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KEYWORDS Summary

Absence epilepsy; Purpose: The structural connection patterns of the human brain are the underlying bases
Diffusion tensor for functional connectivity. Although abnormal functional connectivity has been uncovered in
tractography; childhood absence epilepsy (CAE) in previous electroencephalography and functional magnetic
Structural resonance imaging studies, little is known regarding the structural connectivity in CAE. We
connectivity; hypothesized that the structural connectivity would be disrupted in response to the decreased
Graph theory brain function in CAE.

Methods: Diffusion tensor imaging tractography was utilized to map the white matter (WM)
structural network, composed of 90 cortical and sub-cortical regions, in 18 CAE and 18 age- and
gender-matched healthy controls. Graph theoretical methods were applied to investigate the
alterations in the topological and nodal properties of the networks in these patients.

Results: Both the CAE and the controls showed small-world properties in their WM networks.
However, the network connection strength, absolute clustering coefficient, and global/local
efficiency were significantly decreased, but characteristic path length was significantly
increased in the CAE compared with the controls. Significantly decreased WM connections, nodal
properties, and impaired sub-networks were found in the sub-cortical structures, orbitofrontal

* Corresponding author at: Key Laboratory for Neurolnformation of Ministry of Education, School of Life Science and Technology, University
of Electronic Science and Technology of China, Chengdu, China. Tel.: +86 28 83201018; fax: +86 28 83208238.
E-mail address: dyao@uestc.edu.cn (D. Yao).
' Kaiging Xue and Cheng Luo contributed equally to this work.

0920-1211/$ — see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.eplepsyres.2013.10.002


dx.doi.org/10.1016/j.eplepsyres.2013.10.002
www.elsevier.com/locate/epilepsyres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eplepsyres.2013.10.002&domain=pdf
mailto:dyao@uestc.edu.cn
dx.doi.org/10.1016/j.eplepsyres.2013.10.002

126

K. Xue et al.

area, and limbic cortex in the CAE. Moreover, network connection strength, local efficiency,
and nodal features in some regions were significantly negatively correlated with the duration of

epilepsy.

Conclusions: The present study demonstrated, for the first time, the disrupted topological orga-
nization of WM networks in CAE. The decreased connectivity and efficiency in the orbitofrontal
and sub-cortical regions may serve as anatomical evidence to support the functional abnormali-
ties related to the epileptic discharges observed in CAE. Moreover, the orbitofrontal sub-network
may play a key role in CAE. These findings open up new avenues toward the understanding of

absence epilepsy.

© 2013 Elsevier B.V. All rights reserved.

Introduction

Childhood absence epilepsy (CAE) is a non-convulsive, idio-
pathic, and generalized form of epilepsy, characterized by
sudden and brief clinical consciousness impairment (sev-
eral to many times per day) and accompanied by bilateral,
synchronous, 2.5—4Hz generalized spike wave discharges
(SWDs) that can be observed using electroencephalography
(EEG) (Crunelli and Leresche, 2002). The absence seizures
generally start between 3 and 8 years old (peak manifesta-
tion of 6—7 years), and account for 10—17% of all types of
childhood epilepsy (Crunelli and Leresche, 2002; Tenney and
Glauser, 2013). Ethosuximide, valproic acid and lamotrigine
are general initial monotherapy in CAE. Moreover, patients
with CAE suffer from attention and executive impairment
(Caplan et al., 2008), and the antiepileptic drugs may also
lead to cognitive deficits (Glauser et al., 2010).

In recent studies, both the high temporal resolution of
EEGs and the high spatial resolution of functional magnetic
resonance imaging (fMRI) have been utilized to evaluate
the mechanisms of SWDs in generalized epilepsy (Gotman
et al., 2005; Bai et al., 2011; Luo et al., 2011a); and
both interictal and ictal SWDs in CAE were associated with
blood oxygen-level dependent (BOLD) signal changes in the
basal ganglia-thalamocortical loop (Li et al., 2009). Func-
tional connectivity based on fMRI has been widely used
to study CAE. Abnormally increased functional connec-
tivity was found in seizure-related regions, such as the
orbitofrontal cortex, in patients with CAE (Bai et al., 2011).
Decreased functional connectivity in the default mode net-
work (DMN) was also found in patients with CAE, which
suggests that the abnormalities in the DMN might be related
to the cognitive mental impairment and unconsciousness
experienced during absence seizures (Luo et al., 2011a). The
functional connectivity of the human brain may be roughly
predicted from structural connectivity (Honey et al., 2009).
However, it is unclear what structural alterations are associ-
ated with the functional abnormalities observed in patients
with CAE.

