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Chapter 8

ABSTRACT
Communication and integration of information between brain regions plays a key role in
healthy brain function. Conversely, disruption in brain communication may lead to cognitive
and behavioral problems. Autism is a neurodevelopmental disorder that is characterized by
impaired social interactions and aberrant basic information processing. Aberrant brain
connectivity patterns have indeed been hypothesized to be a key neural underpinning of
autism. In this study, graph analytical tools are used to explore the possible deviant
functional brain network organization in autism at a very early stage of brain development.
Electroencephalography (EEG) recordings in 12 toddlers with autism (mean age 3.5 years)
and 19 control subjects were used to assess interregional functional brain connectivity, with
functional brain networks constructed at the level of temporal synchronization between
brain regions underlying the EEG electrodes. Children with autism showed a significantly
increased normalized path length and reduced normalized clustering, suggesting a reduced
global communication capacity already during early brain development. In addition, whole
brain connectivity was found to be significantly reduced in these young patients suggesting
an overall under‐connectivity of functional brain networks in autism. Our findings support
the hypothesis of abnormal neural communication in autism, with deviating effects already
present at the early stages of brain development.
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INTRODUCTION
Healthy brain function depends on efficient communication between brain regions.
Communication within and between these brain regions, on both the microscopic and
macroscopic level, is assumed to be driven by the large‐scale synchronization of activity in
networks of neurons (Buzsaki and Wang, 2012; Jensen et al., 2007; Uhlhaas et al., 2009;
Wang et al., 2011). By quantifying synchronization between each possible pair of brain
regions, a functionally connected brain network can be constructed. From these functional
brain networks, graph theoretical characteristics can be obtained, providing insight in the
general organization and communication efficiency of these networks, and in particular, in
the balance between local processing and global integration (Sporns et al., 2000; Stam,
2010; van den Heuvel and Hulshoff Pol, 2010). Recent studies demonstrate that brain
networks show nonrandom organizational properties, including a small‐world organization
(Watts and Strogatz, 1998) reflecting high clustering (likelihood that neighbors of a node are
strongly interconnected) and a short characteristic path length (the shortest path between
any two nodes averaged for all pairs of nodes) and the formation of densely connected hubs
(Bullmore and Sporns, 2012; van den Heuvel, 2012). Such an organization of brain
connectivity has been shown to play a crucial role in enabling a balance between efficient
local specialization (high clustering) combined with efficient global integration of
information (short characteristic path) (Sporns et al., 2000). For instance, higher clustering
and shorter communication paths have been related to better cognitive abilities in adults (Li
et al., 2009; van den Heuvel et al., 2009), while deviant brain topologies have been found to
underlie several neurological and neuropsychiatric diseases (Ahmadlou et al., 2012; Basset
and Bullmore, 2009; Kramer and Cash, 2012; Liu et al., 2012; van den Heuvel et al., 2010).
Furthermore, it has been shown that the communication efficiency of brain networks is
under genetic control (Fornito et al., 2011; Glahn et al., 2010; Smit et al., 2008; van den
Heuvel et al., 2012) and optimizes during typical development (Boersma et al., 2011; Smit et
al., 2012). This makes the examination of the underlying brain network organization in
neurodevelopmental brain disorders, such as autism, of great relevance.
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Autism is a neurodevelopmental disorder that is characterized by language and
communication deficits, impaired social interactions, restricted and stereotyped behavior as
well as atypical sensory sensitivity, and these symptoms emerge already in the first years of
life. At this early age in the typically developing brain, profound maturational processes
occur, such as pruning of superfluous connections and myelination of long‐distance axons
(Huttenlocher, 1984; Lebel et al., 2008), leading to weakening of short range, and
strengthening of long‐range functional connections at a spatial level (Fair et al., 2009;
Supekar et al., 2009; Thatcher, 1992). In addition, increased levels of slow‐wave
interregional phase synchronization and decreased levels of high‐frequency oscillations are
noted in the developing child (Vakorin et al., 2011). Disturbances of these developmental
processes both at micro‐ and macroscales have been hypothesized to underlie aberrant
communication between brain regions in autism (Courchesne and Pierce, 2005; Levy, 2007;
Levy et al., 2009). Indeed, functional brain connectivity has been found to be affected in
autism (Just et al., 2012; Kana et al., 2011; Muller et al., 2011; Murias et al., 2007; Vissers et
al., 2012; Wass, 2011). A previous study using graph analytical techniques to examine the
overall organization of functional brain connectivity in autism showed reduced levels of
absolute

clustering

and

a

longer

absolute

characteristic

path

length

in

electroencephalography (EEG)‐based networks, which were suggested to reflect inefficient
local and global topology of the brain network in adult patients (Barttfeld et al., 2011).
Besides a recent functional magnetic resonance imaging (fMRI) study that reports on
disrupted synchronization in the spontaneous slow fluctuating cortical activity in autistic
toddlers (Dinstein et al., 2011), our knowledge of the underlying organization of functional
brain networks at this early, but crucial stage of brain development remains, however,
limited. As a pattern of accelerated brain development or overgrowth in the first years of
life and a subsequent decline in growth around the age of four has been theorized in autism
(Courchesne et al., 2011; Wass, 2011), investigating the brain dynamics at these early
developmental stages is crucial for gaining new insight in deviant brain development in
autism.
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The present study reports on novel findings of aberrant brain functional network
organization in autistic toddlers. Functional brain networks were constructed from EEG
recordings of 12 autistic and 19 control children, aged 2–5 years old. Whole brain
connectivity strength as well as measures of local and global network efficiency were
computed to examine whether, and if so, how network connectivity and communication
efficiency is affected in autistic children, as compared to healthy children at the same
neurodevelopmental stage. In particular, our study provides first evidence that the balance
between information segregation and integration in autistic toddlers is already disturbed.

METHODS
Participants
This study presents data collected previously from patients who were recruited from the
Department of Psychiatry of the University Medical Center in Utrecht, and from Karakter
Child and Adolescent Psychiatry University Center in Nijmegen (two patients). The study was
approved by the ethics committee of the University Medical Center Utrecht. Written
informed consent was obtained from the parents or guardians of each child and the study
was conducted in accordance with the standards set by the Declaration of Helsinki.
A group of seventeen children with a clinical diagnosis of autism spectrum disorder
(ASD) according to DSM‐IV criteria were included in this study. The group of patients (from
which complete EEG recordings were obtained, that is, 12 children, see exclusion criteria
below) received a clinical diagnosis according to DSM‐IV criteria of Autism (2 patients),
Asperger Syndrome (1 patient), or Pervasive Developmental Disorder Not Otherwise
Specified (9 patients). The clinical diagnoses were assigned on the basis of an extensive
interview with the parents, a psychiatric observation, and a psychometric assessment of the
child by a multidisciplinary team consisting of a child psychiatrist, child psychologist, and
licensed social workers specialized in developmental disorders. Unfortunately, we did not
have complete autism diagnostic interview and/or autism diagnostic observation schedule
scores to reliably test for correlations between the severity scores of autism and brain
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network parameters in these very young patients. Twenty‐two control children were
recruited from different schools and child care centers in the Utrecht area. The Child
Behavior Checklist (CBCL/1.5–5) (Achenbach, 2000) was completed by the parents, and the
Vineland Social‐Emotional Early Childhood Scales (Sparrow et al., 1998) were administered
to exclude clinically relevant psychopathology among the control children. All children
scored within the normal range of the CBCL and Vineland scales and were included for
further analysis.
Additional exclusion criteria based on the EEG recordings (described in the EEG
Recordings section below) led to exclusion of three controls and five patients in total. This
resulted in a total set of 19 controls (mean age 3.53±1.19 years; IQ=108.0±12.4) and 12
autistic children (mean age 3.35±0.80 years; IQ=85.0±17.2) who were included in the
analysis. Subject characteristics and statistics are listed in Table 1. Groups did not differ in
age. IQ estimates significantly differed between groups, with the autistic patients showing
significantly lower IQ scores than the group of healthy controls (p<0.001).

