
UC Davis
UC Davis Previously Published Works

Title
Neurodevelopmental alterations of large‐scale structural networks in children with new‐
onset epilepsy

Permalink
https://escholarship.org/uc/item/2zq312vx

Journal
Human Brain Mapping, 35(8)

ISSN
1065-9471

Authors
Bonilha, Leonardo
Tabesh, Ali
Dabbs, Kevin
et al.

Publication Date
2014-08-01

DOI
10.1002/hbm.22428
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2zq312vx
https://escholarship.org/uc/item/2zq312vx#author
https://escholarship.org
http://www.cdlib.org/


Neurodevelopmental Alterations of Large-Scale
Structural Networks in Children With

New-Onset Epilepsy

Leonardo Bonilha,1* Ali Tabesh,2 Kevin Dabbs,3 David A. Hsu,3

Carl E. Stafstrom,3 Bruce P. Hermann,3 and Jack J. Lin4

1Department of Neurosciences, Division of Neurology, Medical University of South Carolina,
Charleston, South Carolina

2Department of Radiology and Radiological Science, Medical University of South Carolina,
Charleston, South Carolina

3Department of Neurology, University of Wisconsin School of Medicine and Public Health,
Madison, Wisconsin

4Department of Neurology, University of California at Irvine, Irvine, California

r r

Abstract: Recent neuroimaging and behavioral studies have revealed that children with new onset epi-
lepsy already exhibit brain structural abnormalities and cognitive impairment. How the organization of
large-scale brain structural networks is altered near the time of seizure onset and whether network
changes are related to cognitive performances remain unclear. Recent studies also suggest that regional
brain volume covariance reflects synchronized brain developmental changes. Here, we test the hypothesis
that epilepsy during early-life is associated with abnormalities in brain network organization and cogni-
tion. We used graph theory to study structural brain networks based on regional volume covariance in 39
children with new-onset seizures and 28 healthy controls. Children with new-onset epilepsy showed a
suboptimal topological structural organization with enhanced network segregation and reduced global
integration compared with controls. At the regional level, structural reorganization was evident with
redistributed nodes from the posterior to more anterior head regions. The epileptic brain network was
more vulnerable to targeted but not random attacks. Finally, a subgroup of children with epilepsy,
namely those with lower IQ and poorer executive function, had a reduced balance between network seg-
regation and integration. Taken together, the findings suggest that the neurodevelopmental impact of
new onset childhood epilepsies alters large-scale brain networks, resulting in greater vulnerability to net-
work failure and cognitive impairment. Hum Brain Mapp 35:3661–3672, 2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

The structural organization of the human brain is highly
economical and nonrandom [Bullmore and Sporns, 2012],
achieved through an orderly growth process, with age-
dependent changes that optimize efficiency [Hagmann
et al., 2010]. Thus, the configuration of brain regions and
their connections are progressively modified into a small-
world topology that maximizes simultaneous local and
global information processing. Indeed, functional modules
within the brain are segregated into specialized regions,
with the concurrent integration of these regions into a
global network [Fair et al., 2009]. These topological proper-
ties likely confer an adaptive advantage, increasing the
capacity to process information and resist adverse network
perturbations.

Neurological diseases with onset during critical stages
of brain maturation may threaten this orderly neurodeve-
lopmental process. An especially pertinent model in this
regard is childhood epilepsy, which is very common and
known to affect cognition and behavior with persisting
adverse effects on lifespan achievement even if the seiz-
ures remit and treatment is stopped [Lin et al., 2012a]. The
degree to which childhood epilepsies exert a significant
effect on network brain organization and subsequent cog-
nition remains uncertain. A promising theory suggests
that the formation of abnormal networks associated with
epileptogenesis in early life leads to a disruption in normal
brain network development and cognition [Hernan et al.,
2013]. However, the timing, pattern and mechanisms by
which the organization of structural networks in the devel-
oping brain may be altered are unclear. Examining chil-
dren with new onset epilepsies and examining their brain
network organization over time, something that is largely
unexplored to date, may most directly assess these issues.
Most knowledge regarding large-scale network topology
in epilepsy has focused on data from adults with long to
medium term idiopathic generalized or temporal lobe epi-
lepsy (average epilepsy duration 7–21 years) [Bernhardt
et al., 2011; Bonilha et al., 2012; Kramer et al., 2010; Liao
et al., 2010; Vaessen et al., 2012; Vlooswijk et al., 2011;
Zhang et al., 2011]. The altered topologies found in these
studies are often attributed to the seizure-dependent rein-
forcement of an epileptogenic configuration of the brain
network. As such, epilepsy is hypothesized to affect not
only the brain location where seizures are postulated to
start, but may also have profound effects over distant
brain regions, which are drawn into a pathological net-
work reconfiguration.