Diffusion tensor imaging (DTI), which is a non-invasive
technology based on the principle that the magnitude and
directionality of water diffusion is sensitive to the under-
lying brain microscopic tissue, such as the orientation and
integrity of neural fibers (Beaulieu, 2002), has been widely
used in studies of neurological and psychiatric disorders
(Ciccarelli et al., 2008), such as schizophrenia (Ellison-
Wright and Bullmore, 2009) and epilepsy (Luo et al., 2011b;
Zhang et al., 2011b). The DTI-derived fractional anisotropy
(FA) and mean diffusion (MD), a normalized ratio of

diffusion orientation and the bulk mobility of water
molecules, have been used predominantly to assess the
microscopic tissue abnormalities observed in neurologi-
cal and psychiatric disorders in most studies utilizing DTI
(Pierpaoli and Basser, 1996). In particular, FA measures
derived from DTI in humans in vivo were correlated with
axonal membrane circumference (Concha et al., 2010). The
association between the observation of DTl and histology
in temporal lobe epilepsy patients implicated the appli-
cation of DTl as a noninvasive marker of white matter
pathology (Concha et al., 2010). Several studies have sug-
gested a role for DTl in locating the epileptogenic zone in
epilepsy (Eriksson et al., 2001; Rugg-Gunn et al., 2001; Assaf
et al., 2003; Chen et al., 2008). DTl abnormalities were also
found in white matter pathways in patients with juvenile
myoclonic epilepsy (O’Muircheartaigh et al., 2012; Vollmar
et al., 2012) and in rat absence epilepsy models (Chahboune
et al., 2009). Moreover, structural connectivity using DTI
tractography has been investigated for other generalized
epilepsy syndromes (Liu et al., 2011; Zhang et al., 2011b;
Kim et al., 2013).

Fiber tractography based on DTI is capable of visualiz-
ing the major fiber tracts in vivo to map the white matter
(WM) network (Catani et al., 2002; Wakana et al., 2004). The
complex WM network, in which nodes represent anatomical
regions and edges represent the WM connections between
pairs of nodes, can be adopted to describe the characteris-
tics of generating and integrating information from multiple
sources with high efficiency in human brain (Bullmore and
Sporns, 2009). The WM network is also suitable for investi-
gation of disorders lacking distinct radiological abnormality
in the brain, such as schizophrenia (Zalesky et al., 2010)
and CAE. The network parameters resulting from the graph
theoretical method might provide valuable insights into the
extent and nature of disturbances in the WM network. Graph
theory is a powerful tool that quantitatively describes the
features of complex systems, such as efficiency and small-
world attribute (Sporns et al., 2004; Honey et al., 2007).
Recently, Vaessen et al. (2012) found that impaired WM con-
nectivity and the WM network topology were associated with
cognitive comorbidities in patients with chronic temporal
and frontal lobe epilepsy. These studies indicate that DTI
can demonstrate structural abnormalities in patients with
CAE, which would otherwise be missed with conventional
neuroimaging.

Accordingly, the features of the WM network might
reflect the alteration related to the epileptiform discharges
and/or cognitive disturbance. In the present study, our pri-
mary hypothesis was that the topological characteristics
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of the WM network are altered in patients with CAE. Fur-
thermore, the local alterations in the WM network would
be related to epileptic activity in patients. Therefore, we
constructed and compared the WM structural connectivity
network in patients with CAE with those of healthy volun-
teers.

Materials and methods

Subjects

Eighteen patients with CAE (all right-handed, 10 males
and 8 females, age [mean +SD]=8.9 +2.1) were recruited
from the Neurology Department of the West China Hos-
pital, Sichuan University. The diagnoses for each patient
were established according to the recommendations of
the International League Against Epilepsy (ILAE) (Engel,
2001). Recruitment was based on the following criteria:
(i) All patients underwent a 24-h video electroencephalo-
gram with 18 channels, and at least two epochs of seizures
were captured during the monitoring; and (ii) no focal
abnormalities were found during routine structural MRI
examinations. Eighteen age- and gender-matched healthy
controls (all right-handed, 10 males and 8 females, age
[mean +5D]=8.5+1.8), who had no history of neurological
or psychiatric disorders and no obvious abnormalities dur-
ing a routine MRI examination, were recruited. There were
no significant differences in age or gender between the two
groups (two sample two-tailed t-test for age, p=0.563; x>
test for gender, p=1.0).