Table 1 Subject characteristics
Controls
19
19 | 0

Patients
12
10 | 2

Fisher's exact

0.142

Agea

3.53(1.19)

3.35(0.80)

t26 = 0.453

0.654

IQb

108.0(12.4)

85.0(17.2)

t28 = 4.253

<0.001

27.4(2.2)

32.1(4.0)

t29 = ‐0.591

0.559

N
boys | girls

included trials

t

p

Number of subjects, distribution of sex, age in years (mean (sd)), IQ (mean (sd)), and number of included trials
(mean (sd)) are shown. Bold text indicates a statistical significant difference.
a
Age data not available for two controls and one patient
b
IQ data not available for one patient

EEG recordings
Data were selected from a task‐dependent EEG study, in which children passively watched
pictures of cars and faces. In the current study, the effect of autism was primarily studied on
both task conditions grouped together, as the main focus of this study was on the effect of
autism on functional network organization and not necessarily on task performance. A
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detailed description of the task procedure and the results for the separate task conditions
are presented in the Supplementary Materials
EEG recordings were obtained from 32 electrodes positioned at standard EEG
recording locations of the international 10/20 system by using a BioSemi Active Two EEG
system (BioSemi), while participants were sitting in an acoustically shielded room (midline:
Fz, Cz, Pz, Oz; frontal: Fp1, Fp2, AF3, Af4, F3, F4, F7, F8; frontocentral: FC3, FC4, FC5, FC6;
central: C3, C4; centroparietal: CP1, CP2, CP5, CP6; temporal: T7 (T8 was excluded due to
continuous artifacts in most children); parietal: P3, P4, P7, P8; parieto‐occipital: PO3, PO4;
occipital: O1, O2). An online Common Mode Sense‐Driven Right Leg (CMS‐DRL) was used as
a reference. Horizontal electro‐oculography (EOG) was recorded from electrodes at the
outer canthi of the eyes by means of adhesive rings. Vertical EOG was recorded from
electrodes placed infra‐ and supra‐orbital to the left eye. Impedances were typically kept
below 5 kΩ for both EEG recordings and EOG recordings. The EEG was sampled at a rate of
2048 Hz and stored offline as continuous signals.
EEG time series were segmented in epochs starting 100 ms before and ending
900 ms after stimulus presentation. Segments with artifacts were excluded for further
analysis, using a semiautomated artifact correction tool (Brain Vision Analyzer software
package [Version 2.0]) and additional visual inspection of the data. Typical artifacts that led
to exclusion, included eye blinks or movements, muscle artifacts, drowsiness, and detached
electrodes. Two controls and five patients in total were excluded due to sleep or drowsiness
or noisy data due to detached EEG electrodes or other artifacts. Furthermore, one control
was excluded due to spike‐wave discharges, which might indicate epileptiform activity. In
total, this resulted in the inclusion of (on average) 32 artifact‐free segments [mean
(SD)=32.1 (4.0)] in the patients and 27 artifact‐free segments in the control group [mean
(SD)=27.4 (2.2)], each of length 1000 ms.

Functional connectivity: PLI
The phase lag index (PLI) expresses the level of asymmetry of the distribution of the
instantaneous phase differences between two EEG signals. A detailed (mathematical)
description of PLI can be found in (Stam et al., 2007). An advantage of PLI over other
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nonlinear measures of connectivity (e.g., correlation, synchronization likelihood) is that the
PLI is much less affected by the influence of volume conduction/common sources and
reference electrodes.

Connectivity matrix formation
For each selected trial, EEG signals were filtered in broad band (0.1–30 Hz, i.e., standard
event related potential filtering), and in the theta‐alpha band (4–10 Hz), and the beta band
(10–25 Hz; Fig. 1A). We deviated from the standard definition of frequency bands, since in
developing young children the power spectrum is dominated by slow frequencies; the alpha
peak occurs at slower frequencies (8 Hz) in young children (Boersma et al., 2011; Marshall et
al., 2002), which is in contrast with the faster alpha peak frequencies in adults (10 Hz) (Cragg
et al., 2011; Smit et al., 2011). To prevent splitting up the alpha band at this 8 Hz alpha peak
and capturing as much slow oscillations as possible, we chose to combine the alpha and
theta frequency bands, ranging from 4 to 10 Hz.
For each frequency band, and for each epoch (each consisting of 2048 samples), the
level of synchronization (PLI) was computed between each pair of electrodes (Fig. 1B) using
the BRAINWAVE software, version 9.70 (CS,/home.kpn.nl/stam7883/brainwave.html). This
resulted in a trial‐specific 31×31 connectivity matrix (electrode T8 was excluded),
representing the functional dynamics between brain regions (Fig. 1C).
The resulting PLI connectivity matrices were used to construct undirected, weighted
networks in which each EEG electrode is a node, and the PLI values represent the weights of
the links between nodes (Fig. 1D). Functional connectivity networks were visualized using
the EEGLAB toolbox (Delorme and Makeig, 2004). To obtain whole brain connectivity
strength (S), PLI matrices were averaged for each trial, and subsequently averaged over all
trials (per dataset).

Graph analysis of functional brain networks
Graph analytical tools were applied (using BRAINWAVE software) to characterize the
topology of the obtained weighted functional brain networks (Stam et al., 2009). For each
node, the weighted clustering coefficient Cwi was calculated, expressing the likelihood that
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neighbors of node i are connected in which the strength of the connections between the
node and the neighboring nodes are taken into account. Averaging Cw over all 32 nodes
resulted in an average, whole brain, weighted clustering coefficient reflecting the level of
local organization of the network.
For each pair of nodes, the weighted shortest path, that is, a path that minimizes the
sum of the inverse PLI weights, was computed. Averaging the weighted lengths of these
shortest paths resulted in the weighted characteristic path length (Lw), a commonly used
measure for global network communication capacity.
As a normalization step, both average absolute clustering (Cw‐r) and average
absolute path length (Lw‐r) were calculated for 1000 randomized networks with similar
number of nodes and edge weights and symmetry as the observed graph. The normalized
clustering coefficient (gamma) was then defined as the ratio of the clustering of the
observed and the average of the collection of randomized networks (Cw/Cw‐r). In a similar
fashion, the normalized path length (lambda) was defined as the ratio of the path length of
the observed and the average of the randomized networks (Lw/Lw‐r). A network is said to
show small‐world characteristics when Cw/Cw‐r>>1 and Lw/Lw‐r 1, with a small‐worldness
(SW) index defined as the ratio of gamma/lambda, exceeding 1 (Humphries et al., 2006).

Statistical Methods
Statistical analysis performed using SPSS (version 20). Independent samples t‐test and
Fisher's exact tests were used to test for differences in subject characteristics between
groups. To test for group differences in whole brain connectivity and network parameters,
independent samples t‐tests (equal variances assumed) were used.
In addition, network‐based statistic (NBS) was used to test for differences in
connection strength between autism and control groups (Zalesky et al., 2010, 2012). NBS is
a nonparametric statistical test that isolates clusters of edges that significantly differ
between groups. To examine both increased and decreased connections, a threshold of
p=0.025 was set to select supra‐threshold connections. Testing all 31×30/2 unique
connections, the largest connected component of supra‐threshold connections was
determined and compared to the cluster‐sizes in a randomized condition. To this end,

207

Chapter 8

subjects were randomly assigned to two groups of equal sizes as the original subject groups,
and the largest connected component of the supra‐threshold connections was determined
for these groups. This process was repeated 5000 times, resulting in a null‐distribution of
component sizes that can occur on the null‐hypothesis. Finally, the observed cluster size of
the original data was assigned a p‐value as the percentage of random permutations that
exceeded this value.
Pearson correlations were used to examine a possible association between network
metrics and age and IQ.
Independent samples t‐tests were used to study the effect of autism for separate
task conditions (see Supplementary Data).
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Figure 1. Consecutive steps of functional connectivity analysis and graph analysis applied to electroencephalography
(EEG) recordings of brain activity. (A) EEG recording and filtering of the EEG signals in broadband (0.1–30 Hz), theta‐alpha
band (3–10 Hz), and beta band (10–25 Hz). (B) Computation of the phase lag index (PLI) between all pairwise combinations
of EEG timeseries (example of electrode pair F3 and P3). (C) Representation of weighted connectivity matrices per
frequency band, with the element values indicating the strength of functional connection between to two time series. (D)
Computation of graph metrics. The average whole brain connectivity strength S), absolute clustering (Cw), normalized
clustering (gamma), absolute path length (Lw), and normalized path length (lambda) were computed. Normalized network
measures gamma and lambda were computed by comparing the network measures of the original network to randomized
networks.
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RESULTS
Broad band
Patients showed significantly increased lambda (normalized path length) in the broad band
(p=0.004) compared to control children, suggesting aberrant organization of global
communication in patients showing relatively longer normalized path length, that is, in
proportion to randomized networks. Furthermore, a trend toward decreased SW was found
(p=0.084) in this frequency band, whereas whole brain connectivity strength (S) did not
significantly differ between patients and controls.

Theta‐Alpha band
In theta‐alpha band, a significant reduction of gamma (normalized clustering) was found
(p=0.021) and, additionally, SW significantly decreased (p=0.010) in patients compared to
controls. Whole brain connectivity strength did not differ between groups.

Beta band
Patients showed a significant reduction in whole brain connectivity strength S in the beta
band (p=0.009; Fig. 2 and Table 2) which was accompanied by significantly reduced Cw
(absolute clustering) and significantly increased Lw (absolute path length).
Figure 3 illustrates which of the functional connections were reduced (blue color)
and increased (red color) in autistic children as compared to controls, in broad, theta‐alpha
and beta band. A widespread significant cluster of 51 reduced connections (NBS; p=0.003)
was found in autistic children compared to controls, in the beta band. In broad band the
increased connections did not form a connected cluster.
An overview of the results of the t‐tests for group differences in whole brain
connectivity strength, clustering, path length, gamma, lambda and SW per frequency and an
overview of the direction of the effects can be found in Table 2.
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Figure 2. Whole brain connectivity strength (S), as the average of all PLI values between all electrode pairs, in broad, theta‐
alpha and beta bands. Significant reduced connectivity was found in autistic children (light gray bars) in the beta band
(p=0.009) compared to controls (dark gray bars).

