally important to understand how the underlying
structural and functional connectivity of the mature adult brain are set up and refined in
childhood and adolescence. With novel variants of MRI — such as diffusion imaging and
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resting state functional MRI — we now have the technology to image neural pathways
reliably, and to assess relationships between the activity of different brain regions, opening
up new avenues for research.

Diffusion weighted imaging (DW1) is a method that allows us to visualize the diffusion of
water along axons and thus visualize axonal pathways. Originally based on the observation
that the MRI signal is reduced when water is diffusing (Stejskal and Tanner, 1965),
increasingly elaborate scanning methods were developed to assess the primary directions in
which water is diffusing, at each location in the living brain. By modeling the directional
diffusion of water as an ellipsoidal shape, or “tensor”, at each voxel in the brain, diffusion
tensor imaging (or DTI) may be used to follow the major fiber bundles of the white matter,
and map smooth tracts running from one brain region to another. More recently, high
angular resolution diffusion imaging (HARDI) has been developed, offering some
advantages over DTI, as it can better map tracts in regions with crossing fibers (Jahanshad et
al., 2011). Fractional anisotropy (FA), the degree to which water tends to diffuse in one
concentrated direction (along the axon), is one of the most common measures used to assess
axon integrity. Apparent diffusion coefficient (ADC) or mean diffusivity (MD) measures the
overall magnitude of diffusion, regardless of the directions; low values for mean diffusivity
indicate greater organization. As a general rule of thumb — which has many exceptions —
higher FA and lower MD tend to reflect more highly developed, more strongly myelinated
tracts, with a higher axonal conduction speed. Many comparisons of diseased versus normal
subjects find lower FA and higher MD in disease—this is also a general trend in the studies
below, but is not universally the case.

The improved ability to disentangle fibers that mix and cross results from collecting more
diffusion-weighted images at more angles, in conjunction with mathematical models that
can resolve more than one dominant fiber direction in any given voxel (Cetingul et al.,
2012a, 2012b). HARDI — essentially a more advanced form of diffusion imaging than DTI —
differs from DTI in collecting diffusion data in more directions. It models the overall
diffusion profile at each point in the brain using orientation distribution functions (ODFs)
instead of tensors. ODFs estimate the probability of diffusion in each direction at each
voxel, instead of assigning a single dominant diffusion direction to a given voxel (Tournier
et al., 2004). For these reasons, HARDI is better at resolving crossing fibers (such as the
corpus callosum and the long association fibers), a major issue for DTI (Tuch et al., 2002).
These can then be separated and individually analyzed, giving a more accurate view of the
brain’s anatomical connections (Zhan et al., 2009a; Jin et al., 2012). As more directional
scans are collected, longer scan times are needed, and this has provoked major efforts to
speed up diffusion imaging (Zhan et al., 2011).

Resting-state fMRI (rsfMRI) is a branch of research based on the idea that distant brain
regions can be functionally coupled, whether or not they are structurally connected. Rs-
fMRI data can be collected either in the presence or absence of a task. This coupling can be
measured through the blood oxygenation level dependent (BOLD) time-courses of these
distant regions. The phenomenon of synchronized low-frequency fluctuations (~0.01-0.1
Hz) in the BOLD signal of known functional networks was first found by Biswal et al.
(1995), and led to the discovery of a number of temporally coherent networks (Damoiseaux
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et al., 2006; Fox et al., 2005) that have been replicated across individuals (Beckmann et al.,
2005) and have high test-retest reliability, even in children (Thomason et al., 2011). There
are three main methods to assess functional connectivity that we will consider here: seed-
based, ICA (i.e., independent components analysis), and graph theory. In the seed-based
approach, the researcher extracts the time course of a seed (region of interest) and then
correlates that time course with the time courses of the rest of the voxels in the brain, to
search for matches (Fox and Raichle, 2007). Brain regions with a high degree of positive
correlation with the seed — i.e., those with a very similar time course — are thought to be
functionally coupled. ICA (independent components analysis) is model-free, meaning that
the researcher does not select a seed or ROI. Rather, the four-dimensional resting-state data
can be decomposed into time courses and associated spatial maps, describing the temporal
and spatial characteristics of the components making up the data (Beckmann et al., 2005).
The same intrinsic connectivity networks (ICNs) can be seen with both seed-based and ICA
approaches, and each method offers some advantages and disadvantages. Many possible
roles have been attributed to ICNs, including memory functions, organization and
coordination of neuronal activity, and priming the brain for coordinated activity (Fox and
Raichle, 2007; Seeley et al., 2007). ICNs are altered in a wide range of psychiatric and
developmental disorders, further motivating the need to establish how they develop in
healthy individuals (Greicius, 2008), as well as metrics of normal brain function based on
resting state data.

More pragmatically, there is also a major effort to understand how quickly information on
brain connectivity can be collected, with techniques available today. When young children
are assessed, scan times should be as short as possible without sacrificing important
information, to avoid placing undue burden on the participants (Jahanshad et al., 2010; Zhan
et al., 2008, 2009b, 2012a). Ongoing work is also determining how the chosen scanning
protocols affect the maps of brain connectivity that are recovered (Zhan et al., 2012b).
Clearly, the ability to pool and compare data collected worldwide on brain connectivity —
including changes across development — depends on understanding how connectivity
measures might depend on the scanners, protocols and methods used to extract maps of the
brain’s connections.

In this review, we will cover developmental changes in functional and structural
connectivity in healthy, typically developing individuals (Table 1), along with a few
illustrative examples of how connectivity may be disrupted in developmental disorders
(Table 2). There is a much wider body of research covering how functional and structural
connectivity are affected in individuals with neurological or psychiatric disorders, but those
are beyond the scope of this review (Greicius, 2008; Lim and Helpern, 2002; Sexton et al.,
2009; Seyffert and Silva, 2005; Uddin et al., 2010; please also see our previous review:
Thomason and Thompson, 2011). Here we consider a few developmental disorders that have
been linked to alterations in structural and/or functional connectivity: autism, fragile X
syndrome, 22g11.2 DS (deletion syndrome), Williams syndrome, ADHD (attention deficit
hyperactivity disorder), and Turner syndrome. A few other recent reviews focus on the
development of functional connectivity (Power et al., 2010; Uddin et al., 2010) or structural
connectivity (Cascio et al., 2007; Schmithorst and Yuan, 2010) either in typically
developing or atypically developing individuals (Uddin et al., 2010; Walter et al., 2009).
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Here we consider how structural and functional connectivity develop in typically developing
subjects and subjects with developmental disorders. Measures of structural and functional
connectivity are related, and the patterns of coherent activity depend on the anatomical
scaffolding where they take place. Establishing the developmental trajectory of these
measures in typically developing individuals is critical to a thorough understanding of
disorders that may affect them.