After a full explanation, written informed consent was
obtained from all of the subjects and their parents. The
study was approved by the medical ethical committee at
West China Hospital, Sichuan University.

Data acquisition

MRI data were collected using a 3.0T scanner (EXCITE,
GE, Milwaukee, WI, USA) with an eight-channel-phased
array head coil. All subjects were instructed to rest their
eyes (closed) and to minimize their head movements.
First, anatomic 3D-T1-weighted axial images were acquired
using a spoiled gradient recall (SPGR) sequence that cov-
ered the entire brain (156 slices, TR=8.5ms, TE=3.4ms,
matrix=512 x 512, FOV=24cm x 24cm, flip angle=12°).
Second, the DTl acquisition used a single-shot spin-echo pla-
nar imaging sequence (TR=10, 000 ms, TE=79.7 ms, NEX=2,
matrix =256 x 256, FOV=24cm x 24cm, thickness=3mm
without gaps, 50 slices covered the whole brain).
One unweighted (b=0s/mm?) and 15 diffusion-weighted
(b=1000s/mm?, non-collinear gradient directions) image
volumes were collected.

Data preprocessing

For each subject, the T1-weighted data and the DTI data
were visually examined by 2 radiologists to exclude any sub-
jects with obvious head motions and rock-ribbed artifacts.
Subsequently, the 15 diffusion-weighted scans were aligned
to the first unweighted BO image (b=0s/mm?) to minimize

slight head movements using the SPM8 software package
(Statistical Parametric Mapping, http://www.fil.ion.ucl.
ac.uk/spm/software/spm8). We also evaluated the group
differences in translation and rotation of head motion. The
results showed that there were no significant differences
between the two groups (see Supplementary Material I).

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.eplepsyres.2013.10.002.

Eddy current distortions existing in the diffusion-
weighted image volumes were corrected by affine registra-
tion to the reference BO images.

Network construction

Nodes (or vertices) and edges (arcs) are two fundamen-
tal elements of a network (Rubinov and Sporns, 2010). In
the current study, a network composed of 90 nodes and a
quantity of WM connectivity edges linking these nodes was
constructed using the following procedures for each subject.
Fig. 1 shows the whole process used for the construction of
a network in the human brain using DTI tractography.

Network node definition

The procedure used for defining the nodes of the network
for each subject was the same as described in previous
studies (Gong et al., 2009; Shu et al., 2011; Bai et al.,
2012). First, each individual T1-weighted structural image
was co-registered to its BO image (b=0s/mm?) in the DTI
native space, using a linear transformation. Second, the co-
registered structural images in the DTI native space were
registered to the ICBM-152 T1 template in the MNI space to
obtain an affine transformation matrix, T, with 12 degrees
of freedom, together with a series of non-linear warps char-
acterized by a set of 7 x 8 x 7 basis functions. Finally, the
inverse transformation matrix T-' was utilized to warp the
automated anatomical labeling (AAL) atlas (Tzourio-Mazoyer
et al., 2002), which has been used in several previous stud-
ies (Achard et al., 2006; Iturria-Medina et al., 2008), from
the MNI space to the DTI native space. The procedure pre-
served discrete labeling values using the nearest-neighbor
interpolation method in the SPM8 package. After the above
procedure, the cerebral cortex and sub-cortex for each
subject were anatomically parcellated into 90 regions of
interest (ROI), 45 for each hemisphere, with the regions of
the cerebellum being excluded (see Table 1). Each ROI rep-
resents one node of the WM anatomical structural network
in a subject.

White matter fiber tractography

The corrected diffusion-weighted images and b=0 image
were used to reconstruct the whole brain white matter
tracts for each subject. The diffusion tensor was esti-
mated by the linear least-squares fitting method at each
voxel, using the interactive software Diffusion Toolkit 0.6.2
(http://trackvis.org/dtk/, Wang et al., 2007), and whole
brain fiber tracking was performed in the DTI native space.
During tracking, the FACT (fiber assignment by continuous
tracking) algorithm was employed (Mori et al., 1999). If the
FA value was lower than 0.15 or the angle between the
current and the previous path segment was higher than 35
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Figure 1