In the Supplementary Materials, the effect of autism was studied in the separate
conditions (Supplementary Table S1), showing similar results as for combined conditions.
Furthermore, besides the applied t‐tests, statistical evaluation was performed using
nonparametric permutation testing, being less sensitive to the effect of group‐size and
potential outliers. Permutation testing (10,000 permutations) revealed similar results, which
are described in the Supplementary Data.
Since autistic children showed significantly lower IQ than control children (p<0.001),
we tested if IQ and graph measures were correlated. In both control children and patients,
no significant correlations were found between network parameters and IQ. A supplemental
test showed that subgroups of control and autistic children with overlapping IQ showed
significant differences in connectivity and graph parameters equal similar to the results
obtained in the complete groups (see Supplementary Table S2 for test statistics).
Furthermore, no significant correlations were found between network parameters and age.
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Figure 3. Significantly stronger (red) and weaker (blue) connections (p<0.025) in autistic children in respectively broad,
theta‐alpha, and beta band. Beta band showed a cluster (p=0.003) of 51 connected links showing reduced connectivity in
autistic children, as compared to control children.

DISCUSSION
The present study demonstrates abnormal functional network organization in autistic
children, showing that affected brain connectivity in autism may be already present at the
early stages of brain development in patients. Functional networks differed in topology,
leading to increased lambda (normalized path length) in broadband, together with reduced
gamma (normalized clustering) and SW in theta‐alpha band, suggesting an abnormal
balance of information integration and segregation at the system level in autism. Inherent
to these organizational differences, deviant connectivity strength was found in autism, both
averaged over the whole brain (Fig. 2) as well as at the level of single connections (Fig. 3). In
broadband EEG, a pattern of strengthened connections was found in children with autism,
whereas whole brain connectivity strength (S) did not significantly differ between groups.
Furthermore, in theta‐alpha band, no difference was found in S and only few connections
showed increased or reduced strength in autism. Finally, in the beta band, a cluster of 51
reduced connections was found and average whole brain S was significantly reduced. Taken
together, these findings support the interpretation that not merely connectivity strength is
affected in autism, but also involves an aberrant organization of connectivity.
Over different developmental stages of typical brain maturation, functional connectivity
tends to weaken locally and strengthen over longer distances concurring with maturational
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processes like pruning of synapses and myelination of long‐range axons, and leading to
decreasing (local) segregation and increasing (global) integration with development (Barry
et al., 2004; Fair et al., 2009; Giedd et al., 1999; Hagmann et al., 2010; Thatcher, 1992;
Uddin et al., 2010; Yap et al., 2011).

Table 2 Results t‐test
broad

S
Cw
Lw
gamma
lambda
SW

theta‐alpha

beta

t29

p

t29

p

t29

p

‐1.019
‐1.157
0.915
‐1.599
‐3.107
1.787

0.317
0.257
0.368
0.121
0.004
0.084

0.637
0.906
‐0.627
2.449
‐1.241
2.766

0.529
0.373
0.535
0.021
0.225
0.010

2.784
3.109
‐2.647
1.706
1.415
0.784

0.009
0.011
0.013
0.099
0.168
0.439

direction group effect
theta‐
broad alpha
beta






















Results of independent samples t‐test are shown for whole brain connectivity strength (S), clustering (Cw), path
length (Lw), normalized clustering (gamma), normalized path length (lambda) and small‐worldness (SW) for each
frequency band. Arrows indicate the direction of the group effect:  pt < con and pt > con. Bold text indicates
a statistical significant difference (p < 0.05).

These typically developing functional networks show small‐world features. However,
disturbed temporal coordination of these local and global synchronization processes at
different stages of brain maturation might lead to neuropsychiatric disorders (Uhlhaas and
Singer, 2012). Several patterns of over‐ and under‐connectivity at distinct spatial and
temporal scales have been reported in autism (Just et al., 2012; Kana et al., 2011; Li et al.,
2012; Muller et al., 2011; Murias et al., 2007; Vissers et al., 2012; Wass, 2011). A recurrent
pattern of local over‐connectivity (most pronounced within frontal areas), and decreased
connectivity from frontal to other brain areas has been found in autism (Courchesne et al.,
2011; Just et al., 2012), supporting our current findings of reduced global communication
capacity in autistic toddlers. Additionally, studies have observed enhanced local
synchronization within parietal areas in children with autism, suggesting local over‐
connectivity in parietal areas (Perez Velazquez et al., 2009). Regarding local connectivity
patterns, the present study showed reduced normalized clustering in whole brain networks,
suggesting a reduction in local information processing at the system level in young children
with autism. This apparent discrepancy might be explained by the fact that previous studies
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focused on connectivity patterns within one specific brain region, whereas the present study
examined clustering patterns between all brain regions. At this system level, only a few
graph theoretical studies have shown deviations in clustering (local segregation) and
average path length (global integration) in anatomical and functional networks in adults
with autism (Barttfeld et al., 2011; Dennis et al., 2011). Our results confirm and extend the
findings of Barttfeld and colleagues who found reduced (absolute) clustering and increased
average path length in slow frequency EEG networks, and suggested that the topology of
the adult network departs from small‐world behavior in autism (Barttfeld et al., 2011).
Interestingly, our findings tend to suggest a shift or disbalance in slow versus fast
frequencies in children with autism, as suggested by the observation that network
parameters are increased in slow, and somewhat reduced in fast frequencies in children
with autism (Table 2). Healthy brain development has been characterized by an ongoing
increase in interregional phase synchronization in the slower frequencies and
desynchronization in faster oscillations, a developmental trajectory that starts prenatally
and continues into early adulthood (Vakorin et al., 2011). The deviant pattern found in the
present study might suggest that young children with autism show abnormally fast brain
maturation compared to controls at this age. Indeed, consistent with such a hypothesis, an
accelerated or overgrowth of brain volume in the first years of life (and subsequently a
decline in growth) in autism was previously found in structural MRI studies (Courchesne et
al., 2007, 2011; Hazlett et al., 2011). In terms of cognitive functions, slow frequencies, such
as theta oscillations, are involved in memory function in adults, especially when cross‐
frequency coupled to faster frequencies such as gamma band frequencies (Canolty and
Knight, 2010; Osipova et al., 2006). Furthermore, alpha band synchronization has been
associated with cognitive functions such as top‐down control and regulation of (visual)
attention (Engel et al., 2001); interestingly, recent studies suggest that alpha band activity at
source space appears to be confined to regions referring to the well‐known default mode
network and other attentional networks commonly found in resting‐state functional MRI
studies (Hillebrand et al., 2012; Sadaghiani et al., 2012). However, the association between
development of cognitive functions and development of synchronization patterns in
different frequency bands in children is not well understood yet. Longitudinal investigation
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of how the potential trajectory of early overgrowth and declined growth of brain volume
later in life is related to abnormal development of functional brain networks in subjects with
autism is of great importance. It would add to our understanding of how structural and
functional brain development contribute to the expression of autism and might serve as a
coarse template for understanding developmental aspects of other neurological and
neuropsychiatric diseases that have been associated with altered brain efficiency previously
(Ahmadlou et al., 2012; Basset and Bullmore, 2009; Kramer and Cash, 2012; Liu et al., 2012;
van den Heuvel et al., 2010). Since it has been shown that brain network organizations are
under genetic control in adults (Fornito et al., 2011; Smit et al., 2008, 2010) and children
(van den Heuvel et al., 2012), graph analytical metrics of the efficiency of the organization of
the brain's network might be important intermediate phenotypes for molecular‐genetic
studies in autism.
Some methodological considerations need to be taken into account when
interpreting the findings of this study. Toddlers passively watched pictures of cars and faces
during EEG recordings. The effect of autism was studied combining the two task conditions.
In the Supplementary Materials a detailed description of the task procedure and
additionally, the group effect in the separate conditions can be found, showing similar
results as for combined conditions. Interestingly, group differences tend to be more
pronounced in the “cars condition.” Previous studies showed atypical processing of basic
visual stimuli in autism, including preferential attention to detail (Behrmann et al., 2006;
Ronconi et al., 2012; Vlamings et al., 2010) and faster responses to objects than to faces in
infants at high risk for autism (McCleery et al., 2009), suggesting enhanced local processing.
Based on our findings, one might speculate that the aberrant processing of visual
information in autism, especially of objects, is also reflected in a disbalance of information
processing at the system level in large‐scale functional networks. Since these early
deviations in basic perceptual processing might have consequences for development of
higher order processing, it is important to gain further insight in how this deviant perceptual
processing relates to aberrant brain network organization in children with autism.
Constructing directed networks incorporating information on the direction of information
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flow (Stam and Van Straaten, 2012) might help to further explore whether and if so,
perceptual processing is affected in autism.
Another potentially confounding factor in functional connectivity studies is the effect
of volume conduction and active reference electrodes causing spurious correlations (Nunez
et al., 1997). However, in contrast with measures such as coherence or synchronization
likelihood, PLI has been shown to be less sensitive to these zero‐phase lag effects while
reflecting functional connectivity in EEG as well as other measures (Stam et al., 2009).
As previous studies have shown an association between intelligence and brain
network organization (Li et al., 2009; van den Heuvel et al., 2009), a potential confounding
effect in the present study might include that the children with autism had a significantly
lower intelligence score than control children. To this end, a post hoc analysis was
performed on subgroups with overlapping IQ, resulting in comparable effects as shown for
the complete groups. These additional findings suggest that the changes in organization in
brain networks of children with autism are unlikely to be related to group differences in IQ.
Future investigation of the association of network parameters and clinical scores might lead
to better understanding of, and give new insight in possible underlying pathophysiological
mechanisms affecting the brain as a developing large‐scale complex communication system.
In conclusion, our findings demonstrate that autism is related to aberrant functional
organization of the brain's network, suggesting an abnormal balance of information
integration and segregation already at the early stages of development. Moreover, our
findings tend to point into the direction of a possible developmental disbalance between
connectivity and network organization between the low and high frequency bands. Our
findings thus suggest an abnormal developmental trajectory for functional brain dynamics in
patients with autism, a deviating pattern of less efficient global brain communication that is
already present during the earlier stages of brain development.
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SUPPLEMENTAL INFORMATION
Task Procedure
The effect of autism was studied on data selected from a task‐dependent EEG study, in
which children passively watched pictures of cars and faces. The task consisted of 6 blocks in
which gray‐scale photographs of nine faces (neutral expression) and nine cars were
presented semi‐randomly for 500 ms, with an inter stimulus interval of 1000 ms. All
photographs were cut out, and photographs of faces were cut out in such a manner that
hair and ears were left off. All stimuli were shown at approximately 3.2 degree of visual
angle against the same gray background (of a constant luminance) on a 21 inch computer
screen (42 cm×32 cm) approximately 1m from the subject. To further motivate the children
to attend the stimuli, colored cartoons attractive for young children (e.g. pictures of the
Teletubbies) were presented for 800 ms semi randomly in between (in total 13, all different,
two of them moving). First two trials after these intermezzos were not segmented for
further analysis. The number of artifact free trails selected for analysis did not significantly
differ between groups.