2. Structural brain development in healthy subjects

2.1. Developmental studies using structural MRI in typically developing individuals

Before we launch into our review of brain connectivity, first we give a brief background on
brain structural development to put the subsequent sections in context. Changes in brain
structure after birth are well established, from both post mortem and in vivo neuroimaging
studies: the cerebrum increases in size into early adulthood (Giedd et al., 1999; Sowell et al.,
2002; Gilmore et al., 2007; Knickmeyer et al., 2008), gray matter (GM) volume rises in
infancy and then later decreases at different rates across the brain (Fig. 1; Giedd et al., 1999;
Sowell et al., 1999, 2003a,b; Gogtay et al., 2004; Gilmore et al., 2007), and white matter
(WM) volume increases well beyond adolescence into middle age (Giedd et al., 1999;
Sowell et al., 2002; Gilmore et al., 2007; Knickmeyer et al., 2008). Rates of growth for
different brain regions have even been mapped in neonates and infants, based on anatomical
MRI (Gilmore et al., 2007; Knickmeyer et al., 2008). Building on early work by Gogtay et
al. (2004), Shaw et al. (2008) found that cortical thickness follows different trajectories
depending on the brain region. Intriguingly, the complexity of the growth trajectory of the
brain region (linear vs. quadratic vs. cubic) seemed to correspond to the complexity of the
laminar architecture. As a general principle, many of the last cortical areas to mature — those
with the most protracted period of development — are typically those that are
phylogenetically most recent and responsible for higher order cognitive processes, such as
the frontal and prefrontal cortices (Gogtay et al., 2004). A great deal of work in
developmental neuroscience has focused on studying the relatively late maturation and
remodeling of the frontal lobe gray matter, which shows detectable changes on MRI well
into late adolescence, long after the maturation of primary sensorimotor and visual cortices.
It has been argued that the natural process of gray matter reduction in adolescence is
abnormally intensified or derailed in some forms of psychosis, including schizophrenia.
“Time-lapse maps” of abnormal cortical development show a dynamically spreading wave
of adolescent gray matter loss in schizophrenia (Thompson et al., 2001; Vidal et al., 2006),
which may even be partially opposed by some antipsychotics (Thompson et al., 2009). As
the cellular basis of these cortical changes has remained enigmatic and hotly debated, there
is renewed interest in whether new methods to probe brain connectivity will reveal more
about normal changes in the frontal circuitry—whether connections are eliminated or
“pruned”, and to what extent aberrant myelination is implicated.

Zielinski et al. (2010) examined the structural covariance of regions known to be “seeds” for
functional connectivity networks and found different trajectories for different networks.
Some continuously grew in extent, while others peaked in adolescence and were then
pruned. On a much smaller scale, Huttenlocher found that the number and density of
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synapses peaks within the first few years after birth, then steadily declines over the lifespan
(Huttenlocher, 1990). The age at which synaptic number and density peaks differs for
different brain regions (Huttenlocher and Dabholkar, 1997).

2.2. Developmental studies using diffusion weighted imaging in typically developing

individuals

Changes in structural brain connectivity (i.e., anatomical connections) have been mapped
using diffusion tensor imaging (DTI), and more recently with high angular resolution
diffusion imaging (HARDI). Both HARDI and DTI allow us to non-invasively visualize
axonal pathways in vivo by modeling the diffusion of water along axons. From the set of
diffusion tensors at each point in the brain, we can determine vectors along which the
diffusion is greatest and line them up to create smooth tracts (Fig. 2). A vast range of
methods are available to perform fiber tracking—also known as tractography; the methods
vary in terms of whether any manual interaction is needed, and whether they extract a
specific tract in the brain (such as the arcuate fasciculus, which is involved in language) or
whether they extract all the fibers in the brain at once. Whole-brain tractography can extract
all the fibers in the brain at once. The vast number of resulting curves can be clustered or
grouped into bundles that an anatomist would recognize, prior to further analysis or cross-
subject comparison. The integrity and geometry of the tracts can also be measured.

Morriss et al. (1999) scanned 30 subjects between 1 day old and 17 years old with DTI, and
found a decrease in ADC across a number of WM areas with age. In cellular terms, the
growth of myelin sheaths tends to restrict water diffusion, and the overall amount of
diffusion (the ADC) tends to fall as the brain develops. In a retrospective analysis,
Mukherjee et al. (2001) examined DTI data from 153 subjects between 1 day old and 11
years old and found increases in apparent anisotropy (AA; a measure similar to FA) in the
corpus callosum (CC), basal ganglia and thalamus. Again, this is in line with a general
pattern where higher FA values reflect more directionally constrained diffusion, which
increases as children grow older, largely because of myelin sheaths hindering water
diffusion across axons. Zhai et al. (2003) examined healthy adults and neonates with DTI
and found higher ADC and lower FA in the CC, internal capsule (IC), and WM of the
frontal and occipital cortex of neonates compared to adults, as expected. In another study of
neonates, Gilmore et al. (2004) saw an increase in FA in the splenium of the CC with age.
Gao et al. (2009a) scanned 60 subjects between 3 weeks and 2 years old and found that FA
increased between 3 weeks and 1 year while axial and radial diffusivity decreased. Between
1 and 2 years old, however, only radial diffusivity showed a significant age effect, which
makes sense as the primary barrier to diffusion, myelin, is hindering diffusion orthogonal to
the axon. These were averaged over ROIs (regions of interest) across the CC, internal
capsule, corticospinal tract, optic radiations, frontal peripheral and posterior peripheral WM.

Covering a wider age range, Ben Bashat et al. (2005) scanned 36 subjects between 4 months
and 23 years old with DTI and also found FA increasing in the CC, IC, and subcortical WM,
leveling off in early adulthood. Similarly, Taki et al. (2012) examined the developmental
trajectories of FA in 30 WM ROls in 246 subjects aged 6-18 and found that FA increased
with age across all ROIs. Covering the same age range, Barnea-Goraly et al. (2005)
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examined age-related effects on FA on a voxel-by-voxel basis in 34 subjects between 6 and
19 years old. FA increased with age in prefrontal regions as well as a number of subcortical
regions. This is the general trend across adolescence (review by Schmithorst and Yuan,
2010). Two studies examining the corpus callosum across almost the entire lifespan found
that both CC volume and FA increased from childhood into adulthood, then declined in the
elderly (McLaughlin et al., 2007; Hasan et al., 2009a). Just like the rest of the brain,
different regions of the CC follow different developmental trajectories (Thompson et al.,
1999, 2000). Using a protocol with higher angular resolution, Schneider et al. (2004)
examined WM regions of interest, including several across the corpus callosum, and found
an exponential increase in FA between birth and age 12, leveling off around age 2. In
contrast, they found that the FA of deep WM areas continued to increase throughout the age
range of their participants, suggesting continuing maturation in these areas. Also using
higher angular resolution, Giorgio et al. (2008) compared 42 adolescents to 20 young adults
and found age-related increases in FA in the body of the corpus callosum and the right
superior corona radiata.