Interestingly, our group and others have demonstrated
that children with new-onset epilepsy already exhibited
regional [Lin et al., 2012b; Pulsipher et al., 2011] and wide-
spread [Tosun et al., 2007; Widjaja et al., 2012; Yang et al.,
2012] changes in brain volume and connectivity when
their epilepsy begins, suggesting that factors other than
recurrent seizures or iatrogenic medication effects are crit-
ically involved in the creation of the altered network.

When examining adults with chronic epilepsy, early-life
seizures are associated with poorer cognitive performances
and a greater burden of brain structural abnormalities
compared with later life onset seizures [Hermann et al.,
2002; Kaaden and Helmstaedter, 2009]. Together, these
converging sets of evidence point to an adverse neurode-
velopmental impact of childhood onset epilepsy, with rear-
rangement of brain structure in epilepsy that may lead to
epileptogenesis and suboptimal neurocognitive develop-
ment. Nonetheless, it is unclear when, how and why such
large-scale compromises occur in the brain organization of
children with new-onset epilepsy.

In this study, we investigated structural brain networks,
inferred from gray matter volumes, in children with new-
and recent-onset epilepsy and healthy controls. Previous
studies revealed that volumetric covariances between brain
regions might be related to anatomical connections within
a common circuit [Bernhardt et al., 2008; Lerch et al., 2006;
Mechelli et al., 2005]. Specifically, homotopic brain regions
between two hemispheres have highly inter-correlated
gray matter volumes [Mechelli et al., 2005] and morpho-
metric covariances of cortical thickness have delineated
structural networks that closely mirror diffusion tensor
imaging (DTI) tracks [Bernhardt et al., 2008; Lerch et al.,
2006]. In animal tracing studies, cortical structural charac-
teristics including thickness, folding and neuronal density
have predicted anatomical connections between cortical
regions [Barbas and Rempel-Clower, 1997; Dombrowski
et al., 2001]. Although the mechanism of this coordinated
structural network is unknown, it has been attributed to
mutually trophic [Pezawas et al., 2004], developmental
[Bush and Allman, 2003; Zhang and Sejnowski, 2000] and
experience-related plasticity [Draganski et al., 2004].

We employed postprocessing techniques to quantita-
tively assess brain tissue volume in global and regional
scales, constructing structural networks reflecting the rela-
tionship between regional brain volumes, which were
evaluated with graph theory and mathematical modeling
of network properties. As the first study to use graph
theory in new-onset epilepsy, we hypothesized that chil-
dren in the early course of epilepsy, compared with
healthy controls, will already exhibit a disruption in the
global organization of structural brain networks, possibly
associated with aberrant network segregation and integra-
tion, Further, we hypothesized that the altered topological
organization will be associated with two common neuro-
psychological impairments in children with epilepsy:
lower IQ and poorer executive function.

METHODS

Subjects

We studied a group composed of 67 subjects (39 chil-
dren with new-onset epilepsy and 28 healthy controls)
recruited from the Pediatric Neurology Clinics at the Uni-
versity of Wisconsin Hospital and Clinics and the
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Marshfield Clinic. Initial inclusion criteria included a diag-
nosis of epilepsy within the past 12 months. Among the
children with epilepsy, 21 were diagnosed with localiza-
tion related epilepsy (LRE) (11.6 6 2.68 years, 12 males)
and 18 with idiopathic generalized epilepsy (IGE) (15 6

3.3 years, 7 males). Each child’s epilepsy syndrome was
defined in a research consensus meeting by the research
pediatric neurologist who reviewed all available clinical
data (e.g., seizure description and phenomenology, EEG,
clinical imaging, neurodevelopmental history) while
blinded to all research cognitive, behavioral, and neuroi-
maging data. Two levels of syndromic classification were
undertaken including a broad-band syndrome classifica-
tion (i.e., IGE and LRE). Included in IGE were children
with Juvenile Myoclonic Epilepsy, Childhood Absence,
Juvenile Absence, and IGE not otherwise specified (NOS).
Included in LRE were children with Benign Epilepsy with
Centrotemporal Spikes, Temporal Lobe Epilepsy, Frontal
Lobe Epilepsy, and Focal NOS. All patients in the LRE
group were considered to have “MRI-negative” epilepsy.
The routine clinical radiological MRI evaluation was
reported as unremarkable in all patients with LRE.

First-degree cousins were recruited as healthy controls
(mean age 13.3 6 3.28 years, 11 males), with no history of
neurological or psychiatric illnesses. First-degree cousins
were chosen rather than siblings to minimize shared
genetic factors that might contribute to anomalies in brain
structure, while controlling for potential socioeconomic
confounds.