A flowchart for the construction of an anatomical network in the human brain using DTI. (A) The T1 template of ICBM152

in the MNI space. (B) A structural MRI in the DTI space. (C) A weighted diffusion tensor image. (D) The estimated whole brain fiber
trajectories. (E) An AAL template in the MNI space. (F) A subject-specific AAL mask in the DTI space. (G) The whole brain network
matrix. (H) A 3D-visualization of the backbone network. The processing program worked as follows: step 1, the structural MRIs in
the DTI space were registered to the T1 template in the MNI space; step 2, a transformation matrix was obtained, T; step 3, the
inverse transformation matrix T-' was used on the AAL template in the MNI space to generate the subject-specific AAL mask in
the DTI native space; step 4, the fibers in whole brain were reconstructed using deterministic tractography; step 5, a whole brain
anatomical network matrix was produced according to any two regions of the AAL mask and the fibers between them; and step 6,
the backbone was extracted from the above matrix and its visualization.

degrees, the path tracking was stopped. After whole fiber
tracking, any fiber shorter than 20 mm or longer than 300 mm
and obvious false paths were discarded (Liao et al., 2011).
To ensure that each brain region was sufficiently in contact
with the fibers, they were expanded 2—3 mm into the white
matter. Fiber bundles connecting each pair of brain regions
were extracted from the total collection of brain fibers.

Network edge definition

Two regions (region i and region j) were considered struc-
turally connected if at least one fiber bundle with two
endpoints was located in these two regions (Liao et al., 2011;
Bai et al., 2012). According to the number of fibers linking
region i and region j, the weight of the edge linking regions
i and j was defined as:

Nij . o
~ max(Nij) i,j=1,2,3...90,i ],

w(i, j)
where N; ; is the number of fibers linking region i and j, and
max(N; ;) is the maximum number of fibers linking any two
nodes in a graph G.

After the above procedure, a weighted WM network, rep-
resented in a symmetric 90 x 90 matrix, was constructed for
each subject.

Connectivity backbone

Because of noise and limitations in deterministic tractog-
raphy, the risk of false-positive connections exists. To limit
this risk, a connectivity backbone was estimated according
to the above-mentioned network for each subject (Hagmann
et al., 2008; lturria-Medina et al., 2011). In detail, first, a
maximum spanning tree, which connects all nodes of the
network such that the sum of its weights is maximal and in
which there are no cycles, was extracted. Then, additional
edges were added in order of their weights until the aver-
age node degree (the degree of a node is the number of
edges connected to that node in a graph) was K. To insure
the sparseness and efficiency of the network, the K was set
as 4 according to our previous experience (lturria-Medina
etal., 2011) and a previous study (Hagmann et al., 2008). All
subsequent network (Graph) analyses and visual represen-
tations were based on the resultant network (connectivity
backbone).
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Table 1 Cortical and subcortical regions defined in AAL template in standard stereotaxic space.

Region name Abbreviation Region name Abbreviation
Superior frontal gyrus, dorsolateral SFGdor Superior occipital gyrus SOG
Superior frontal gyrus, orbital SFGorb Middle occipital gyrus MOG
Superior frontal gyrus, medial SFGmed Inferior occipital gyrus 10G
Superior frontal gyrus, medial orbital SFGmorb Fusiform gyrus FG
Middle frontal gyrus MFG Superior parietal gyrus SPG
Middle frontal gyrus, orbital MFGorb Paracentral lobule PCL
Inferior frontal gyrus, opercular IFGoper Postcentral gyrus PoCG
Inferior frontal gyrus, triangular IFGtri Inferior parietal gyrus IPG
Inferior frontal gyrus, orbital IFGorb Supramarginal gyrus SMG
Rectus gyrus REG Angular gyrus ANG
Anterior cingulate gyrus ACC Precuneus PCNU
Olfactory cortex OLF Posterior cingulate gyrus PCC
Precentral gyrus PreCG Superior temporal gyrus STG
Supplementary motor area SMA Superior temporal gyrus, temporal pole STGp
Rolandic operculum ROL Middle temporal gyrus MTG
Median-and para-cingulate gyrus MCC Middle temporal gyrus, temporal pole MTGp
Calcarine fissure and surrounding cortex CAL Inferior temporal gyrus ITG
Cuneus CUN Heschl gyrus HES
Lingual gyrus LING Parahippocampal gyrus PHIP
Thalamus THA Insula INS
Caudate nucleus CAU Hippocampus HIP
Lenticular nucleus, putamen PUT Amygdala AMYG
Lenticular nucleus, pallidum PAL

Graph theory analysis

In the current study, to characterize the topological organi-
zation of WM networks at the global and regional levels,
we used the Brain Connectivity Toolbox (http://www.
brain-connectivity-toolbox.net) (Rubinov and Sporns, 2010)
to analyze the following graph measures: weighted network
connectivity strength, clustering coefficient, path length,
global efficiency, local efficiency, nodal efficiency and small-
world property.