In one of the largest DTI studies to date, Kochunov et al. (2010) examined the trajectory of
FA across subjects aged 11-90, finding that FA, when averaged across nine major WM
tracts, peaked around 32 years of age. The ‘age at peak’ for the FA of the nine tracts they
studied varied widely, from 23 years for the sagittal stratum, which connects subcortical,
temporal, and occipital regions, to 39 for the cingulum, connecting the cingulate gyrus and
the entorhinal cortex. The only tract showing no significant age trends was the cortico-spinal
tract (Kochunov et al., 2010); this fundamental tract for sensation and primary motor
function develops so early that it is fully mature before the age range studied. In a similarly
large study, Chiang et al. (2011) found that FA increased by as much as 10% between
adolescence and adulthood. They also examined how the heritability of FA changes with age
(i.e., how much of the observed variation in a population is due to genetic factors). Roughly
twice as much of the variance in FA was explained by genetic factors in adolescents as was
explained by genetic factors in adults (Chiang et al., 2011). Environmental factors (such as
education and diet) also play an important role in shaping tract development as we age
(Jahanshad et al., 2013a).

Asato et al. (2010) also examined this period of development, scanning 114 subjects
between 8 and 28 years with DTI. Instead of FA, however, they looked at radial diffusivity
(RD), a measure of the degree of restriction due to membranes, which is thought to be more
closely related to demyelination than other DT1 measures (Asato et al., 2010). The last tracts
to reach maturity were those responsible for executive control of behavior and
interhemispheric connectivity.

Jahanshad et al. (2012) examined this question from a some-what different angle. They
collected DTI data from 615 subjects — all twins and their siblings — between 20 and 30
years old, with blood samples also collected at an early age. There is great interest in
knowing whether fiber maturation proceeds in a way that is largely genetically determined,
and how much it depends on more readily modifiable factors—environmental factors such
as nutrition, education, and other experiences. Specifically, Jahanshad et al. studied how iron
levels in the body affect fiber integrity, and they looked at the relationship between serum

Int J Dev Neurosci. Author manuscript; available in PMC 2015 May 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dennis and Thompson Page 7

transferrin (which regulates iron transport) collected at an earlier age, and two genetic
variants that are associated with transferrin levels, and fiber integrity in early adulthood.
They found that higher serum transferrin levels in adolescence were associated with lower
FA in the cingulum, superior longitudinal fasciculus, and external capsule. High transferrin
levels tend to reflect low iron levels—when iron stores are low, the liver produces more
transferrin to mobilize what little iron there is, and transport it around the body. In other
words, children with poorer iron levels tended to have lower FA, which typically reflects
either poorer fiber integrity, or a developmental delay (Thompson and Jahanshad, 2012).
Iron is one of many constituents of myelin, and this work suggests the value of studying how
dietary factors contribute to the developing connections in the brain.

2.3. Developmental studies using structural graph theory analyses in typically developing

individuals

Graph theory is a branch of mathematics developed to describe and analyze graphs and
networks, and it has recently been applied very effectively to brain networks, among many
other kinds of networks (such as the internet, social networks, etc.; Sporns et al., 2004). The
brain may be modeled as a collection of nodes (brain regions) and edges (the connections or
correlations between them). The network structure and topology is then quantified through a
number of standard parameters (Fig. 3). Standard toolboxes, such as the “Brain Connectivity
Toolbox” have made it easier to compute measures of network organization from brain
images. We are beginning to develop a coherent picture of what some of the organizational
measures may mean, in terms of other developmental and behavioral changes that we are
more familiar with.

As network analysis is now a popular way to understand developing brain connectivity,
some review of the terminology is worthwhile. Characteristic path length is an average
measure of the path length in a network. This can be a little confusing, as it does not refer to
the physical length of the axon connecting different regions—it is a purely topological
measure, describing how many “hops” or jumps among nodes in the network are needed to
get from one node to another. In other words, it measures how easy it is to move from one
node in a network to any of the others, regardless of the physical length of the axons, but
only considering what is connected. Another measure, lambda, is the CPL measure, but
normalized relative to what its value would be in randomly created networks of the same
size and complexity. Clustering of nodes in a network can be assessed, as well. The mean
clustering coefficient is a measure of how many neighbors of a given node are also
connected to each other. Clearly, most real-world networks have “hubs”—nodes that offer
connections to a large number of other nodes that are not directly connected. In biological
networks (and other networks where connections have some “cost”), a network with “hubs”
tends to be more efficient than a totally connected network where everything is directly
connected to everything else. This can be readily understood in terms of airline connections,
where airline “hubs” are used to supply many remote cities with indirect connections to
other cities. In much the same way as synapses are pruned if they are not active, one can
imagine a model where the most active connections are maintained, while others die off,
leading to a more clearly defined network with hubs and clusters.
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Another network measure, Gamma, is MCC normalized to what its value would be in
artificially created random networks, with the same numbers of nodes and connections.
Global efficiency is the inverse of CPL—networks with a lower CPL are more efficient.
Another popular concept — “small-worldness™ — represents the balance between network
differentiation and integration. Modularity is the degree to which a system may be
subdivided into smaller networks. Degree is the number of nodes to which a given node is
connected; strength is the degree in a weighted (instead of binarized) network. Regional
efficiency is efficiency calculated on nodal neighborhoods. Graph theory can be applied to
structural or functional networks (Rubinov and Sporns, 2010).

There are still relatively few studies examining how graph theory metrics of structural brain
connectivity change with development. Gong et al. (2009) examined the standard network
measures calculated from connectivity probability matrices generated from diffusion images
in 95 subjects between ages 19 and 85. Overall connectivity and local efficiency decreased
with age, and there was a shift in regional efficiency from some brain regions to others (Fig.
4). Hagmann et al. (2010) studied changes in connection density matrices from the diffusion
images of 30 subjects aged 18 months to 18 years old. They examined these matrices with
two parcellations with different numbers of nodes, and found increases in node strength and
global efficiency as well as decreases in clustering coefficient. Fan et al. (2011) studied
these measures longitudinally in very young subjects, between 1 month and 2 years old.
They found increases in network efficiency and modularity with age.

Our group has investigated these questions as well, generating fiber density matrices from
HARDI data in 439 subjects aged 12-30 (Dennis et al., 2013). Path length, mean clustering
coefficient, gamma (normalized clustering), small-worldness, and modularity all decreased
with age, suggesting that this period of development is marked by an increase in network
integration. Interestingly, the left and right intrahemispheric networks, when analyzed
separately, showed opposing age trends, with a number of parameters increasing with age in
the left hemisphere while they decreased in the right. If this is corroborated in future studies,
it could point to different developmental processes occurring in each hemisphere, perhaps
due to the known structural asymmetry of the brain. We also found age effects in the fiber
density matrices, with more connections decreasing in fiber density than increasing. In these
analyses, for a connection between two regions of interest, the fiber density is defined as the
proportion of the total number of recovered fibers in the brain that pass between those two
regions. However, these increases and decreases were not distributed evenly around the
brain, consistent with prior research pointing to different developmental trajectories for
various brain regions (Fig. 5).

3. Functional brain development in healthy subjects

In functional connectivity analyses, the activity of several different brain regions is assessed,
and the relationship between them is studied and modeled. This may be done in several
different ways, depending on whether the researcher is interested in the correlations in the
time courses of activation between a given pair (or all pairs) of brain regions. The statistical
coherence of activity measured from different parts of the brain can also be studied,
including more complex measures such as mutual information. The coordination of distant
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regions during rest is thought to be involved in coordinating and organizing neuronal
activity (Fox and Raichle, 2007).