All children were diagnosed with epilepsy according
to the criteria defined by the International League
Against Epilepsy (ILAE) [Engel, 2001], after a compre-
hensive review by a pediatric epileptologist. Families
and children gave informed consent and assent to par-
ticipate in this study. This study was approved by the
Institutional Review Boards of the University of Wiscon-
sin School of Medicine and Public Health, the University
of California at Irvine, and the Medical University of
South Carolina.

Table I provides the demographic characteristics of the
research participants. Patients and controls were similar
in age (one-way ANOVA F(1,65) 5 0.009, P 5 0.92) and
gender distribution (v2 5 1.9, P 5 0.4). When comparing
LRE with IGE, there was a significant group effect (P 5

0.005), with Tukey HSD demonstrating younger age in
LRE compared with IGE; IGE and LRE groups did not
significantly differ from controls (P 5 0.09 and P 5 0.07,
respectively).

Image Acquisition

All subjects underwent MRI scans utilizing the same
imaging protocol. In this study, we focused our analyses
on T1-weighted volumetric images (SPGR images—1.5 T
GE Signa MR Scanner, TR 5 24 ms, TE 5 5 ms, flip angle
5 40�, Slice thickness 1.5 mm, field of view (FOV) 5 200
mm, matrix 5 256 3 256).

Image Processing

All MR images underwent volumetric segmentation uti-
lizing FreeSurfer version 5.1 with automatic segmentation
according to the “Destrieux Atlas” [Destrieux et al., 2010].
This algorithm subdivides the human cerebral cortex into
sulco-gyral based cortical and subcortical regions of inter-
est (ROI) by automatically assigning a neuroanatomical
label to each location on a cortical surface model based on
probabilistic information estimated from a manually
labeled training set. All processed images were visually
inspected to ensure cortical segmentation quality. The cort-
ical tissue segmented into anatomical regions was overlaid
onto the original T1 image in order to ensure that no seg-
mentation errors occurred.

Adjacency Matrices and Graph Theory

From the image segmentation, we utilized the volumes
from 171 anatomical ROIs for the construction of group-
wise adjacency matrices for: (1) controls; (2) all patients
with epilepsy; (3) patients with LRE; and (4) patients with
IGE. The ROIs utilized in this study are summarized in
Supporting Information Table 1. Note that we deliberately
included subcortical regions (in addition to cortical
regions) because our previous work showed that volumes
and shapes of these regions are altered in this group of
patients [Lin et al., 2012b; Pulsipher et al., 2009, 2011]. The
volumetric data from each region was individually
adjusted based on the subject’s total intracranial volume
(i.e., regional volume 5 raw regional volume/total intra-
cranial volume).

Adjacency matrices were constructed by evaluating the
relationship between the adjusted volumes from each pair
of ROIs across groups. The “link” between regions “i” and
“j” was defined as the Pearson Correlation Coefficient
between the volumes of structures “i” and “j” across all
individuals in the following groups: (1) controls, (2) all
children with epilepsy, (3) children with IGE and (4) chil-
dren with LRE.

Hence, for each of the groups (controls, epilepsy, IGE
and LRE), a connectivity matrix A was constructed, where
each entry Aij corresponded to the correlation between the

TABLE I. Demographic and clinical features

of the study group

Controls IGE LRE

Number subjects 28 18 21
Baseline age (yr) 13.2 (3.3) 15.0 (3.3) 11.6 (2.7)
Gender (F/M) 17/11 11/7 9/12
Age of epilepsy onset (yr) — 14.3 (3.4) 10.9 (2.8)
Interval between diagnosis

and MRI scan (mo)
— 8.5 (3.8) 7.8 (4.0)

Date are shown as mean (standard deviation); F 5 female; M 5

male.
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individual volumes of ROIs “i” and “j” in that clinical
group. Aij is the weighted strength of connection between
regions “i” and “j”. Employing graph theory terminology,
the value of Aij can be understood as the weighted “link”
between ‘nodes’ “i” and “j.” This process is summarized
in Supporting Information Figure 1.

Network properties were calculated utilizing graph
theory. We employed measures included in the brain con-
nectivity toolbox (http://www.brain-connectivity-toolbox.-
net) to calculate graph theory-based regional and global
network properties from each group. Our adjacency matri-
ces were constructed based on pair-wise regional correla-
tions and therefore included positive and negative
correlations. Since negative links may represent an indirect
measure of association, we assessed graph theoretical
measures only on networks composed of positive links
[Kaiser, 2011]. For each positive adjacency matrix, we
investigated measures related to: (1) global network prop-
erties and (2) node properties (where each node corre-
sponded to an anatomical ROI).