Cars and faces
To attract attention in the young children, toddlers passively watched pictures of cars and
faces during EEG recordings. Primarily the effect of autism was studied on both task
conditions grouped together. Here we further explored the group effect in the separated
conditions. Interestingly, when separately examining the car and face conditions, significant
differences appeared to be most pronounced in the cars condition and were similar to the
results of the combined task conditions (Table S1): In broad band, longer communication
path ways were found, suggesting less efficient global integration. In theta‐alpha band,
reduced small‐world topology and a reduction of normalized clustering were found,
reflecting a less overall organization and reduced local information processing. In the beta
band, reduced whole brain connectivity strength indicated sparser connected networks in
autism.
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Table S1 Results t‐test per task condition
broad

theta‐alpha

beta

PLI

cars
faces

t29
‐1.885
‐0.020

p
0.070
0.984

t29
0.047
1.068

p
0.963
0.294

t29
3.060
1.497

p
0.005
0.145

Cw

cars
faces

‐2.093
‐0.100

0.045
0.921

0.511
1.142

0.614
0.263

3.130
1.577

0.004
0.126

Lw

cars
faces

1.410
0.241

0.169
0.812

0.056
‐1.130

0.956
0.268

‐3.047
‐1.491

0.005
0.147

gamma

cars
faces

‐1.739
‐0.427

0.093
0.672

2.630
0.909

0.014
0.371

1.463
1.246

0.154
0.223

lambda

cars
faces

‐2.043
‐2.183

0.050
0.037

‐0.234
‐1.581

0.807
0.125

1.419
0.669

0.167
0.509

SW

cars
faces

0.625
1.580

0.537
0.125

2.239
1.501

0.033
0.144

0.314
0.646

0.726
0.523

direction group effect
theta‐
broad
alpha
beta




















































For both task conditions, cars and face, results of independent samples t‐test are shown for whole brain connectivity strength
(S), clustering (Cw), path length (Lw), normalized clustering (gamma), normalized path length (lambda) and small‐worldness
(SW) for each frequency band. Arrows indicate the direction of the group effect:  pt < con and pt > con. Bold text indicates a
statistical significant difference (p < 0.05).

Additionally, in the faces condition longer normalized path length in broad band was found,
which was in line with the findings in cars condition and suggesting less efficient
communication pathways in autism.

Intelligence matching
Additional test on subgroups of patients and controls with overlapping IQ, showed
comparable significant differences in brain network parameters. Thirteen patients and eight
controls with an IQ ranging from 75 to 115 were selected and tested for differences
between groups. Results are shown in table S3. In broad band, longer communication path
ways and reduced small‐world topology were found, suggesting less efficient overall
organization. In theta‐alpha band a trend towards reduced small‐world organization was
found. In the beta band, reduced whole brain connectivity strength indicated sparser
connected networks in autism.
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Table S2 Results t‐test subgroups with overlapping IQ
broad
t19

theta‐alpha
p

t19

p

beta
t19

p

S

‐1.653 0.115

0.727 0.476

2.512 0.021

Cw

‐1.741 0.098

0.913 0.372

2.506 0.021

Lw

1.551 0.137

‐0.726 0.476

‐2.400 0.027

gamma

‐0.955 0.352

1.682 0.109

1.652 0.115

lambda

‐3.396 0.003

‐0.782 0.444

1.478 0.156

2 471 0.023

1 871 0.077

0.607 0.551

SW

direction group effect
theta‐
broad alpha
beta





































For subgroups selected for overlapping IQ (IQ 75‐113; 13 control vs. 8 patients) results of independent samples t‐
test are shown for whole brain connectivity strength (S), clustering (Cw), path length (Lw), normalized clustering
(gamma), normalized path length (lambda) and small‐worldness (SW) for each frequency band. Bold text
indicates a statistical significant difference (p < 0.05).Arrows indicate the direction of the group effect:  pt < con
and pt > con. Bold text indicates a statistical significant difference (p < 0.05).

These findings indicate that, independent of the difference in IQ, brain functional networks
are organized differently in children with autism disorder.

Permutation tests
In addition to independent t‐tests (assuming equal variances), non‐parametric permutation
tests were performed to examine the effects on the metrics of interest (clustering, path
length) between the group of controls and patients, as these tests are less susceptible for
group size and potential outliers. Thus, to minimize the influence of possible effects of
unequal group sizes on graph measures, subjects of both patient and control groups were
randomly assigned to two groups of equal sizes as the control group (n=12), and the
difference between the mean of both groups was calculated. This process was repeated
10000 times, resulting in a null‐distribution of group mean difference that can occur on the
null‐hypothesis. Finally, the observed group mean difference the original data was assigned
a p‐value as the percentage of random permutations that exceeded this value.
These permutation tests confirmed significant differences between groups as found with
independent t‐tests: patients showed significantly increased lambda (normalized path
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length) in the broad band compared to control children (permutation p=0.003; t‐test
p=0.004,) and a significant reduction of normalized clustering (gamma) was found
(permutation p=0.014, t‐test p= 0.021,) in theta‐alpha band.
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9.1 SUMMARY
How does the brain develop as a complex communication network? During undisturbed
healthy development, the brain grows an immense network consisting of thousands of
millions of neurons and each neuron can connect to thousands of other neurons. The
organization or topology of connections between neurons (at the micro scale) and between
brain regions (at a larger scale) appear crucial for efficient communication in the brain.
During normal, undisturbed development, major changes occur anatomically and
functionally within brain regions which leads to development of a specific function of that
brain region. Concurrently with these region specific changes, signal transduction between
more distant brain regions is gradually starting to improve, leading to integrated, more
complex functions of the brain. Previous studies mostly studied these local and global
developmental changes independently and the focus was on selections of brain areas and
connections instead of on the whole brain network as an integrated entity with an optimal
balance between local specialization and global integration. It is not well understood yet if
young children already present balanced local and global communication and if this balance
will change during normal development. The main aim of the studies in this thesis was to
gain new insight in normal and abnormal brain development by investigating the effects of
normal and abnormal development on the organization of large scale functional brain
networks.
Chapter 1 started with an introduction on the methods for characterization of large
scale brain functional networks. The neurophysiological principles of the brain were
outlined and the electroencephalogram (EEG), the magnetoencephalogram (MEG) and
functional magnetic resonance imaging (fMRI) were introduced as neuroimaging techniques
for measuring brain activity non‐invasively from outside the brain. Synchronization was
proposed as the concept for measuring functional connectivity between brain regions. Then,
different approaches for constructing networks were outlined followed by an introduction
on graph analysis for characterizing brain network organization. For instance, measures of
local connectivity (clustering) and global integration (path length) were introduced.
Subsequently, a short overview was given on the neurobiological and neurophysiological
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changes during healthy and abnormal development. On the one hand, the focus was on
SGA+ children (who showed spontaneous catch‐up growth) as these children are born with
a developmental delay which might have consequences for brain development later in life.
On the other hand, disordered neurodevelopment was studied in toddlers with autism to
investigate whether aberrant connectivity is present already at the very early
developmental stages in this disorder. This chapter ended with the aims and outline of the
thesis: to map brain functional network organization in young children and explore possible
changes in functional network organization during typical and atypical brain development.