3.1. Developmental studies using seed-based or ICA rsfMRI approaches in typically
developing individuals

Studies of functional connectivity using resting-state functional MRI have also yielded
substantial data on typical brain changes during development. Supekar et al. (2010)
examined developmental changes in the structural and functional connectivity of the nodes
of the “default mode network” (DMN). The DMN is a generally thought to include the
posterior cingulate cortex (PCC), medial prefrontal cortex (mPFC), inferior parietal lobules,
lateral temporal cortices, and hippocampal formation (Buckner et al., 2008; Raichle et al.,
2001). These regions tend to be more active during rest than during a task, hence the name
‘default mode’, or ‘task negative’ network (Fox et al., 2005). Supekar et al. (2010) also
found that the fiber density and FA of the connection between the PCC and the mPFC was
greater in young adults than in children (Fig. 6).

Using the seed-based approach, Redcay et al. (2007) examined functional connectivity in 13
subjects between 30 and 50 months old with seeds from tasks completed in the same scan
session. They detected functional connectivity between the auditory system and the
prefrontal cortex (PFC) but not between the visual system and PFC. Looking at a similar age
group, Lin et al. (2008) examined the visual and sensorimotor networks of 38 subjects. Both
the strength of the connectivity, and the percentage of the brain volume participating in the
networks, increased with age. In a study of 12 premature infants between 24 and 27 weeks
gestational age, Fransson et al. (2007) used ICA and were able to identify networks in the
visual, auditory, motor and somatosensory, and prefrontal cortices, as well as one including
areas of the parietal cortex and cerebellum. Networks were largely characterized by short-
range connections, and they did not detect a DMN. Liu et al. (2008) also used ICA to
examine connectivity in very young subjects (11 sub 11-14 months) while asleep, and found
a midline parietal network and a sensorimotor network (that separated into two lateralized
networks in most subjects), suggesting greater intrahemispheric than interhemispheric
connectivity. Similarly, Gao et al. (2009a,b) scanned 71 subjects ranging from neonates to 2
years old and used ICA to detect the DMN. They found a primitive DMN in neonates that
grew through age 2 to include some of the same regions found in the adult DMN. They also
identified some additional regions not typically seen in the adult DMN. The PCC and MPFC
were the two adult DMN regions that were present throughout all three developing groups as
well.

Examining later stages of development, Fair et al. (2008) scanned 210 subjects between 7
and 31 years old and compared connectivity within the DMN. Children had sparser
connections between DMN seeds than did adults (Fig. 7). Kelly et al. (2009) looked at ICNs
generated by using 5 seeds for 40 subjects in the cingulate cortex and found that children
had more diffuse patterns of connectivity in voxels proximal to the seed, while over
adolescence and into adulthood there were more focal patterns of local connectivity. Adults
also had a greater number of long-range connections than did children. This was most
apparent in networks that included areas responsible for conflict monitoring, emotion
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regulation, and mentalizing. Providing strong support for using rsfMRI measures as
biomarkers, Dosenbach et al. (2010) were able to classify individuals as either children (7—
11 y) or adults (24-30 y) with 91% accuracy using multivariate pattern analysis and an SVM
(support vector machine) algorithm. They scanned 238 subjects and generated time courses
for 160 ROIs for use in their algorithm. Impressively, they were able to replicate these
results with a different data set.

Using ICA, Thomason et al. (2008) studied the DMN in 16 subjects aged 9-12 years to
verify that the regions of the DMN in children are indeed those that deactivate during
cognitive tasks. They also found evidence of greater integration between the DMN and
sensory regions in children. Stevens et al. (2009) scanned 100 subjects between 12 and 30
years and examined the relationships between networks using ICA and ‘Granger causality’
—a statistical hypothesis test for deciding when one time-series is useful for forecasting
another. Where there were age effects, they were decreases in connection strength between
networks with age, reflecting a trend towards differentiated networks. Specifically, they
found decreases in the influence that some networks had on the DMN. Supekar et al. (2010)
used ICA to investigate age-related effects on the DMN in 45 subjects in two age cohorts.
The DMN in children had weaker connectivity and included a smaller portion of the mPFC.
This resulted in lower functional connectivity between the mPFC and the PCC, a central
node of the DMN. Using seeds motivated by ICA analysis, Thomason et al. (2011) detailed
the ICNs of 65 children/adolescents between 9 and 15 years old (Fig. 8). 21 of the 65
subjects were scanned a second or third time, allowing for longitudinal analyses. They found
that the within-session Kendall’s W concordance ranged between 0.71 and 0.78 across the
whole brain, while between sessions it was 0.60-0.65, supporting the notion that rsfMRI can
be reliably assessed in children.

3.2. Developmental studies using functional graph theory analyses in typically developing

individuals

Graph theory may also be applied to study functional connectivity, using any measure of
functional coupling between nodes that can be expressed in a connectivity matrix—
correlation, coherence, or mutual information (Bullmore and Sporns, 2009). So far,
developmental studies of functional connectivity with graph theory are few. Fair et al.
(2007) examined 210 subjects in three different age cohorts between 7 and 31 years old and
extracted the time courses for 39 ROIs. In graph analyses of the connectivity matrices,
adults had both greater integration within networks and greater segregation between
networks than did children. Both of these processes are important for establishing mature
networks that can support specific functions, while also efficiently participating in the brain
network as a whole. In a larger sample including the same subjects, Fair et al. (2009) found
that the pattern of functional connectivity matures from being more anatomically based to
being more functionally based. Initially, functional networks are organized by lobe, but
across development connections within the lobe weaken as networks segregate.
Concurrently, in childhood, networks such as the DMN are initially segregated, and they
consist of many spatially distributed regions. Across development, however, functional
networks such as the DMN become more cohesive (Fig. 9). In a similar age group, Supekar
et al. (2009) also examined ICNs and whole brain connectivity using graph theory in 45
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subjects in two age groups (7-9 years and 19-22 years). Results did depend on the
frequency range examined, so the authors chose to focus on one. Children had lower levels
of hierarchical organization than adults, as well as stronger subcortical-cortical connectivity
and weaker cortico-cortical connectivity. Additionally, the authors saw a shift from stronger
short-range connections in children to stronger long-range connections in adults, consistent
with many other studies on this topic.

4. Structural and functional connectivity in atypical brain development

4.1. Autism

Autism is a prevalent neurodevelopmental disorder marked by deficits in communication
and social interaction, and by repetitive behavior. It has some genetic basis, but the large and
increasing number of genes linked to autism indicates a rather complicated mechanism
(Szatmari et al., 2007). Diffusion imaging studies show widespread disruption of white
matter tracts, especially between regions implicated in social behavior (Barnea-Goraly et al.,
2004, 2010; Shukla et al., 2010). Ben Bashat et al. (2007) found evidence to support
abnormally accelerated maturation of white matter in children with autism, consistent with
earlier morphometric work that showed accelerated brain growth in infancy, for at least one
subgroup of children with autism.