We chose global graph theoretical measures that could
provide tangible information regarding global network
properties and the impact of each node in the entire net-
work. The graph measures chosen in this study were also
aimed at illustrating regional or global disruption of con-
nectivity properties that are theoretically relevant in the
context of epilepsy and neurodevelopment.

The following node properties were evaluated: (1)
degree, (2) clustering coefficient, (3) local efficiency, and
(4) betweenness centrality. Whole network measures were:
(1) average degree, (2) average clustering coefficient, (3)
global efficiency, and (4) average betweenness centrality.
These measures are summarized in Supporting Informa-
tion Table 2, which also includes an explanation of the
interpretation from each metric.

Global Network Properties

Since adjacency matrices were constructed based on cor-
relation coefficients between regional volumes, we
employed a bootstrapping method to evaluate the confi-
dence limits on our data and hence calculate group-wise
statistics. The ROI data for each group (controls, epilepsy,
IGE and LRE) were submitted to independent sampling
with replacement (bootstrapping) across subjects. Each
ROI was bootstrapped 200 times, and the resulting
weighted nondirected connectivity matrix was calculated
for each resampling. From the resulting 200 matrices in
each group, graph theory measures were then calculated
based on matrices with positive entries only.

A series of fixed density binary matrices were calculated
for each resampling ranging from 0.15 to 0.5, representing
respectively links with weights in the highest 15% and in
the 50% percentile. For each binarized matrix, global graph
metrics were calculated. Since each binarized fixed density
threshold had a similar number of connections (for exam-

ple, the highest 15%, etc), the average whole network
degree was held constant for each threshold. For each
graph theory measure, a statistical comparison was per-
formed to evaluate differences between groups for every
fixed density threshold. Since bootstrapping involved an
artificial generation of large samples, we applied a very
stringent correction for multiple comparisons. We
employed a Bonferroni correction based on: (1) the num-
ber of entries per each matrix (171 3 171); (2) the number
of fixed density of thresholds; (3) the number of boot-
strapped data (200 per group 3 4 groups). The corrected P
value was therefore (0.05/[(171 3 171) 3 (8) 3 (800)]) 5

2.6718e-10. We employed a particularly conservative
threshold for statistical significance to avoid false posi-
tives, which can be generated due to the large number of
simultaneous statistical comparisons. We also opted to
employ a conservative statistical threshold since boot-
strapped data may provide the theoretical dispersion of
the correlation coefficients between structural regions, but
given that this is an artificial step to evaluate the distribu-
tion of data, it may be overly sensitive to the small sample
differences.

It should be noted that bootstrapped samples originated
from groups with a smaller sample size might lead to a
broader dispersion in the correlation coefficients per link and
therefore yield “noisier” networks, thereby further reducing
the statistical power to assess differences between groups.

Regional Network Properties

Regional network properties were calculated per group
for each graph theory measure. For each measure, the vec-
tor composed of graph measures per ROI was compared
between patients and controls. The percent of difference
between groups for each node (and for each measure) was
calculated as follows: (measure in patient group/measure
in controls) 3 100. The distribution of the percent of differ-
ences was calculated for each graph theory metric. Nodes
with its percent of difference within the highest quartile,
representing increase in patients, and within the lowest
quartile, representing decrement in patients, were then
plotted anatomically, employing the software BrainNet
Viewer (http://www.nitrc.org/projects/bnv/). This dis-
play enabled the visualization of the anatomical distribu-
tion of nodes with the highest participation on the network
as defined by each graph measure. Since this step involved
the evaluation of individual node values per group, the use
of other group-wise statistical tests was not possible.

Network Vulnerability

The resilience of each network was assessed with sev-
eral complementary methods. First, we visually evaluated
the cumulative distribution of node degrees for each node
across groups [Barabasi and Albert, 1999]. Second, we
evaluated the resilience of the networks to two different
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forms of attacks [Kaiser et al., 2007]. The first model, ran-
dom attacks, tests the hypothesis that network failure is
due to random loss of nodes. The second model, targeted
attacks, assumes that removing nodes that are highly con-
nected (i.e. hubs) will be more detrimental than eliminat-
ing nodes that are less connected.