Connectivity strength

For a weighted graph (network), G, with N nodes and K
edges, connectivity strength (S;) is defined as the sum of
the edge weights, w;;, directly linked to node i. Formally:

S,‘ = %ZW,}

ieG

The larger S; is, the more important node i becomes. The
network strength (Sp) is the average of all strengths across
all nodes in the graph G:

Sp = %ZS'*

ieG

Sp is the measure used to evaluate the degree of connec-
tivity strength over the whole network.

Clustering coefficient

In a weighted graph, G, the absolute clustering coefficient
of a node, i, is defined as the geometric average of the
subgraph node weights (Onnela et al., 2005):

1 13
Ci= m Z (Wij - Wik - Wyi)
jkeG

Jok#i

where k; is the number of edges linking a node, i (i.e., the
degree of node i), and w is the weight of an edge connecting
two nodes. If a node is isolated or has just one connection,
i.e., k=0 or k;=1, the clustering coefficient of node i is
zero, C;=0. The absolute clustering coefficient of a graph,
G, is the average of the absolute clustering coefficient over
all nodes:

Co = %Zc,-.

ieG

Cp is a measure of the extent of the local interconnectivity
or cliquishness in a graph (Watts and Strogatz, 1998; Latora
and Marchiori, 2001).

Path length

The path length between two nodes, i and j, is defined as
the sum of the edge lengths along the path, where each
edge length was obtained by calculating the reciprocal of
the edge weight value, 1/w;;. The shortest path length (L;;)
between two nodes, i and j, is the minimum sum of the
edge weights among all paths from node i to node j. The
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characteristic path length (Lp) of a weighted graph is defined
as a ‘‘harmonic mean’’ length between pairs (Newman,
2003), that is, the reciprocal of the average of the recip-
rocals:

1

Lp = :
PTINN =YL 6Ly

This definition solves the problem of L;; becoming infinite
when nodes i and j are located in two non-interconnected
components of a graph. Lp quantifies the ability of a network
to propagate information in parallel. A larger Lp correlates
with a worsened ability to propagate information in parallel.

Global efficiency
The global efficiency (Egobal) Can be calculated as (Latora
and Marchiori, 2001):

1 1

N(N—1)i§;GLTj’

Egiobal =

where L;; is the shortest path length between nodes i and
j in graph G. The global efficiency is the reciprocal of
the characteristic path length of a weighted network, i.e.,
Egiobal = 1/Lp; therefore, in terms of the information flow, the
global efficiency of a network, similar to the characteris-
tic path length, reflects how efficiently information can be
exchanged over the whole network. A larger Eg o5 COrrelates
with a more powerful efficiency.

Local efficiency
The local efficiency of the node i is calculated as (Latora
and Marchiori, 2001):

1
Elocal = N Z Eglobal(Gi)s
j#keG

where G; is the subgraph of the first neighbors of node i (i.e.,
the set of nodes that are the direct neighbors of node i). This
measure has been used to reveal the fault tolerant capability
of a system, showing how efficient the communication is
among the first neighbors of node i when i is removed.

Nodal efficiency

The nodal efficiency for a given node i (E;) was defined as
the reciprocal of the harmonic mean of the shortest path
length between node i and all other nodes in the network
(Achard and Bullmore, 2007):

1 1
Ei=r—0 ) —,
’ (N—1)'ZGL,~,~

i+je

where Lj; is the shortest path length between node i and
node j. The nodal efficiency quantifies the importance of
the nodes for communication within the network. The nodes
with high nodal efficiencies can be categorized as hubs in a
network (Achard and Bullmore, 2007).

Small-world property

The normalized clustering coefficient y and the normalized
characteristic path length A of a network are defined as
(Watts and Strogatz, 1998):

Creal real
V= Cfand and’ = Lfand’
P P

where €3 and L represent the clustering coefficient and
the characteristic path length of a real network, respec-
tively. C,’;""d and L[,a”d are, respectively, the mean clustering
coefficient and the characteristic path length of 1000 ran-
dom networks that preserve the same number of nodes,
edges, and degree distributions as the real network (Sporns
et al., 2004). If a network has a similar path length but a
higher clustering coefficient, that is y>>1 and A~ 1, then
the network is a small-world network (Watts and Strogatz,
1998). Furthermore, the above two conditions can also be
summarized into a scalar quantitative measurement, the
small-worldness: o = y/A. Consequently, if o > 1, the network
has a small-world property (Achard et al., 2006).