A number of studies have examined ICNs (intrinsic connectivity networks) in individuals
with autism. They have largely found evidence for reduced network integration in autism,
especially in areas important for social cognition (Cherkassky et al., 2006; Just et al., 2007;
Kennedy and Courchesne, 2008; Weng et al., 2010), but some found results in the opposite
direction (Monk et al., 2009; Noonan et al., 2009). Additionally, some have reported
reduced segregation between networks, suggesting that both within- and between-network
dynamics may be affected (Rudie et al., 2012b).

4.2. Fragile-X

A related syndrome, fragile X, accounts for around 5% of autism cases, making it the most
common known single-gene cause of autism (Budimirovic and Kaufmann, 2011). Haas et al.
(2009) found an increased density in the fibers of the left ventral fronto-striatal pathway in
young boys with fragile X. Barnea-Goraly et al. (2003) scanned girls with fragile X and
found that they had lower FA in fronto-striatal pathways — usually a sign of poorer
myelination — relative to healthy controls. To date, we know of no studies examining the
development of functional connectivity in individuals with fragile X.

4.3.22q11.2 deletion syndrome

22q11.2 deletion syndrome (22q DS) is a developmental syndrome resulting from a deletion
of genetic material on chromosome 22, and is associated with cognitive deficits, differences
in appearance, and other physiological changes. DTI studies in people with 22q DS report a
number of abnormalities, including reduced inter-hemispheric FA, increased FA in frontal
and parietal regions, and reduced FA in some anterior—posterior projecting tracts (Simon et
al., 2005, 2008; Sundram et al., 2010; Villalon et al., 2013).
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Only one group so far has investigated resting state connectivity in 22q DS. Debbané et al.
(2012) used ICA to compare the ICNSs of individuals with 22q DS, finding both increased
and decreased connectivity in individuals with 22q DS, depending on the brain regions
assessed. Individuals with 22q DS had decreased connectivity in the visual network. They
had greater connectivity in the sensorimotor network and visuospatial processing network.
Additionally, they had altered connectivity in the default mode network, with decreased
connectivity between a number of midline frontal regions and the precuneus, and increased
connectivity between more lateral frontal regions and the inferior parietal lobule.

4.4, Williams syndrome

Williams syndrome is another neurodevelopmental disorder caused by a deletion, this time
on chromosome 7q11.23. Hall-marks of Williams syndrome (WS) include hypersociability
and decreased social inhibition. Structural connectivity studies of WS have found increased
FA in the right superior longitudinal fasciculus, an increase that was associated with
visuospatial deficits (Hoeft et al., 2007). Similarly, Jabbi et al. (2012) linked decreases in
uncinate integrity to the severity of the WS personality profile. Researchers have also found
increased fiber volume, density, and FA in the fusiform gyrus, an area important for facial
processing and thus social interaction (Haas et al., 2011). Still others have found scattered
increases and decreases in FA across tracts connecting regions implicated in the syndrome
(Arlinghaus et al., 2011). This very complex picture is in line with morphometric work on
WS, which tends to show a pattern of relative excesses and deficits in cortical gray matter
thickness, and even differences in the gyral complexity of the cortical surface (Thompson et
al., 2005). Earlier studies with MRI found imbalances in the distribution of white matter in
the WS brain (Chiang et al., 2007), making tract tracing studies of particular interest in these
regions. In cases where the fissuration pattern of the cortex is very different from that seen
in typically developing children, one must be somewhat cautious in applying the standard
cortical parcellation schemes derived from normal subjects, to define the network nodes in
connectivity studies. Clearly, tractography and connectivity analysis will shed considerable
light on the unusual sulcal, gyral and corpus callosum abnormalities that have long been
known to be characteristic of WS (Eckert et al., 2006; Gaser et al., 2006; Luders et al.,
2007). As yet, we do not know of any studies examining the development of functional
connectivity in individuals with Williams syndrome.

4.5. Turner syndrome

Turner syndrome results from partial or complete absence of one X chromosome in females,
and is associated with a number of physical and physiological abnormalities. Molko (2004)
was the first to examine white matter integrity with DTI in girls with Turner syndrome (TS),
finding disruptions in anterior—posterior running temporal tracts. Holzapfel (2006) found
lower FA in the bilateral internal capsule as well as in the left parieto-occipital region,
extending along the superior longitudinal fasciculus. Yamagata et al. (2012) found
widespread reductions in FA in girls with TS in a number of tracts connecting regions
implicated in the cognitive deficits characteristic of TS. Turner syndrome (TS) is marked by
widespread deficits in white matter pathways, especially in anterior—posterior tracts, so it is
not surprising that functional connectivity is altered as well. Kesler (2007) report
unpublished data in which they found negative correlations between the time series of
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frontal and parietal regions in girls with TS, while controls had positive correlations between
those regions’ time series. Bray et al. (2011) found decreased functional connectivity to a
seed in the right intraparietal sulcus (rIPS), an area shown to differ structurally in TS, in
girls with TS during a working memory task. Later, Bray et al. (2012) found alterations in
the functional connectivity of the posterior parietal cortex of girls with TS.

4.6. Attention deficit/hyperactivity disorder

As one of the most prevalent developmental disorders (Froehlich et al., 2007), ADHD
(attention-deficit/hyperactivity disorder) is also one of the most commonly studied. ADHD
is disproportionately diagnosed in boys (Anderson et al., 1987). It is a heterogeneous
disorder, with a strong familial factor (Biederman, 2005). As such, we will only summarize
a sample of the work on altered connectivity in ADHD. Some studies report lower FA in
children with ADHD (Ashtari et al., 2005; Hamilton et al., 2008; Pavuluri et al., 2009),
which is typically interpreted as evidence of disruption of the motor and attentional circuits.
Others find higher FA in children with ADHD (Li et al., 2011; Silk et al., 2009), perhaps
due to decreased neuronal branching. Additionally, Li et al. (2011) were able to correlate FA
in the right frontal region with scores on the Stroop test, a test of inhibition and interference
control. A line of interesting work will be to relate these patterns of aberrant connectivity to
the last decade of work on structural brain abnormalities in ADHD, including, for example,
the reported anomalies in callosal thickness (Luders et al., 2008) and cortical gray matter
thickness (Sowell et al., 2003a,b).

A number of studies have examined functional connectivity in ADHD (attention-deficit/
hyperactivity disorder), with some conflicting results. Part of this may lie in the
heterogeneity of ADHD (Wahlstedt et al., 2009). Cao et al. (2006) found increased temporal
synchrony between a number of visual regions and the parahippocampal gyrus, while they
found decreased synchrony between a number of frontal regions, the caudate, and
precuneus. Examining the DMN, Castellanos et al. (2008) found decreased connectivity
between the anterior cingulate (ACC) and the precuneus/posterior cingulate. Tian et al.
(2006) also studied the connectivity of the ACC and found increased connectivity with the
thalamus, cerebellum, insula, and pons. Taking a graph theoretical approach, Wang et al.
(2009) found increased local efficiency and decreased global efficiency in children with
ADHD, suggesting a disruption in the balance of small-world characteristics. There were
also differences in nodal efficiency in prefrontal, temporal, and occipital regions implicated
in previous studies.