The number of nodes attacked per iteration was chosen
based on an approximate distribution of 30% increments in
the number of nodes attack, with the first step comprising
an attack of four nodes. The number of attacked nodes per
iteration was: 4, 55, 106, and 157. This rate of increment in
the number of attacks was arbitrary, aiming to provide a
representative range of attacked networks. Random attacks
were performed by excluding random nodes from each
bootstrapped matrix, while targeted attacks were per-
formed by excluding the nodes with the highest nodal
measures (calculated based on the intact network). Each
attack was applied to every bootstrapped matrix and global
network measures were calculated from the attacked net-
work. Each graph measures were normalized to the mea-
sure obtained from the intact network, and ensuing
measures obtained from attacked networks were calculated
as a fraction of the measure from the intact network. Group
differences were tested employing t-tests, comparing the
change in the metric yielded by each level of random and
targeted attack between patients with epilepsy and controls.
The level of significance was set as a Bonferroni corrected P
value 5 0.05/number of random or targeted attacks.

Relationship Between Network Organization and

Cognitive Measures

All patients with epilepsy underwent comprehensive neu-
ropsychological testing following the same protocol. From
the neuropsychological battery, we examined the link
between graph theory metrics, full scale IQ [Wechsler, 2003]
and the Delis-Kaplan Executive Function System (D-KEFS)
Card Sorting Test [Delis et al., 2001]. Scores were scaled to
remove age- and gender-related confounds. We focused on
intelligence and executive function because these are com-
monly adversely affected cognitive measures in childhood
epilepsies of diverse types, which have also been related to
graph theory metrics in previous studies [Langer et al., 2012;
Wen et al., 2011]. Further, these abilities are adversely affected
by diverse childhood and adult epilepsies and we recently
demonstrated that children with IGE and LRE have a similar
degree of impairment relative to controls [Jackson et al.,
2013].

The patients were divided into two different groups
based on the median split for each score, representing
lower and higher performing groups. For each resulting
group (e.g. patients with low full scale IQ), a series of
bootstrapped matrices were generated based on the adja-
cency matrix obtained from the cross correlation of vol-
umes of the ROIs for that group. This step was similar to
the methods describe above, except that bootstrapped data

were performed from subgroups of patients based on the
cognitive scores. From each bootstrapped matrices, the
ratio between global clustering coefficient and characteris-
tic path length was calculated, and an independent sample
t-test was used to investigate differences between patients
with lower versus higher cognitive score.

RESULTS

Adjacency Matrices

The adjacency matrices from each group are demon-
strated in Figure 1, where subtle differences between
groups can be visually appreciated. While in controls there
was an overall homogenous pattern of correlation across
regions, this pattern was replaced by clusters of increased
and decreased correlation in patients with LRE and IGE.

Global Network Graph Theory Measures

The impact of these structural differences on the global
network behavior cannot be inferred solely from visual
interpretation of adjacency matrices. To better appreciate
the impact of network organization, global graph theory
metrics were calculated from binarized matrices constructed
from resampled bootstrapped data from each group across
fixed density across thresholds. The global graph measure
was then statistically compared for each density across
groups. These results are displayed in Figure 2. Patients
with IGE and LRE exhibited a consistent decrement in
global network efficiency across most binarized thresholds.
Patients also exhibited a consistent increment in global clus-
tering coefficient and betweenness centrality compared with
controls. There were no differences in global graph theory
metrics between IGE and LRE. Therefore, in the subsequent
analyses, we combined the two epilepsy syndromes into a
single group and compared it to controls.

Regional Network Graph Theory Measures

To illustrate the spatial distribution of regional network
changes in patients, nodes that exhibited the highest per-
cent of change between patients and controls were ana-
tomically plotted in Figure 3. Patients with epilepsy
exhibited significant reorganization regarding the distribu-
tion of nodes with high network measures.

Specifically, nodes with a high strength were redistrib-
uted from occipitoparietal regions to medial to diffuse lat-
eral and dorsolateral frontal and temporal nodes. Nodes
with high clustering coefficients were reduced in patients,
where the aggregate of nodes with high clustering coeffi-
cients around the medial occipitotemporal regions
observed in controls was lost. Conversely, there was a
marked redistribution of betweenness centrality, with a
significant increase in diffuse and widespread nodes. This
increase was observed at the expense of local efficiency,
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which was extensively reduced in patients with epilepsy.
Overall, children with new-onset epilepsy demonstrated a
posterior-to-anterior and medial to lateral shift in nodes
with higher network influence.

Network Vulnerability

We observed that node degrees exhibited different levels
of dispersion in patients compared with controls. The kur-
tosis of the degree distribution in controls was k 5 2.53,
while it was higher in patients with LRE (k5 k 5 3.41),
and in patients with IGE (k 5 3.3). These findings indicate
that children with epilepsy exhibited a lower probability
of nodes with a greater number of connections, and a
higher probability of nodes with fewer connections.