Typical development of functional brain networks
The first three studies (Chapter 2‐4) examined organizational changes of functional brain
networks during healthy development based on resting‐state EEG recordings. Chapter 2
presented a study examining the effects of typical development on functional brain network
topology in a large group of young children at 5 and at 7 years of age. Whole brain
connectivity strength decreased over time in all frequency bands, signifying that functional
networks become weaker connected possibly due to weakening or loss of physical
connections in children at school age. Importantly, both normalized clustering and path
length increased, indicating that brain functional networks evolve towards a more ordered
small‐world organization in young children. Interestingly, girls showed stronger whole brain
connectivity and a higher mean clustering than boys suggesting a gender difference in
connectivity topology possibly influenced by sex hormones. Moreover, these findings
suggest that girls are ahead in brain development or that functional networks evolve
differently in boys and girls. Taken together, the findings in this chapter suggest that normal
brain maturation leads to an efficiently organized brain network and that this development
is influenced by gender.
Chapter 3 provided supporting evidence and extended the hypothesis of a
developmental shift of functional network organization. The minimum spanning tree
method was introduced as a solution to normalization problems and problems that arise
when networks of different groups and / or conditions, possibly with different size or
density, have to be compared. Significantly increased diameter and eccentricity, coinciding
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with reduced leaf number were found with development in young children. This was
indicative of a shift toward more line‐like or path‐like and decentralized organization which
was related to the previously found shift towards more ordered small‐world networks. In
girls, longer diameter and less leafs were found suggesting less centralized trees than boys.
Taken together, the findings of chapter 2 and 3 suggest that networks shift towards more
ordered small‐world configurations with a larger span during childhood development and
additionally, girls might present more mature configurations than boys and that they start
with‐ and maintain more densely connected networks.
The main aim of Chapter 4 was to investigate the development of functional brain
networks over the life span in a large sample aged 5 to 71 years. Whole brain connectivity
strength showed an inverted U shape with large increases from childhood to adolescence to
adulthood and peaking at ~ 55 y, and thereafter, during aging, a weakening of connectivity
strength was found. Additional to the changes in connectivity strength, strong increases in
both clustering and path length were found from childhood to adolescence, indicating a
shift toward more ordered small‐world networks. Interestingly, a positive correlation was
found between connectivity strength and white matter volume and additionally, path length
was positively correlated to both white and grey matter volumes. In sum, the findings
implicate that EEG connectivity and efficiency of functional brain networks can be used to
trace functional and structural brain development and gender differences.

Atypical development of functional brain networks
The second part of this thesis (Chapter 5‐8) described the possible effects of atypical
development on functional brain network organization in young children. To this purpose,
two clinical groups were examined: SGA born children at school age and toddlers with
autism spectrum disorders.
SGA born children have suffered from intra‐uterine growth delay resulting in a birth
weight/length that is ‘small for gestational age’. SGA has been associated with decreased
cognitive abilities and deviant brain volumes later in life. Postnatal spontaneous catch‐up
growth occurs in most of these children and is associated with better cognitive and brain
developmental outcome (compared to children without catch‐up growth). In neonatal
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periods, SGA children showed increased power in low, and reduced power in high frequency
bands compared to controls suggesting delayed development of brain oscillatory activity as
normal development of oscillatory activity is characterized by a shift toward increased
power in high and decreased power in low frequency bands. However knowledge on
development of brain activity later in life in SGA children is limited. In Chapter 5, MEG
resting‐state brain activity was measured in SGA children (only SGA children who showed
postnatal spontaneous bodily catch‐up growth were included in this study) (mean age 6
years) and in control children (mean age 6 years). Apart from significantly lower absolute
power in the gamma band, SGA children did not differ from controls in other frequency
bands, suggesting that the presumed developmental delay (i.e. increased low and decreased
high frequency power) at neonatal age has largely been compensated at school age in SGA
born children who showed catch‐up growth. In this study only brain oscillatory activity
originating from brain regions underlying MEG sensors were measured and possible
deviations in synchronization between different brain regions which might contain
important information regarding integration of information in the brain network were not
taken into account. The patterns of interactions between brain regions were studied in
Chapter 6 in both SGA+ children and in healthy control children. The aim of this study was to
capture the characteristics of MEG based functional brain networks in control children on
the one hand, and on the other hand the hypothesis of aberrant connectivity topology in
SGA+ was tested. MEG based resting‐state networks in control children showed small‐world
organization and weak modularity indicating that already at school age networks show a
balanced local and global information processing in the brain. In SGA+ children a subtle
increase in connectivity strength was found in high frequencies (beta band: 12‐25 Hz),
however network organization parameters were comparable with control children. The
pattern of over‐connectivity might be interpreted as a compensation mechanism to obtain
and maintain balanced local and global information integration. In summary, postnatal
spontaneous catch‐up growth appears to have a favorable effect on delayed brain
maturation in SGA born children. Future longitudinal studies might aim to investigate which
factors and which developmental stages are particularly crucial for catching up delay.
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In Chapter 7 resting‐state networks were explored in a continuous resting‐state
functional connectivity MRI study that investigated a mixed group of 5‐8 years old control
children and an SGA group that showed catch‐up growth and normal intelligence. Children
were prepared in a mock MRI scanner prior to the scanning session to reduce motion
artifacts and stress or anxiety in order to improve data quality. Fourteen independent
resting‐state networks were identified. Networks consisting of brain areas involved in
sensory and motor processing largely resembled adult networks. Networks involved in
higher order cognitive processing, such as the attention network and the default mode
network (DMN) that is mostly active during awake rest were incomplete or fragmented
compared to adults. This indicated that connectivity patterns within and between these
networks are still immature in children at school age. Combining multiple imaging
techniques in future studies, might lead to new insight in the relation between anatomical
and functional networks and how they mutually influence each other during development.
In Chapter 8, children with the neurodevelopmental disorder autism were
investigated. Functional networks based on EEG recordings during a passive visual task were
studied in toddlers with autism. Toddlers with autism showed reduced whole brain
connectivity strength suggesting a pattern of under‐connectivity compared to controls.
Additionally, a reduced clustering coefficient and increased path length was found which
suggests a disturbed balance between local and global communication in the brain. Taken
together, the findings indicate a reduction of global communication capacity in autism and
moreover that aberrant connectivity is manifested already at the very early stage of
development.

In Chapter 9, the most important findings were summarized, discussed and
interpreted in the context of existing literature and methodological issues were considered.
In retrospect, an important conclusion is that studying the child brain with non‐invasive
techniques (EEG, MEG and fMRI) and constructing and analyzing functional brain networks
gives important new insights in brain development. Already at young ages, typically
developing children have balanced local and global communication capacity brains and
during development, this balance between local and global organization shifts towards a
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more ordered small‐world topology. Delayed brain maturation at neonatal stages of
development in SGA children is largely caught up or compensated at school age in SGA
children who showed spontaneous bodily catch‐up growth. Autistic toddlers showed
disordered neurodevelopment which was characterized by an abnormal balance of local and
global connectivity patterns leading to reduced global communication capacity already at
the very early stages of development.
In future studies, the combined use of EEG, MEG and MRI, might generate important
new knowledge on the mutual relation between function and anatomy in developing brain
networks. Modeling activity upon anatomy based network models might help testing and
generating new hypotheses for new empirical network based research. Applying new
methodological approaches, such as the MST might add to our understanding of the
complete space of complex brain networks
In conclusion, this thesis gave new insight in normal brain development and
mechanisms underlying delayed development and neurodevelopmental disorders. Brain
connectivity and graph analysis can be used to map very early stages of development which
might be the crucial stages for acquiring more complex cognitive functions and which might
be the same periods during which children are most vulnerable to environmental stress or
developing disorders.
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9.2 GENERAL DISCUSSION
The main aim of this thesis was to explore the characteristics of functional brain networks
during typical and atypical development. EEG, MEG and fMRI neuroimaging techniques
were used and graph analysis was applied to investigate the effect of normal and atypical
development on the organizational characteristics of large scale functional networks. The
main aims and findings of this thesis are summarized in Table 9.1. First, the shifts in
functional network organization during typical development and gender differences were
interpreted and discussed, followed by a section interpreting the largely caught up
neurodevelopmental delay in SGA born children and the aberrant brain connectivity in
toddlers with autism. Subsequently methodological considerations will be presented and
the implications of the main findings for future studies will be discussed. This chapter will
end with conclusions.