5. Common themes

A number of themes have been common in investigations of structural and functional
connectivity networks. Brain asymmetry has interested researchers for years (Hellige, 1993;
Toga and Thompson, 2003), and sex differences in the brain are a controversial topic that
has generated much research that is occasionally conflicting, partly due to the nonlinear
scaling of brain structures as brain size increases (Gur et al., 1999; Kimura, 2000; Sowell et
al., 2006; Brun et al., 2009; Luders et al., 2013). Even sex differences in the degree of brain
asymmetry have been investigated in some depth (McGlone, 1978, 1980; Shaywitz et al.,
1995; Toga and Thompson, 2003). Examining how these each change over development is
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an important part of understanding development and the factors that give rise to asymmetry
or sex differences in the brain. Because asymmetry and sex differences in the brain are
broad enough topics to be a review or book in themselves (Dimond and Beaumont, 1974;
Hellige, 1993; Kimura, 2000), here we will limit our review to the asymmetry and sex
difference findings in studies we have already discussed here.

5.1. Asymmetry

Giedd et al. (1996) detailed the developmental changes in regional tissue volumes across
different lobes, noted a right greater than left asymmetry in the temporal lobe, amygdala,
and hippocampus. They did not see any changes in this asymmetry with age, however. In
their study of 20 neonates, Gilmore et al. (2004) found a significant asymmetry in the lateral
ventricles with the left being greater than the right; this asymmetry involves the left occipital
horn projecting further back in the brain than its counterpart on the right, and it is almost
universally found in studies of brain morphometry, regardless of the age and diagnosis of the
subjects. In a more in-depth study, Gilmore et al. (2007) assessed 74 infants between 38 and
48 weeks gestational age. The left hemisphere was larger in volume than the right, which is
opposite to typical findings in older children and adults (even the literature on this overall
asymmetry in hemispheric volume is somewhat mixed, see Toga and Thompson, 1997).
This left-greater-than-right asymmetry was detected in the GM, WM, subcortical GM, and
lateral ventricles. Examining diffusion-weighted images in 108 subjects aged 7-68, Hasan et
al. (2009b) found a left-ward asymmetry in the FA of the uncinate fasciculus. They found
this to be due to a leftward asymmetry in the axial diffusivity and a lack of asymmetry in the
radial diffusivity. Jahanshad et al. (2010) even found that asymmetry in the FA of major
WM tracts had a genetic basis. Our group found an unexpected asymmetry in the
developmental trends for graph theoretical measures of structural connectivity, with
measures increasing with age in the left hemisphere and decreasing in the right hemisphere
(Dennis et al., 2013). Ongoing studies are revealing complex differences in the wiring
patterns of each brain hemisphere, some of them in language-related regions, in line with the
well-known morphometric asymmetries of the planum temporale and perisylvian cortices
(Daianu et al., 2012).

5.2. Sex differences

Sex differences in the brain are a controversial topic, and research in this area can be
conflicting, but there are sex differences in vulnerability to various neuropsychiatric
disorders or recovery from brain injury (Turkheimer and Farace, 1992). As such,
investigating sex differences in the brain will hopefully shed light on key health issues and
their determinants. Giedd et al. (1996) found greater overall cerebral volumes in males, even
when controlling for height and weight. In a later study, Giedd et al. (1999) similarly found
greater overall GM volumes in males, as well as sex differences in the age at which cortical
GM volume peaked. Sowell et al. (2002) found a few structures for which females had
greater relative volume, including the temporal cortex, thalamus, caudate, and basomesial
diencephalic structures. Finding differences even in neonates, Gilmore et al. (2004) recorded
larger lateral ventricular volume in females than males. Later, Gilmore et al. (2007) found
significantly greater intracranial volume (ICV) in males than females, even controlling for
body weight.
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Turning to structural connectivity, Gong et al. (2009) found a number of graph theoretical
measures of structural brain connectivity that showed sex differences. Regional efficiency
differed between sexes across many nodes, with some showing greater efficiency in females
and some in males. Men had greater efficiency in a few frontal nodes while females had
greater efficiency in a number of temporal, parietal, and occipital nodes. Dennis et al. (2013)
found sex differences in a number of global and nodal measures in graph theoretical
measures of structural brain connectivity. We found greater clustering in females, who may
have more segregated networks. We also found differences in the regional efficiency and
degree (number of connections) in a few nodes. As the brain’s components do not scale
proportionately to the overall size of the brain, some care is needed when interpreting sex
differences.

In functional connectivity, Schmithorst and Holland (2007) found a sex difference in
correlations between intelligence and functional connectivity, with males and females
showing intelligence scores correlated with functional connectivity of different regions.
They also found an age by sex interaction in this effect. Kilpatrick et al. (2006) found that
the functional connectivity of the amygdala demonstrated a sex effect, with males showing
more expansive connectivity of the right amygdala and females showing more expansive
connectivity of the left amygdala. Examining functional connectivity using graph theoretical
methods, Wang et al. (2008) found a sex effect on nodal efficiency. Females had greater
nodal efficiency in frontal and temporal regions, but males had greater efficiency in limbic
and paralimbic regions. A review by Gong et al. (2011) provides greater detail on sex
differences found across these various neuroimaging methods.

6. Future directions

6.1. Imaging

Connectivity is a popular research topic now and has been for a few years. This growing
popularity has led to major advances in the methods we use to assess connectivity. No doubt
these improvements will continue as we search the human connectome in more depth and in
new ways (see Toga and Thompson, 2013; Engel et al., 2013, for up to date reviews).
Another topic that we expect to attract more attention is the relationship between structural
and functional connectivity. Some studies are beginning to examine changes in function—
structure relationships during development, and there are still many intriguing questions on
how the two interact.

genetics

Imaging genetics (reviewed in Glahn et al., 2007; Thompson et al., 2010) is another topic
that is gaining momentum and has already amassed a sizeable body of research. With the
advent of better genomic methods and cooperative groups that can collect larger datasets,
genetic analysis of variations in brain images can be pursued to discover specific genetic
variants that affect brain integrity and connectivity (Jahanshad et al., 2013b). Several autism
risk genes, for example, may be associated with consistent differences in brain “wiring”, in
both anatomical and functional connectivity analyses (Dennis et al., 2011; Rudie et al.,
2012a). Also, new methods have recently been developed to screen connectivity maps and
genomic data at the same time, to discover new genes that affect brain organization and
disease risk (see Jahanshad et al., 2013c; Thompson et al., 2013).
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One of the main issues with imaging genetics is sample size. Well over a million commonly-
carried variants in the genome — including, for example, single nucleotide polymorphisms,
or SNIPs — can be assessed using widely available technology for performing genome-wide
scans. For many years, vast studies have searched for SNPs that are over-represented in
patients with certain types of disease. These genome-wide association scans (GWAS) need
notoriously large samples because the effect of any one SNP is usually small (Jahanshad et
al., 2013d).