Statistical analyses

Based on the WM network constructed for each subject,
we performed statistical comparisons of the WM connection
strengths, network characteristics, and nodal properties
between the patients with CAE and healthy controls. In addi-
tion, the significantly different sub-network components
between the two groups were identified. Of note, the effects
of age and gender were adjusted for all of the analyses.

Comparisons of WM connections

To determine the impaired WM connections in patients with
CAE, a univariate analysis of covariance (ANCOVA) was per-
formed on the subset of all pairs of nodes (regions) within
the two groups (p<0.05, FDR corrected). The subset was
composed of consistent connections that were determined
by analyzing each pair of brain regions across all subjects
using a nonparametric one-tailed sign test (p <0.05, Bonfer-
roni corrected) (Gong et al., 2009). This constraint ensured
that any compared connection existed in most subjects and
the subset would be used in network-based statistic.

Comparisons of network characteristics

To determine the group differences in global network
characteristics (Sp, Cp, Lp, Eiocal, Eglobal, ¥> 4, 0), statisti-
cal comparisons were performed between the two groups
using a univariate ANCOVA (p <0.05, Bonferroni corrected),
respectively.

Comparisons of nodal properties

Three regional nodal properties (S;, C;, E;) were also statisti-
cally compared between the two groups, across all 90 nodes
using a univariate ANCOVA (p <0.05, FDR corrected).

Network-based statistic

Network-based statistic (NBS) is a nonparametric statistical
test used to isolate the components (sub-networks, a set
of interconnected edges) of an N x N undirected adjacency
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Table 2 Main clinical information for 17 patients with CAE.

No. Gender Age Age of onset Frequency of seizure Antiepileptic drugs Frequency of SWDs (Hz)
1 M 10 5 2-3/d None 2.5-3.5
2 M 7 4 15/d; VPA 3-3.5
3 M 11 9 7-8/d None 3
4 M 5 2 several/d None 3
5 F 9 4 20/d None 3
6 M 8 6 18/d None 3
7 B 10 9 several/d TCM, VPA 2-3
8 M 8 6 several/d None 2.5-3.5
9 F 7 4 several/d None 3

10 M 8 6 several/d None 2.5-3

11 F 12 9 2-5/d VPA 3.5

12 F 6 4 several/d None 3

13 M 11 6 several/d None 3.5

14 M 9 6 3—-6/d None 3-3.5

15 F 12 7 several/d VPA 3

16 M 10 6 8—9/d None 3.5

17 F 11 9 several/d None 3

M, male; F, female; d, day; VPA, valproic acid; TCM, traditional Chinese medicine.

matrix that differs significantly between two distinct popu-
lations (Zalesky et al., 2010, 2012). NBS has been applied
successfully in studies of schizophrenia (Zalesky et al.,
2010), major depressive disorder (Zhang et al., 2011a), and
other disorders (Bai et al., 2012). In the current study, we
used NBS to identify the significantly different sub-networks
of patients with CAE. First, the subset that produced in
comparisons of WM connections was considered as the con-
nection mask. Second, the most consistent connections for
each subject in the two groups were detected. Finally, the
NBS software (http://www.nitrc.org/projects/nbs/) was
conducted within the consistent connections, in which the
t-value was set at 2.5 and permutation times at 10,000,
according to our experience and previous studies (Zalesky
et al., 2010; Bai et al., 2012; Wang et al., 2013). For a
detailed description of the NBS approach, see the study by
Zalesky et al. (2010).

Relationship between network topological indices
and duration of epilepsy

To evaluate the relationship between the duration of
epilepsy and the topological indices (Sp, Cp, Lp, Eiocal, Egiobal,
y, A, and o) of WM networks in patients with CAE, a
partial correlation analysis was employed, controlling for
age and gender as nuisance covariates (p <0.05, Bonferroni
corrected). Moreover, we also evaluated the relationship
between the duration of epilepsy and the altered nodal
properties (S;, Ci, and E;) of WM networks in patients with
CAE by the same methods.

Results

The DTI data of one patient were eliminated because of pre-
dominant motion artifacts. The main clinical information for
the remaining 17 patients is summarized in Table 2.