9.2.1 Typical brain development
Developmental effects
Brain maturational changes in the early stages of development are assumed crucial for
developing healthy functioning brain networks later in life. Such processes include
proliferation and migration of neurons to their final destination (first two trimesters),
followed by dendritic aborization and the formation of abundant synaptic contacts and
(third trimester). As maintaining this abundance of connections throughout life is too costly,
subsequently superfluous connections start to be pruned presumably via the so‐called ‘use
it or lose it’ principle (Flavell and Greenberg, 2008; Huttenlocher, 1984; Volpe, 2000).
Simultaneously, axons that connect more distant brain regions ‐ presumably axons grown at
the earliest developmental stages‐ start to be myelinated to improve signal transfer
between these regions, a process that continues into the fourth decade of life (Dubois et al.,
2008; Lebel et al., 2008; Tamnes et al., 2010; Yap et al., 2011). Concurrently with anatomical
maturation, neurophysiological processes taking place on these structural networks are
changing as well. In preterm neonates brain activity is characterized by burst of activity
followed by periods of relative ‘silence’ (Holmes and Lombroso, 1993). Over time these
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periods of silence become shorter and awake brain activity becomes continuous around
term age. During sleep the EEG remains slightly discontinuous (a pattern referred to as
“trace alternant”) till about 6 weeks after the term age. During childhood development, the
amplitude of slow frequencies, such as delta and theta bands, is reduced and high
frequencies show an increase in amplitude (Clarke et al., 2001; Okumura et al., 2006). Also
the peak frequency of the alpha oscillations ‐ prominently present during eyes closed
resting‐state conditions ‐ shifts from 8 Hz at school age (~6 years) to about 10 Hz in adults,
suggesting an increase in frequency of oscillatory activity with development. These
measures of power in different frequency bands are assumed to reflect fluctuations in
activity of local neuronal networks within brain areas underlying the EEG or MEG sensors.
However, these measures do not directly take into account how interactions between
regions at a larger scale change during development. Healthy brain functioning is assumed
to depend on efficient communication between brain regions as well, which is driven by the
large‐scale synchronization of activity in networks of neurons (Buzsaki and Wang, 2012;
Uhlhaas et al., 2009; Wang et al., 2011).
In this thesis, developmental decreases in whole brain connectivity strength during
child development were found (Chapter 2&3), whereas from adolescence an inverted U
curve was found with initially increases in connectivity strength peaking at ~55 years old and
followed by a reduction of connectivity during aging (Chapter 4). This suggested that in
children the networks initially get weaker connected, while in maturing adolescents and
adults networks become more densely connected and during aging start breaking down.
The weaker whole brain connectivity strength found during childhood development
assembled previous results in children at 5 and 7 years old showing decreased
synchronization (based on coherence) between both posterior short‐distance and all long
distance pairs of regions (Van Baal et al., 2001). These findings partly disagreed with the
commonly found pattern of decreased short‐distance and increased long‐distance
connectivity during childhood development (Barry et al., 2004; Fair et al., 2008; Giedd et al.,
2009; Lebel et al., 2008; Schmithorst et al., 2008; Srinivasan, 1999), however, the
contributions of decreased short and increased long range connectivity to changes of whole
brain connectivity strength is not well known yet. Moreover, in young children non‐linear

235

Chapter 9

patterns such as cycles of increasing followed by declining connectivity strength have been
found as well in developing young children (Thatcher, 1992) and we speculate that 5 to 7
year old children might have been in a declining phase of a developmental cycle which
might have led to a reduction of whole brain connectivity strength. The changes in
functional connectivity presumably reflect several neurobiological developmental changes
such as for instance the gradual myelination of long range axons (‘old connections’) and
concurrently the pruning of synaptic and dendritic contacts in the cortex which are both
maturational processes that influence synchronization processes (see box 1, Chapter 1). The
findings in summary implicate that whole brain connectivity develops non‐linearly, on the
short term following a complex dynamical trajectory during childhood, and over the life
span following an inverted U shape leading to a better connected whole brain network.
Interestingly, despite the different directions of changes in connectivity strength
during childhood development, and from adolescence to adulthood, a uniform direction of
change in brain functional network organization was found, showing a concurrent increase
in clustering and longer path length with development and suggesting a shift towards more
ordered and locally specialized configurations. At older age this shift seemed to be reversed
towards more random topologies. These findings implicate that besides connectivity
strength, the pattern or topological layout of connectivity provides important additional
information about development of brain organization and efficiency. In contrast with our
findings, fMRI based studies did not demonstrate significant childhood developmental
changes in clustering and path length (Fair et al., 2009; Supekar et al., 2010). This difference
might be explained by the fact that fMRI captures metabolic processes that indirectly reflect
fluctuations of neuronal activity at slow time scales compared to EEG. EEG might be more
sensitive to subtle developmental processes influencing functional networks. Additional
tests (Chapter 4) showed positive correlations between whole brain EEG functional
connectivity (theta and alpha bands) and white matter volume (WMV), and additionally
path length correlated positively to both WMV (alpha band) and grey matter volume (GMV;
theta and alpha). Taken together, these findings suggest that EEG functional connectivity
parameters might index both differences in functional and structural development, at least
in adults.
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1) Increased beta band connectivity suggested over‐connectivity in SGA born children but was not accompanied by
differences in brain network parameters which might suggest compensation mechanism to maintain in SGA born children?
1) 14 resting‐state networks were identified in children of school age and networks including brain regions involved in
basic sensory and motor processing resembled adult patterns
2) DMN and RSNs involved in higher cognitive processing showed incomplete and fragmented patterns in children
suggesting less well developed functional connectivity within these networks.
1) Reduced whole brain connectivity suggested an overall pattern of under‐connectivity in autism. Together with reduced
normalized clustering and increased normalized path length, the findings indicated a reduced global communication
capacity in toddlers with autism.

‐ Investigate the effect of being born SGA on
connectivity patters of functional brain network

‐ Examine the level of organization in resting‐state
fMRI networks in children in the early school‐age
period

‐ Explore possible deviant network organization in
autism at very early stage of brain development

‐Examine maturational changes of functional brain
network organization over the life span

‐ Examine the effect of being born small for
gestational age (SGA) on brain oscillatory activity at
school age
‐ Explore resting‐state MEG functional brain networks
in healthy children of school age

Main findings
1) Decrease of whole brain connectivity strength over time
2) Increase of normalized clustering, longer normalized path length and decreased weight dispersion over time, suggesting
increased order in brain network topology with brain development
3) Girls show denser connected brains and stronger clustering, suggesting that network topology is influenced by gender
differences
1) Increased diameter and eccentricity, and decreased leaf number and hierarchy confined to alpha band networks
suggesting decentralization of tree topology and supporting previous findings of increased regularity with brain
maturation
1) Girls showed more decentralized trees than boys confined to theta band, suggesting that girls are ahead of boys in brain
development, or start and maintain an over‐connected brain compared to boys
1) From childhood to adolescence increases in whole brain connectivity strength were found following an inverted U
shape with a peak at 55 yrs. and weakened connectivity during aging
2) Normalized clustering and path length increased with development peaking at age 18 yrs. suggesting increased order in
network configurations with maturation.
3) Positive relations were found between connectivity strength and white matter volume (WMV) and between path length
and WMV and grey matter volume (GMW) suggesting that development of functional connectivity reflects the anatomical
changes during development
1) Except for reduced absolute gamma band power in children who were born SGA, no significant differences were found
in absolute or relative power in other frequency bands suggesting that the assumed altered slow oscillatory activity in
early life (Ozdemir et al., 2009) does not persist in school age children who showed catch‐up growth after birth
1) Child resting‐state MEG networks are characterized by a small‐world organization, and weak modular structure which is
important for balancing local processing and global information integration.

‐Test and extend the hypothesis of increased
regularity in brain network topology with healthy
brain maturation applying minimum spanning tree
method
‐ Explore the effect of gender on tree topology

Aims
‐ Examine developmental changes of functional brain
network organization in children measured at 5 and 7
years old
‐ Explore effect of gender on network topology

Table 9.1 Aims and main findings of this thesis
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Supportive evidence for a developmental shift in network configuration was
presented in Chapter 3, reporting developmental changes of the MST based network
configuration in children. The MST method was introduced as a solution for network
comparison problems such as for instance the arbitrary choice of a threshold which might
result in different network sizes and densities between groups or conditions (Joudaki et al.,
2012; Langer et al., 2013; van Wijk et al., 2010). There are two extreme configurations of the
MST with different qualities. The line‐like (or path‐like) configuration has a low number of
leafs, and a long diameter, which might resemble a more ordered network specialized for
local information integration, whereas the star‐like or centralized configuration has the
highest number of leafs and short diameter which might relate more to the random
networks specialized in globally integrating information in the network. Healthy brain
development was related to an increased diameter and eccentricity and a reduced leaf
number and hierarchy, which suggests that the functional brain network develops toward a
more path‐like decentralized configuration. The positive relation found between MST
diameter and clustering and path length further supported the hypothesis of increased
regularity with development.
Remarkably, the developmental shift in MST configuration was mainly found in the
alpha band, which agrees with the findings in Chapter 2 and 4 showing developmental
change in clustering and path length in alpha bands. Moreover, MST diameter and clustering
and path length positively correlated in alpha band, suggesting that graph analysis of
specifically alpha band functional networks might be used to capture subtle developmental
changes. Alpha EEG resting‐state networks have previously been regarded as the equivalent
of the fMRI default mode network (DMN) (Chen et al., 2008; Knyazev et al., 2011). In this
perspective, developmental changes in alpha band functional brain networks might reflect
the “unfolding” of the DMN. Several fMRI studies have described incomplete resting‐state
networks in children (Supekar et al., 2010; Uddin et al., 2011) and results presented in
Chapter 7 show that specifically networks involved in higher order processing such as the
DMN and attention networks are fragmented which may indicate immature connectivity
within these networks. In Chapter 3, we additionally showed that the maximum
betweenness centrality (BC) did not change over time and remained at the same spatial
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location indicating that central or critical nodes are already at a central place in the network
in school age children and that they remain at this place during further maturation. The
electrodes that overlay the left and right frontal and parietal brain regions showed the
highest BC and highest degree at both ages, and we speculated that these areas are the
critical nodes through which most information is routed in these child brain functional
networks. These findings agree with MRI based studies showing that critical nodes (frontal
and parietal areas) are already in place in two year old children (Hagmann et al., 2010;
Hwang et al., 2012; Uddin et al., 2010). Moreover these MRI based studies showed that
structural connectivity between these areas strengthened and clustering decreased with age
whereas path length did not change which was interpreted as increasing integration and
decreasing segregation of structural connectivity during development (Hagmann et al.,
2010).
These structural changes did not agree with the EEG based shift toward more
ordered networks described in this thesis. A possible explanation might be that Hagmann
and coworkers studied development in one group ranging from 2 to 18 years old, whereas
in this thesis different age groups were compared longitudinally in children and over the life
span. Moreover, the use of different imaging techniques possibly influences the outcome of
developmental network studies. Although structural and functional networks are mutually
related and this relation is suggested to strengthen with age (Hagmann et al., 2010), they
reflect different neurophysiological developmental processes with EEG mostly measuring
cortical processing and MRI focusing on white matter integrity. Future studies should
compare EEG, MEG and MRI resting‐state networks in source space, to reveal new insight in
the associations between structural and functional brain network maturation.