The high risk of false positives when scouring the genome makes it necessary to amass huge
samples to confirm any promising results, or to use complex methods to reduce the
dimension of the search space (Silver et al., 2012; Hibar et al., 2013a,b). In the past few
years, very large imaging genetics consortia have been formed with sample sizes numbering
tens of thousands of subjects—enough subjects to pick up the effects of single letter changes
in the genome on features derived from brain images. In these consortium efforts, multiple
sites pool their data to increase the chances of finding significant associations between
genetic variants and brain measures. One of the largest imaging genetics networks is the
ENIGMA Consortium (Enhancing Neuroimaging Genetics through Meta-Analysis). This is
an effort between 125 institutions across 12 countries, analyzing over 26,000 scans at the
time of writing. This dataset has already been used to discover genes that affect brain
structure, for example in the hippocampus (Stein et al., 2011), and jointly analyzing DTI
data from thousands of subjects (Kochunov et al., 2012; Jahanshad et al., 2013b). The
advantage of these efforts for studies of brain connectivity is that many connectivity
measures are still poorly understood, so even the most general statements about changes in
network efficiency must be confirmed and tested across developmental samples worldwide.
This is particularly important in genetics, as a huge number of candidate genes have been
asserted to affect brain maturation but findings are not always consistent.

Many studies have related specific genetic variants to individual differences in white matter
integrity, as measured by FA (Braskie et al., 2011; Kohannim et al., 2012; Mclntosh et al.,
2008; Winterer et al., 2008). With greater subject numbers, consortia such as ENIGMA are
beginning to offer the sample sizes needed to discover specific genes influencing brain
connectivity. Studies in both healthy subjects (Buckholtz et al., 2007, 2008; Pezawas et al.,
2005; Thomason et al., 2009) and those with neurodevelopmental or neuropsychiatric
disorders (Meyer-Lindenberg et al., 2007; Scott-Van Zeeland et al., 2010) have found
associations between specific genetic variants and changes in functional connectivity;
clearly, large samples are needed to allow meta-analysis and corroboration of these subtle
effects.

6.2. Functional and structural connectivity

Some researchers have begun to investigate the link between functional and structural
connectivity, but only one study that the authors are aware of has examined the joint effects
age has on structural and functional connectivity. In addition to the age effects seen in
functional and structural connectivity separately that are discussed above, Supekar et al.
(2010) also found an age difference in the relationship between functional and structural
connectivity. When examining the connection between the PCC and mPFC, Supekar et al.
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(2010) found a significantly positive partial correlation between the functional time courses
and fiber densities between the ROIs. There was no significant relationship between partial
correlation strength and fiber density in the PCC-mPFC connection in children. Structural
and functional connectivity are closely related, but one does not imply the other—regions
that are structurally connected are also functionally correlated, but two regions that are
functionally connected are not necessarily directly structurally linked (Greicius et al., 2008;
Bullmore and Sporns, 2009; Honey et al., 2009). Very little work has been done on the
question of how alterations of the structural network are correlated with alterations in the
functional networks (Rudie et al., 2013). As functional connectivity may arise between areas
with no direct structural connection, further investigation is necessary into how these
complementary systems interact.

6.3. Other methods

In this review, space limitations meant that we did not cover the literature addressing
development using MEG (magnetoencephalography) or EEG (electroencephalography). A
number of studies have examined developmental changes in MEG or EEG signals (Meyer-
Lindenberg, 1996; Polonnikov et al., 2003; Eswaran et al., 2004). These data can also be
used to examine brain connectivity. By examining the coherence between MEG or EEG
signals across the brain, connectivity can be assessed (Bullmore and Sporns, 2009). One
study has even linked EEG-based networks to intelligence (Langer et al., 2012). As several
studies have reported developmental effects on MEG and EEG signals, and the link between
EEG network measures and cognition, examining the developmental trajectory of MEG- and
EEG-based networks would be of great interest.

7. Conclusions

Dramatic changes occur in the structural and functional connectivity of the brain, as it
matures into adulthood. Structural and functional connectivity both support healthy brain
function—a disruption in either can lead to a neurodevelopmental or neuropsychiatric
disorder. Characterizing the developmental trajectory of these measures in healthy subjects
serves an important function in understanding disease and in understanding the fundamental
processes by which the brain matures. Here we have detailed a number of studies that
examined the developmental trajectory of various measures of structural or functional
connectivity in typically developing subjects. We also discussed a few examples of research
into how structural and functional connectivity can be affected in developmental disorders.
We also discussed a few of the themes commonly considered in connectivity, from
developmental point of view—the structure—function relationship, asymmetry, and sex
differences, and some future directions for the field.
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Fig. 1.
Decreases in regional gray matter volume, in normal children, between age 5 and age 20. As

a general principle of development, cortical regions that are concerned with more low-level,
primary functions — such as vision and sensation — mature more quickly than the regions
subserving higher order cognition. Here the loss of gray matter volume is thought to be due
to greater myelination of the cortex, rather than solely due to synaptic and dendritic pruning.
Vascular and glial changes many also play a role. Reprinted with permission from Gogtay et
al. (2004).
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Fig. 2.
Diffusion tensor imaging and tractography. In whole brain tractography, a set of diffusion

weighted images (left) are collected to show how rapidly water is diffusing in a range of
different directions. By sampling a large number of directions, a diffusion function (little
crosses in the middle panel) can be reconstructed—the peaks in this function tend to point
along axons and major tracts. Tract tracing algorithms can sew together the paths of
maximal diffusion into curves and fiber bundles. The right panel shows the set of recovered
fibers—red, green, and blue colors show the directions of the fibers. These can be grouped
into meaningful anatomical bundles and their integrity and connectivity can be assessed.
Adapted with permission from Aganj et al. (2011).
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Fig. 3.
Methods for graph theoretical analyses of structural connectivity, computed from diffusion

imaging data. To compute connectivity maps, a set of cortical regions is defined on a
standard anatomical MRI scan. The tracing of fiber tracts in diffusion images can be used to
create a vast set of fiber connections in the brain. These are then assigned to different
regions of interest. The matrix on the far right can be used to count how many of the fibers
pass through any pair of regions; it can also store information on their integrity or other
biological parameters. Reprinted with permission from Jahanshad et al. (2011).
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Fig. 4.
Regions that show age-related effects in regional efficiency in 95 subjects 19-85 years old.

Red indicates increases in efficiency with age, blue indicates decreases in efficiency with
age. Reprinted with permission from Gong et al. (2009). See Gong et al. (2009)
supplemental material for abbreviations of cortical regions.
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Age 30

Fig. 5.
Age-related increases and decreases in nodal degree and edge fiber density in 439 subjects

aged 12-30. This study is based on HARDI, a form of diffusion imaging that can be used to
recover anatomical connections. Colors correspond to the fiber density, with red indicating
greater values and blue indicating smaller values. The diameter of nodes corresponds to their
degree. Reprinted with permission from Dennis et al. (2013).
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Fig. 6.
Maturation of the connection between the PCC (posterior cingulate cortex) and mPFC

(medial prefrontal cortex), two main hubs of the DMN (default mode network) between 18

7-9 year olds and 15 19-22 year olds. DTI tractography depicting developmental effects in

fibers between PCC and mPFC. Bar graph showing significant difference in fiber density (p
< 0.0001, indicated by **). Reprinted with permission from Supekar et al. (2010).
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Fig. 7.
Differences in the connectivity of the DMN between children (7-9 y) and adults (21-31 y).