Differences of WM connections between groups

In contrast to healthy controls, 17 pairs of WM connec-
tions exhibited a significant decrease in CAE (p<0.05,
FDR corrected), and no increased WM connection were
found. These connections were three-dimensionally visu-
alized using the BrainNet Viewer software (NKLCNL,
www.nitrc.org/projects/bnv) (Fig. 2). In detail, four of
these connections, which are highlighted with blue lines in
Fig. 2, were associated with the orbitofrontal cortex. Eight
connections were associated with the sub-cortical structures
or the limbic system and are shown by black lines in Fig. 2.
The remaining five connections were associated with other
cortexes and are highlighted with green lines in Fig. 2.

Differences in network characteristics between
groups

The network connection strength (Sp), the absolute clus-
tering coefficient (Cp), the local efficiency (Eiocat), and the
global efficiency (Egobat) Were significantly decreased in the
CAE, and the characteristic path length (Lp) was signif-
icantly increased in the CAE compared with the healthy
controls (p<0.05, Bonferroni corrected). For the small-
world properties (y, A, and o), the o was greater than one
in both groups, which indicates that both groups showed
small-world architecture in the brain structural networks.
However, no significant changes were observed in y, i, or o.
The details are shown in Fig. 3.

Differences in nodal properties between groups

In contrast to healthy controls, the pattern of nodal proper-
ties was significantly decreased in some brain regions in CAE
(p<0.05, FDR corrected). In detail, decreased connectivity
strength was found in 11 regions, such as the bilateral orbital
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Figure 2 Connection comparisons between the CAE and HC groups. Seventeen pairs of regions exhibited significantly decreased
connectivity in CAE patients compared to health controls (p<0.05, FDR corrected). Four connections were associated with the
orbitofrontal cortex, eight connections were associated with the sub-cortical structures or limbic system and the other five decreased
connections were related with other cortexes. These connections were three-dimensionally visualized using the BrainNet Viewer
software (NKLCNL, www.nitrc.org/projects/bnv). For abbreviations of region names, see Table 1.
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Figure 4 The Distribution of regions with significantly altered nodal properties in patients with CAE relative to healthy controls
and the relationship between altered nodal properties and the duration of epilepsy. (A) The group differences in nodal connectivity
strength S;, (B) the nodal clustering coefficient C; and (C) the nodal efficiency E; are presented in three-dimensional rendering
maps. Blue spheres denote the regions with significantly decreased nodal characteristic in CAE patients (p<0.05, FDR corrected).
The relationship between the nodal characteristics and the duration of epilepsy in CAE patients is shown in the scatter plots. The
significantly different regions all show decreased nodal characteristics in CAE patients, and no node shows a positive correlation
with epilepsy (p<0.05, FDR corrected). For abbreviations of region names, see Table 1.

region of the superior frontal gyrus, the left orbital region of
the inferior frontal gyrus, and the right putamen (Fig. 4A). A
decreased clustering coefficient was found in seven regions,
such as the bilateral orbital region of the superior frontal
gyrus, and the left medial orbital region of the supe-
rior frontal gyrus (Fig. 4B). A decreased nodal efficiency
was found in eight regions, such as the bilateral medial
orbital region of the superior frontal gyrus, the left orbital
region of the superior frontal gyrus, and the right thalamus
(Fig. 4C). No increased structural connections were found
in CAE.

Sub-networks Isolated by NBS

NBS is used to isolate the components of an N x N undi-
rected connectivity matrix that differ significantly (p <0.05,
corrected) between two groups The results revealed three
disconnected sub-networks in CAE compared with healthy
controls (Fig. 5). The first component was composed of 4
nodes (the left orbital region of the superior frontal gyrus,
the left orbital region of the middle frontal gyrus, the left
orbital region of the inferior frontal gyrus, and the left rec-
tus gyrus), and 3 connections in the left orbitofrontal cortex

showed a decrease in CAE (p=0.005, corrected). The sec-
ond component was composed of 4 nodes (the left thalamus,
the left putamen, the left hippocampus, and the left lingual
gyrus), and 3 connections showed decreased connectivities
in CAE (p=0.003, corrected). The third component was com-
posed of 5 nodes (the right thalamus, the right hippocampus,
the right putamen, the right precuneus, and the right pal-
lidum), and 3 connections in the right sub-cortical structures
showed decreased connections in CAE (p =0.005, corrected).
All three sub-networks showed decreased mean connectiv-
ity values in the CAE compared to the healthy controls (for
a visualization of these results, see Fig. 5).