Network vulnerability results are summarized in Figure
4. We observed that random attacks did not yield large

differences in global network metrics between patients
and controls. However, targeted attacks lead to more pre-
mature disruption of global network metrics in patients.
Conversely, control participants exhibited a higher resil-
ience after progressive targeted attacks, suggesting that
more nodes are responsible for maintaining the global net-
work properties. Indeed, nodes with a greater number of
connections are impoverished in epilepsy compared with
controls, as observed in the above of analysis of nodal
degree distribution.

Relationship With Cognitive Measures

As described previously, the children with epilepsy
were dichotomized into higher and lower cognitive per-
forming groups (IQ standard score: high 5114.8 67.8, low
5 93.767.6; D-KEFS Card Sort scaled score: high 5 11.6 6

Figure 1.

Adjacency matrices for controls and patients with epilepsy. In these composites, each matrix

entry represents the pairwise Pearson correlation between the regional volume from region “i”

(row) and region “j” (column). The entry Aij therefore represents the weighted “link” between

network ‘nodes’ “i” and “j.” The order of regions is the same as demonstrated in Supporting

Information Table 1.
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Figure 2.

Global network analyses. The plots represent global network measures for each group across a

series of binarized matrices utilizing a fixed threshold to maintain a constant density of nonzero

entries. “Stars” denote density levels where patients with IGE (green stars) or LRE (red stars)

exhibited measures that were statistically different than controls. Results were Bonferroni cor-

rected for multiple comparisons.

Figure 3.

Nodes with highest difference in graph metrics in patients compared with controls were plotted

anatomically. The percent of difference was calculated as: (measure in patient group/measure in

controls) 3 100, for each graph theory metric. Nodes in “blue” exhibited a higher measure in

controls; nodes in “orange” exhibited a higher metric in patients.
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1.3; low 5 7.0 6 2.0). We observed a significant difference
in global network measures between patients with higher
versus lower cognitive performance. The ratio between
network segregation (defined by clustering coefficient) and
network integration (defined by characteristic path length)
was significantly reduced in patients with lower full-scale

IQ (T 5 12.67, P < 0.0001) and in patients with greater
executive dysfunction (D-KEF Sort) (T 5 19.67, P <
0.0001). These results suggest a combined reduction in seg-
regation (decreased clustering coefficient) and integration
(longer path length) in patients with lower IQ and greater
executive dysfunction.

DISCUSSION

Four primary findings were derived from this examina-
tion of large-scale brain network analysis in children with
new- and recent-onset uncomplicated epilepsies. First, chil-
dren with epilepsy, compared with controls, had a more
segregated (increased clustering coefficient) and less inte-
grated (decreased efficiency) global network, indicating a
suboptimal topological organization. Second, nodes with
high strength, clustering coefficients and efficiency were
redistributed from posterior-to-anterior brain regions in
children with epilepsy. Interestingly, nodal centrality was
increased diffusely without spatial predilection. Third,
children with epilepsy were more vulnerable to targeted
attacks but resilient to random attacks compared with con-
trols. Fourth, the altered structural network evident in chil-
dren with epilepsy has important clinical significance, as
lower cognitive performances were associated with less
optimal global topology.

Altered Global Topology in New-Onset

Pediatric Epilepsy

Patients with IGE and LRE exhibited an increase in
global clustering coefficient and decreased global efficiency
compared with controls. This type of network is more seg-
regated and less integrated, in which neighboring network
nodes (brain regions) are highly connected but distant
regions have sparser connections. These alterations con-
form the network to a more regular, lattice-like topology,
minimizing the overall cost of the network at the expense
of global integration [Bullmore and Sporns, 2012].

Studies in adult patients with chronic epilepsy using
graph theory analysis have observed both a more regular
[Bernhardt et al., 2011; Bonilha et al., 2012; Kramer et al.,

Figure 4.