Gender effect
Strikingly, besides a developmental shift in children, prominent gender differences were
found as well. Girls demonstrated higher connectivity strength and higher clustering
(Chapter 2), as well as longer diameter and eccentricity and reduced leaf numbers, degree,
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BC and hierarchy (Chapter 3). These findings indicate that at school age girls have stronger
and more locally connected networks that show stronger clustering and longer diameters
suggesting more decentralized configurations than boys of same age. These findings agree
with other studies showing an effect of gender on network organization and reporting on
stronger connectivity and clustering in healthy adult women (Tomasi and Volkow, 2012) and
in female patients with multiple sclerosis (MS) (Schoonheim et al., 2011) and migraine (Liu
et al., 2011) indicating that gender differences play an important role in pathological
changes in network topology as well. EEG connectivity studies in children have been
reporting on stronger long‐range connectivity in boys compared to girls (Barry et al., 2004;
Hanlon et al., 1999; Marosi et al., 1997; Thatcher, 1992), and in adult men stronger local
intrahemisperic connectivity has been found during task (Gootjes et al., 2006) which might
contradict our findings of increased connectivity and clustering in girls, however these
studies did not further examine the gender effect on large scale network topology. Although
hormones have important implications in the regulation of brain network development
(Lustig, 1994), the neurobiological differences underlying gender differences in large scale
networks are not well understood yet.
In a review based on MRI data, ovarian hormones are suggested to play a
neuroprotective role enhancing cortico‐cortico and subcortico‐cortico connections in girls,
whereas increased connectivity between subcortical regions was found in boys (Peper et al.,
2009, 2011). Taken together, these findings implicate that gender is an important factor that
influences connectivity and leads to different balances of local and global information
processing between the different sexes and possibly different vulnerabilities to network
pathologies. Gender should thus be taken into account in future studies. As already at early
developmental stages brain connectivity is differently organized in boys and girls, gender
difference are as well of special interest for investigating neurodevelopment disorders.

9.2.2 Atypical brain development
Abnormal development of functional brain networks was studied in two clinical groups:
children born SGA and toddlers with autism, the first group presumably suffering more from
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environmental factors influencing brain development, while in autism genetic aspects of
development have been suggested to underlie abnormal brain development.

SGA
Intra‐uterine growth restriction can lead to diminished birth weight and/or length in SGA
born children which is associated with decreased cognitive abilities later in life (De Bie et al.,
2010a; Strauss, 2000) as well as with deviations in neurobiological outcome such as for
instance decreased brain volumes at school age (De Bie et al., 2011) and at adolescent age
(Martinussen et al., 2005, 2009) and, additionally a favorable effect of prenatal spontaneous
catch‐up growth upon these outcome variables was suggested. These previous findings
suggest that brain activity in SGA born children might be affected as well. Indeed, an EEG
study previously showed abnormal brain oscillatory activity with higher absoluter power in
low frequencies, and lower absolute power in high frequencies suggesting a developmental
delay in SGA born neonates (Ozdemir et al., 2009). In Chapter 5 and 6 of this thesis, we
further examined brain oscillatory activity and functional network organization in SGA born
children who showed spontaneous catch‐up growth in the first years of life based on MEG
measurements at school age. Reduced absolute gamma band power was found in SGA+
children compared to AGA however other frequencies and the relative power spectrum did
not differ between SGA+ and AGA born children which might indicate that that the assumed
altered activity early in life (Ozdemir et al., 2009) did not persist in SGA born children at
school age who showed spontaneous catch‐up growth after birth (Chapter 5). Other studies
that investigated the effect of (very) low birth weight showed reduced alpha band power
and a slowing of the (alpha) peak frequency in children (Doesburg et al., 2011a).
Additionally, in adults a low birth weight was associated with a shift towards higher relative
power in slow frequencies and reduced relative power in higher frequencies (Miskovic et al.,
2009). These studies suggested that being born with a low birth weight can lead to a
maturational delay that persists later in life. However, these studies included preterm birth
that in itself has consequences for brain development. Interestingly, gamma band activity
has been associated with perceptual and attention processing (Hadjipapas et al., 2007;
Jefferys et al., 1996; Jensen et al., 2007) and connections between excitatory and inhibitory
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neurons are assumed to underlie these high frequency gamma band oscillations (Casanova
et al., 2003; Jensen and Mazaheri, 2010; von Stein and Sarnthein, 2000). One might
speculate that disturbances during very early stages of brain development might lead to
abnormal synaptic density or a different balance between excitatory and inhibitory neurons
later in life and thus the ability to synchronize these local networks in SGA born children at
school age.
Additional examination of the organization of resting‐state MEG networks in Chapter
6, demonstrated increased connectivity strength in beta band in SGA+ children compared to
AGA children. Patterns of increased beta band connectivity have previously been found in
neonates who were born with an extreme low birth weight (Grieve et al., 2008). Preterm
birth has been associated with altered connectivity patterns as well in infants (Gonzalez et
al., 2011) and school age children (Doesburg et al., 2011b), which suggests that disturbances
at very early stages of development can influence functional brain networks later in life. One
study reported reduced local and global efficiency in structural brain networks of one year
old children who suffered from intra‐uterine growth retardation (Batalle et al., 2012). As no
differences in network parameters were found between SGA+ and AGA groups at school age
(Chapter 6), we speculate that over‐connectivity in SGA+ might reflect some compensation
mechanism to obtain and maintain highly efficient network configurations later in life.

In Chapter 7 resting‐state networks based on fMRI measurements in children aged 5‐8 years
were explored. Fourteen components or resting‐state networks were identified, and
included primary sensorimotor, auditory, visual, extra‐striate visual, and attention networks,
and the ‘fragmented’ default mode network (DMN). These networks were previously
described as RSNs with known functional relevance (Beckmann et al., 2005; Damoiseaux et
al., 2006; Greicius et al., 2003; Mantini et al., 2007; Raichle and Snyder, 2007; Seeley et al.,
2007). An additional dual regression analysis indicated that in all 18 children all RSNs were
present. Networks involved in basic motor function and sensory related processing
resembled adult RSNs, while the DMN as well as other networks involved in higher‐order
cognitive functions, demonstrated fragmented patterns, and indicated that these networks
are in an immature state in a developmental period during which higher order cognitive
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abilities are being acquired. This study presents an intermediate pattern between typical
and atypical brain development, since both AGA as well as SGA children were included.
Being born SGA has been associated with subtle cognitive impairments and subtle
differences in brain structure (De Bie et al., 2010a; de Bie et al., 2011; Martinussen et al.,
2005, 2009) were previously found. However, considering the SGA+ children included in this
study, they showed an estimated IQ (eIQ) comparable with the Dutch population mean and
did not differ from eIQ of AGA born children. Therefore we assumed that the nature of this
study population did not heavily influence the findings.