Graph visualization of DMN regions in children and adults generated by correlating the time
series’ of 13 regions, including hubs of the DMN. In children (7-9 years old), DMN regions
are sparsely connected, while they appear highly integrated in adults (21-31 years old).
Reprinted with permission from Fair et al. (2008).
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Fig. 8.

Spatial renderings of components corresponding to the default (red), left executive (pink),
right executive (green) and salience networks (blue) generated from group ICA analysis of
65 children aged 9-15 years. Reprinted with permission from Thomason et al. (2011).
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Fig. 9.
Maturation from “local” organization to “distributed” organization, as measured by

functional graph theoretical measures. Frontal regions are highlighted in blue in A; notice
they are closely connected in children and less so in adults. The DMN, a collection of
anatomically distributed regions, is highlighted in red in B. Notice they are segregated in
children and highly integrated in adults. Reprinted with permission from Fair et al. (2009).
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Studies of age effects on structural and functional connectivity in typically developing subjects covered in this

Table 1

Page 38

review.

Authors Ages studied Func(tional) or Struct(ural) Analyses

Morriss et al. (1999) 30 subjects, 1 day-17y Struct DTI

Mukherjee et al. (2001) 153 subjects, 1 day-11y Struct DTI

Zhai et al. (2003) 20 neonates, 8 adults (mean age 28 y) Struct DTI

Gilmore et al. (2004) 20 neonates Struct DTI

Ben Bashat et al. (2005) 36 subjects, 4 mo-23y Struct DTI, DWI

Barnea-Goraly et al. (2005) 30 subjects, 6-19 y Struct DTI

Schneider et al. (2004) 52 subjects, 1 day-16 y Struct DTI (high angular
resolution)

McLaughlin et al. (2007) 10 subjects, 7-12 y; 36 sub 13-18 'y, 25 sub 25—  Struct DTI

40y, 11 sub 60-80 y

Hasan et al. (2009a,b) 36 subjects, 6-19 y; 63 subjects, 20-59 y Struct DTI, tractography

Giorgio et al. (2008) 42 subjects, 13-21; 20 subjects, 23-42 y Struct DTI (high angular
resolution)

Gao et al. (2009a) 60 subjects, 3 weeks—-2 y Struct DTI

Kochunov et al. (2010) 831 subjects, 11-90y Struct DTI

Asato et al. (2010) 114 subjects, 8-28 'y Struct DTI

Chiang et al. (2011) 705 subjects, 12-29y Struct DTI

Supekar et al. (2010)

Taki et al. (2012)
Jahanshad et al. (2012)
Gong et al. (2009)
Hagmann et al. (2010)
Fan etal. (2011)
Dennis et al. (2013)
Redcay et al. (2007)
Lin et al. (2008)

Fair et al. (2008)

Kelly et al. (2009)
Dosenbach et al. (2010)
Fransson et al. (2007)
Liu et al. (2008)
Thomason et al. (2008)
Gao et al. (2009b)

Stevens et al. (2009)
Thomason et al. (2011)
Fair et al. (2007)
Supekar et al. (2009)
Fair et al. (2009)

In total: 23 sub 7-9y, 22 sub 19-22 y, for DTI:
18 sub 7-9y, 15sub 19-22 y

246 subjects 5-19 y

615 subjects 20-30 y

95 subjects 19-85 y

30 subjects 18 mo-18'y

28 subjects 1 mo-2 y (longitudinal)
439 subjects 12-30 y

13 subjects 30-50 mo
38sub2-4w(261y, 212y

66 sub 7-9y, 53 10-15y, 91 19-31y
14 sub 8-13, 12 13-17, 14 19-24
61sub 7-11y, 61 24-30y

12 premature 24-27 w GA

11 sub 11-14 mo

16 sub 9-12y

20 neonates, 24 1y, 27 2y, 15 adults (mean age
30)

100 sub 12-30 y

65 sub 9-15 y (longitudinal)

49 sub 7-9y, 43 10-15y, 47 21-31y
23sub 7-9y, 22 19-22y

66 sub 7-9y, 53 10-15y, 91 19-31y

Struct and Func

Struct
Struct
Struct
Struct
Struct
Struct
Func
Func
Func
Func
Func
Func
Func
Func

Func

Func
Func
Func
Func

Func

DTI, tractography, ICA

DTI

DTI

graph theory
graph theory
graph theory
graph theory
seed-based
seed-based
seed-based
seed-based
seed-based
ICA

ICA

ICA

ICA, graph theory

ICA, Granger causality
seed-based/ICA

graph theory

graph theory

graph theory
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Y indicates years, mo indicates months when referring to age of subjects. GA: gestational age, func: functional, struct: structural.
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Studies of age effects on structural and functional connectivity in subjects with developmental disorders
covered in this review.

Table 2

Authors Disorder Funcor Struct  Analyses
Barnea-Goraly et al. (2004) Autism Struct DTI

Ben Bashat et al. (2007) Autism Struct DTI (high b value)
Barnea-Goraly et al. (2010) Autism Struct DTI

Shukla et al. (2010) Autism Struct DTI
Barnea-Goraly et al. (2003) Fragile X  Struct DTI

Haas et al. (2009) Fragile X  Struct DTI, tractography
Simon et al. (2005) 22q DS Struct DTI

Simon et al. (2008) 22q DS Struct DTI

Sundram et al. (2010) 22q DS Struct DTI

Villalon et al. (2013) 22q DS Struct DTI, tractography
Hoeft et al. (2007) Williams ~ Struct DTI, tractography
Arlinghaus et al. (2011) Williams  Struct DTI

Haas et al. (2011) Williams  Struct DTI, tractography
Jabbi et al. (2012) Williams ~ Struct DTI, tractography
Molko (2004) Turner Struct DTI

Holzapfel (2006) Turner Struct DTI

Yamagata et al. (2012) Turner Struct DTI, tractography
Ashtari et al. (2005) ADHD Struct DTI

Hamilton et al. (2008) ADHD Struct DTI

Pavuluri et al. (2009) ADHD Struct DTI

Silk et al. (2009) ADHD Struct DTI, tractography
Lietal. (2011) ADHD Struct DTI

Cherkassky et al. (2006) Autism Func seed-based

Just et al. (2007) Autism Func seed-based
Kennedy and Courchesne (2008)  Autism Func seed-based

Monk et al. (2009) Autism Func seed-based
Noonan et al. (2009) Autism Func seed-based

Weng et al. (2010) Autism Func seed-based

Rudie et al. (2012b) Autism Func seed-based
Debbané et al. (2012) 22q DS Func ICA

Kesler (2007) Turner Func unknown

Bray et al. (2011) Turner Func seed-based

Bray et al. (2012) Turner Func seed-based

Cao et al. (2006) ADHD Func Voxel-wise seed-based
Tian et al. (2006) ADHD Func seed-based
Castellanos et al. (2008) ADHD Func seed-based

Wang et al. (2009) ADHD Func Graph theory

Func: functional, struct: structural.
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