Network vulnerability analyses. The vulnerability of global net-

works was calculated by applying a series of progressively larger

random and targeted attacks to the weighted connectivity net-

work, and calculating the ensuing global network property. All

measures were normalized to the measure obtained from the

intact network and the global graph measures from ensuing

attacks were calculated as a fraction of the measure from the

intact network. “Stars” illustrate measures that were statistically

significant compared with controls for each level of percent of

the network being attacked.
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2010] as well as a more random network topology [Liao
et al., 2010; Vaessen et al., 2012; Vlooswijk et al., 2011;
Zhang et al., 2011]. These discrepancies across studies are
likely influenced by the modality of connectivity measure-
ments (e.g. structural MRI, diffusion tensor imaging, func-
tional MRI, electrophysiological recording), but are likely
also influenced by epilepsy-related factors and cognitive
status. For example, longer seizure duration has been
related to lower cluster coefficients [van Dellen et al.,
2009] and decoupling of functional and structural net-
works [Zhang et al., 2011]. Patients with epilepsy with
comorbid cognitive limitations in intelligence and execu-
tive function showed a lower clustering coefficient com-
pared with healthy controls and non-impaired epilepsy
patients [Vaessen et al., 2012; Vlooswijk et al., 2011]. Nota-
bly, whereas almost all the studies were performed in
adults with epilepsy, a recent study in children (similar to
our study’s age range) with frontal lobe epilepsy showed
increased clustering coefficients in the cognitively impaired
patients [Vaessen et al., 2013]. Thus, these differences may
also be partially explained by developmental changes and
cognitive baseline, as discussed more fully in the next sec-
tion. Our study represents the first investigation of large-
scale brain network analysis in children with new-onset
and uncomplicated epilepsy (i.e., normal neurological
examination, normal/average intelligence and attending
mainstream schools) and as such the current results are less
likely to be confounded by recurrent seizures and profound
cognitive compromise. How network properties and cogni-
tive status are progressively modified by middle and long
term epilepsy chronicity is currently the focus of an
ongoing longitudinal investigation at our center.

Neurodevelopmental Implications

During development, the brain network undergoes age-
dependent reorganization; the mean clustering coefficient, a
measure of network segregation is decreased and concur-
rently, network efficiency is enhanced [Hagmann et al.,
2010]. This type of network remodeling emphasizes a local-
to-distributed pattern of information transfer in which con-
nections close in space are decreased and connections
between distant regions are strengthened [Fair et al., 2009;
Khundrakpam et al., 2013]. Recent work suggests that the
structural covariance, i.e., the relationship between regional
brain volumes, reflect synchronized brain developmental
changes [Alexander-Bloch et al., 2013a, 2013b].

Compared with this framework, children with new-onset
epilepsy exhibited a network topology that is contrary to
the normal developmental pattern, that is, a network that
emphasized greater local connectivity and impoverished
integration with distant brain regions. Further, nodal cen-
trality, which measures the relative importance of nodes in
a network, is stable across ages in healthy subjects, suggest-
ing that the core structural brain network is fixed during
normal brain development [Hagmann et al., 2010; Hwang

et al., 2013]. In contrast, children with new-onset epilepsy
showed reorganization with enhanced nodal centrality.
Such remodeling may have shifted the brain network into a
more epileptogenic configuration, as studies have shown
that increased betweenness centrality is highly correlated
with the seizure onset zone [Varotto et al., 2012; Wilke et al.,
2011]. In summary, children with epilepsy showed an
altered developmental pattern of network topology, but
whether this derangement represents a temporary delay in
brain maturation or a fixed deviation from the normal
developmental trajectory remains to be clarified.

Regional Reorganization: A Posterior-to-Anterior

Shift

Nodes with the highest percent change in children with
new-onset epilepsy compared with controls were redistrib-
uted along the posterior - anterior axis. Specifically, nodal
strength is increased in bilateral frontal and temporal
regions and reduced in the bilateral parietal and occipital
regions. Similarly, the cluster coefficient is increased in
bilateral frontal and left temporal regions. Although net-
work efficiency is reduced throughout most of the brain
regions, a few islands of enhanced efficiency are revealed in
the left ventrolateral, dorsomedial, orbital frontal, and right
parasylvian regions. The spatial distribution of these net-
work measures is strikingly similar to the pattern of
increased gray matter and decreased white matter volumes
found in our study using deformation-based morphometry
[Tosun et al., 2007]. Further, the distribution of frontotem-
poralparietal changes is within the default mode network,
which has been found to be abnormal in LRE [Voets et al.,
2012] and IGE [Luo et al., 2011]. These converging lines of
evidence suggest that there is a fundamental shift in brain
network organization of children with new-onset epilepsy.

The underlying etiology of this brain organizational shift
remains to be determined. Experimental models of epilepsy
suggest that frontotemporal reorganization might be a com-
pensatory mechanism. Rats that experienced early life seiz-
ures showed greater electrophysiological coherence between
the frontal and mesial temporal regions during working
memory tasks [Kleen et al., 2011]. Interestingly, we found
that executive function, a cognitive domain that is predomi-
nantly mediated by frontosubcortical networks, is frequently
impaired in this group of children with epilepsy [Lin et al.,
2012a, 2012b; Pulsipher et al., 2009]. These findings could
also help to explain the increased prevalence of attention def-
icit hyperactive disorder in children with new-onset epilepsy
[Hermann et al., 2007; Hesdorffer et al., 2004].