Autism
Chapter 8 demonstrates that already at very early stages of development, autism is
characterized by reduced whole brain connectivity and an abnormal balance of local and
global information processing. Dependent on neuroimaging techniques and the spatial
scale, several patterns of over‐ and under‐connectivity have been found in autism (Just et
al., 2012; Kana et al., 2011; Muller et al., 2011; Murias et al., 2007; Vissers et al., 2012;
Wass, 2011). From these findings a pattern of local over‐ connectivity and global under‐
connectivity has been hypothesized (Courchesne and Pierce, 2005; Just et al., 2012). Our
findings partly support this hypothesis by showing a reduced global communication capacity
in toddlers with autism. However we did not find local over‐connectivity, instead lower
clustering was found, which suggested that local information processing is reduced in
autism. The difference in findings might be explained by the fact that previous studies
focused on connectivity within specific brain areas (Courchesne et al., 2011; Perez Velazquez
et al., 2009), whereas in our findings were based on clustering of large scale networks that
include all possible combinations of brain areas. Only few studies investigated the effect of
autism on large scale networks have shown abnormal balance of local and global
information integration (Barttfeld et al., 2011; Dennis et al., 2011; Peters et al., 2013). Our
findings in toddlers support and extend the pattern of reduced clustering and longer path
length in adults with autism (Barttfeld et al., 2011) and showed that aberrant connectivity
patters are present already at the very early stages of development.
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9.3 METHODOLOGICAL CONSIDERATIONS
Subjects
Neuroimaging in young children is challenging due to more strict ethical rules in child
research, and practical and methodological issues. The large and noisy neuroimaging
machines can be intimidating and together with a lack of comprehension can distress young
children and lead to poor performance and excessive movement. In school age children, a
successful preparation in a specially developed mock scanner (De Bie et al., 2010b)
improved performance in young children and resulted in good quality scans. Taking into
account the limited attention span in school age children, scan durations should be kept
minimal. Moreover, as young toddlers are unable to perform awake resting‐state condition,
a passive task was presented in the youngest children to attract attention during recordings.
Neuroimaging instruments such as MRI and MEG are less well equipped to measure the
smaller sized child heads. The larger distances between skull and the head coil or MEG
helmet might have resulted in worsened signal‐to‐noise ratios in children.

Oscillations, synchronization and functional connectivity
When studying neurophysiological signals in young children, it is important to consider that
during childhood development oscillatory activity is still increasing in frequency. For
instance, children have an alpha peak frequency of about 8 Hz, whereas in adults it is about
10 Hz. Using the default (adult) definitions of the alpha band (8‐ 13 Hz) in children would
have led to interpreting actual alpha rhythms as lower theta frequency band. Therefore, in
Chapter 2 and 3, the ranges of these frequency bands were adjusted with the adjusted
“alpha band” ranging from 6‐11 Hz and the adjusted theta band ranging from 4‐6 Hz thereby
capturing as much alpha and theta oscillations as possible. As studies were based on mostly
resting‐state conditions and had an explorative character, higher frequency bands such as
the beta and gamma bands were investigated as well.
When investigating interaction effects between different brain regions with EEG and
MEG, some issues should be taken into account. Almost all measures for interregional
synchronization employed in EEG and MEG studies, including SL, are sensitive to effects of
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volume conduction, which is the spreading of the electromagnetic field from one point
source in the brain and which can cause spurious detection of functional connectivity
between nearby channels (Nunez et al., 1997). However, volume conduction effects might
not have been an issue in our EEG studies because of relatively large inter‐electrode
distances (> 7 cm). An alternative measure that is less sensitive to volume conduction
effects is PLI, which estimates the level of asymmetry of the distribution of the
instantaneous phase differences between two EEG signals. The higher the level of
asymmetry, the more consistent is one signal leading (or lagging) over the other. As such,
the PLI is much less affected by the influence of common sources and volume conduction
than SL but PLI might miss true connectivity at zero phase difference. As at zero phase lag
there is no way to distinguish between true and spurious synchronization, the safest
approach is therefore to exclude zero lag coupling from the analysis. Although PLI is
suggested partially invariant to volume conduction, volume conduction still biases PLI based
networks and results in overestimation of clustering (Peraza et al., 2012). This should be
kept in mind when employing EEG for investigating functional networks. The choice of PLI or
SL thus has consequence for functional network definition and influences parameters for
local organization such as clustering and modularity as well.

Graph analysis and network comparison
One of the major issues regarding graph analysis is comparing networks between different
conditions or between different groups: setting an arbitrary threshold might lead to
comparing networks having different network size and/or densities. A possible
methodological solution to network comparison problems was presented with the MST
approach in Chapter 3. The MST reflects a unique sub graph (of a connected, weighted
graph) that connects all the nodes without forming loops and it represents the main routes
of information flow in the whole brain network. When there is a high variation in edge
weights (the so called strong disorder limit) (Braunstein et al., 2003) the MST represents the
union of all shortest paths (dominated by the links with the largest weights) in the network.
By applying this method to EEG data, networks are obtained with similar number of nodes
and edges facilitating the direct comparison of networks across conditions and groups. By
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applying the MST approach, not all connections are taken into account (to prevent
formation of loops) and as such this method might have underestimated the contribution of
the ignored high and low weight connections and clustering for information processing in
the brain network. Despite the small network size in Chapter 3, the MST approach and was
sensitive to capture subtle developmental and gender differences in the most important
sub‐graph of the functional brain network.
Another issue with applying graph analysis to functional brain networks is the
relatively small number of nodes included in functional brain network based on EEG. This
might have consequences for interpretation of the balance between measures of local and
global integration (Joudaki et al., 2012; van Wijk et al., 2010) as path length might be
underestimated and clustering overestimated in a network with a small number of nodes.
To better estimate and interpret measures for short range local connectivity ‐ such as
clustering and modularity ‐ the number of nodes should be increased. However, this
requires denser electrode placement which unfortunately will increase volume conduction
effects in turn.

9.4 CONCLUSIONS AND FUTURE PERSPECTIVES
In this thesis, the developmental aspects of functional connectivity patterns during normal
development, delayed development (SGA born children) and abnormal development
(toddlers with autism) were studied. Normal development was characterized by a shift
toward a more ordered small‐world network pattern. Furthermore, girls showed stronger
connectivity and stronger clustered networks than boys. Delayed brain development is
largely caught up in SGA children who showed spontaneous catch‐up growth and a pattern
of over‐connectivity was suggested as compensation mechanism to obtain and maintain
normal balance between local and global connectivity patterns at school age. Abnormal
brain development was associated with aberrant connectivity patterns and an overall
reduction of global communication capacity present already at the early stages of
development in toddlers with autism.
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EEG and MEG connectivity and graph analysis have added significant new knowledge
showing that besides connectivity strength, the pattern of connectivity provides additional
information about development of brain organization and efficiency. A developmental shift
towards more ordered small‐world networks, while maintaining balanced local and global
processing is theorized (figure 9.1). Additionally, hub like regions seem to be in place already
at early ages, however connections between these critical regions are hypothesized to be
immature in young children (Hagmann et al., 2010; Hwang et al., 2012; Uddin et al., 2011)
which makes them important candidates for future studies on typical and abnormal
development. Further investigation of MEG (or high density EEG) brain networks at source
level, might give better insight in network changes at a higher spatial resolution which
would enable to measure developmental changes in modularity and hierarchy of networks.
Why different brain regions mature at different moments and how these typical
developmental changes ultimately lead to increases in cognitive functioning and intellectual
abilities in typically developing children, is not well understood yet. As a relation between
graph measures and cognitive performance has been found (Douw et al., 2011; van den
Heuvel et al., 2009; Li et al., 2009; Micheloyannis et al., 2006), and children are rapidly
mastering cognitive abilities at young ages, it might be hypothesized that transitions of brain
network topology are essential for increasing cognitive abilities and developing healthy
brain functioning, an interesting topic for future research. Additionally, a high heritability of
network parameters has been reported (Fornito et al., 2011; van den Heuvel et al., 2012;
Smit et al., 2008), suggesting an important role genes in formation which is of special
interest for neurodevelopmental disorders such as autism.
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Figure 9.1. Interpretation of normal and abnormal developmental changes in network organization based on the Watts &
Strogatz model.

Future studies should be aware of the effect of gender differences when studying
brain connectivity patterns. A protective role of female hormones has been suggested in
several studies (Gootjes et al., 2006; Peper et al., 2009; Schoonheim et al., 2011) enhancing
local connectivity strength and clustering in functional brain networks. Thus gender is an
important factor should be taken into account when studying clinical groups
Importantly, a link was established between connectivity parameters (SL),
topological measures such as path length and brain volumes (both WMV and GWV) and it
was speculated that developmental changes in functional networks concurs with the white
matter developmental curve. A challenge for future studies is to combine several
neuroimaging modalities to better understand the interaction between developmental
changes in anatomy and activity at several temporal and spatial scales.

Network models might help to generate new hypotheses for empirical research on
normal and abnormal network development and test how neurobiological changes relate to
changes in brain activity and developmental shifts of large scale networks. A model that
combines structural connectivity (based on DTI) with EEG brain dynamics, was previously
used to test the effect of activity dependent synaptic degeneration on large‐scale brain
networks in Alzheimer disease (De Haan et al., 2012). A similar model might be used to test
if and how structural development – such as weakening local synapses, strengthening of
long range connections between hub like regions, and adjusting the balance of
excitation/inhibition in local networks – might lead to acceleration of oscillatory activity and
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a shift toward more ordered functional networks during development. Additionally, such a
network model might be used to test the relation between aberrant connectivity and
deviant balance between excitation/inhibition hypothesized in autism.
The application of new approaches such as the MST method in future studies, might
add to our understanding of the complete space of complex brain networks (Stam and Van
Straaten, 2012). To conclude, findings in this thesis gave new insight in normal brain
development and mechanisms underlying delayed development and neurodevelopmental
disorders. Brain connectivity and graph analysis can be used to map developmental periods
crucial for acquiring more complex cognitive functions which might be the same periods
during which children are most vulnerable to environmental stress or developing disorders.
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