In this study, we aimed to evaluate the effects of epi-
lepsy in the developing brain. Therefore, we combined
LRE and IGE into one single group in order to focus on
the shared similarities between both forms of epilepsy,
and to better assess the overall effects of epilepsy onto the
developing brain and neuropsychological performance. It
is important to note that LRE and IGE are distinct
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pathophysiological entities. Even though both subgroups
share the important factor of seizures occurring in the
developing brain, the mechanisms leading to seizures in
each group can be different. However, despite the very
different pathophysiology, there appear to be many similar
cognitive and behavioral complications across diverse
childhood epilepsy syndromes—perhaps with more shared
than syndrome specific neurobehavioral abnormalities. It
should be noted that this is an important limitation of our
study. Future studies should address specific network
aberrations related to different sub-forms of epilepsy.
Also, other clinical features of epilepsy such as seizure fre-
quency, age of epilepsy onset, history of febrile seizures
and use of antiepileptic medications are potential con-
founders and should be addressed in future studies.

Vulnerability to Network Perturbation

Our modeling of network damage revealed that children
with epilepsy have fewer highly connected nodes and are
more vulnerable to targeted rather than random attacks.
These results imply that fewer parallel or alternative path-
ways are available for children with epilepsy to maintain
global network integrity. Further, the pathophysiology of
childhood onset epilepsy may specifically impact regions
that are highly connected to the rest of the brain [Morgan
and Soltesz, 2008]. In chronic temporal lobe epilepsy,
[Bernhardt et al. also found that patients exhibited a
greater vulnerability to targeted attacks compared with
random attacks [Bernhardt et al., 2011]. Together, these
findings suggest that the early neurodevelopmental abnor-
malities in childhood onset epilepsy might lead to a reduc-
tion of network structural reserve and contribute to
patterns of abnormal anatomical network observed in
adults with chronic epilepsy.

Relation to Cognitive Performances

We found a reduced ratio between network segregation
(clustering coefficient) and integration (characteristic path
length) in a subgroup of children with epilepsy who
exhibited lower IQ and poorer executive function. Indeed,
lower clustering coefficient and longer path length has
been linked to lower IQ scores in healthy adults [Li et al.,
2009; Langer et al., 2012], children with LRE [Vaessen
et al., 2012; Vlooswijk et al., 2011], and normal aging [Wen
et al., 2011]. The association between these network met-
rics and executive function have also been found in age-
related decline [Wen et al., 2011] and individuals with
traumatic brain injury [Caeyenberghs et al., 2012]. Taken
together, the balance between segregation and integration,
commonly referred as small world property, appears to be
essential in maintaining an efficient anatomical network
across health and disease. A reduced small world charac-
teristic, noted in lower cognitive performance individuals
with epilepsy, might impede the opposing demands of

functionally specialized local networks and a robust trans-
fer of information across distant brain regions. As such,
these findings may represent a new avenue to understand
the disordered neurobiology of cognitive comorbidities in
epilepsy.

CONCLUSION AND FUTURE DIRECTIONS

Children with new-onset epilepsy showed a reduced
optimal topological structural organization with a bias
toward enhanced network segregation and curtailed global
integration. In the context of normal brain development,
this pattern suggests either a delay in brain maturation or
a fixed deviation from the normal developmental template.
At the regional level, structural reorganization was evident
with redistributed nodes from the posterior head regions
to more anterior frontal, and temporal regions. These
altered brain topologies appeared to have adverse conse-
quences, as these network configurations may be more
predisposed to targeted attacks and poorer cognitive per-
formances. Importantly, these properties are evident very
early in the course of epilepsy and are clearly not a conse-
quence of epilepsy chronicity. How these systems may fur-
ther diverge over time will provide insight into the natural
history of altered typologies.

The new proposed framework to classify epilepsy sug-
gests that underlying networks, rather than isolated brain
regions, play a role in the epileptogenesis and epilepsy co-
morbidities [Berg et al., 2010]. Specifically, LRE are associ-
ated with abnormalities in localized networks, while gener-
alized epilepsies reflect abnormal networks with bilateral
hemispheric representation. Our findings directly corrobo-
rate this concept. Importantly, our observations are related
to children with new-onset epilepsy, and the impact of
abnormal structural networks in their neurodevelopmental
trajectory remains to be determined. A previous prospective
study from our group over 2 years showed reduced gray
matter pruning and white matter expansion [Tosun et al.,
2007]. Whether these changes are associated with large-scale
network alternations that lead to a conformation that has a
more random or regular topology is unknown. Further, how
the cumulative effects of seizures and antiepileptic medica-
tions impact large scale network organization remains a
clinically important issue. Given the promise of these find-
ings, future efforts should involve similar analyses using
participants with discrete epilepsy syndromes in order to
determine the generality of effect and the way, if any, spe-
cific syndromes may modify the results described here.
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