Relationships between the altered topological
indices and duration of epilepsy

The relationships between the duration of epilepsy and the
topological indices of WM networks were evaluated. Control-
ling the age and gender effects, two topological indices (Sp
and Ejcat) of WM networks in CAE were significant negative
correlated with the duration of epilepsy (p <0.05, Bonferroni
corrected, Fig. 6). Moreover, the nodal features (S;, C;, and
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Figure 5 The three disconnected components identified in 0.037
CAE patients. (A) The component composed of four orbitofrontal 1' é ;',, ", ,_f-,

nodes (SFGorb.L, MFGorb.L, IFGorb.L and REG.L) and three
decreased connections in CAE patients (p=0.005, corrected).
(B) The component composed of four subcortical nodes (THA.R,
HIP.R, PUT.R PCUN.R and PAL.R) and five decreased connec-
tions in CAE patients (p=0.003, corrected). (C) The component
composed of four subcortical-limbic and association cortex
nodes (THA.L, HIP.L, MTGp.L and LING.L) and three decreased
connections in CAE patients (p=0.005, corrected). All three
sub-networks were decreased in the CAE patients. For abbre-
viations of region names, see Table 1.

E;) in the some orbitofrontal regions were negatively corre-
lated with the duration of epilepsy (p <0.05, FDR corrected,
Fig. 4).

Discussion

To the best of our knowledge, this is the first study devoted
to the identification of WM network alterations in CAE.
Individual networks were created by means of fiber tractog-
raphy, and graph theoretical tools were used to analyze their
features. Compared with healthy controls, three primary
differences were observed in CAE: first, the organization of
the WM network in CAE was significantly disrupted, as indi-
cated by reduced network strengths, clustering coefficients,
and local and global efficiencies and longer characteris-
tic path lengths; second, decreased regional characteristics
and connections were observed in orbitofrontal, limbic,
occipital lobe, and sub-cortical structures; finally, three
impaired sub-networks were found in the orbitofrontal and

Duration (years)

Figure 6 The relationship between the topological proper-
ties (Sp and Eiscal) Of structural connectivity networks and
the duration of epilepsy. Significant negative correlations were
found between both (A) Sp (r=—-0.669, p=0.005) and (B) Eocal
(r=-0.675, p=0.004) and the duration of epilepsy.

sub-cortical structures, which might reflect the altered
structural pathway in the basal ganglia-thalamo cortex that
is implicated in the core circle for the generation and prop-
agation of SWDs in CAE.

Disrupted overall topology of WM networks

Although previous studies have suggested that absence
epilepsy may be a disorder resulting from the abnormal
connectivity of brain functional networks (Crunelli and
Leresche, 2002; Bai et al., 2011), little is known regarding
the underlying anatomic structural substrates responsible
for these functional abnormalities. In the current study, the
WM networks for both groups showed a small-world archi-
tecture, which was consistent with the previous functional
connectivity studies performed examining various types of
epilepsy (Ponten et al., 2007; Shehata and Bateh, 2009; Liao
et al., 2010; Bernhardt et al., 2011; Zhang et al., 2011b).
Several topological properties, however, were significantly
decreased in CAE, including reduced network connectiv-
ity strengths, clustering coefficients, and local and global
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efficiencies, as well as a longer characteristic path length.
The reduced network connectivity strengths and cluster-
ing coefficients were related to the sparse connectivity of
the networks, which might suggest reduced white matter
integrity in CAE. Together with the longer path length and
the reduced local and global efficiencies, these findings not
only demonstrated the sparse connectivity in WM networks
but also indicated the disorganization and reduced effi-
ciency of WM networks in CAE. Crucially, we found that two
topological indices (Sp and Eioca) of WM networks in CAE
were negatively correlated with the duration of epilepsy.
Prolonged exposure to epileptiform discharges might impair
the white matter fibers and induce reduced connectivity
strengths and local efficiencies. These alterations might
provide new insights into understanding the underlying
structural substrates of abnormal functional connectivity in
patients with CAE.

White matter network abnormalities related to
epileptic activity

Even though the current general view is that the brain
structure in CAE is normal, based on conventional MRI stud-
ies, some studies have revealed abnormalities in volume
and diffusion parameters in CAE. In our previous stud-
ies, we not only found decreased volumes in the basal
ganglia and thalamus but also identified an abnormality
in the diffusion parameters of the basal ganglia, thala-
mus, and some cortical regions (Luo et al., 2011b; Yang
et al., 2012). Caplan and her colleagues also found vol-
ume reductions in the orbitofrontal gyrus and temporal
lobe and suggested that disturbances in these regions sup-
ported the cortical focus theory of CAE (Caplan et al.,
2009). In the current DTI study, we found decreased WM
connectivity attributes in the orbitofrontal cortex, includ-
ing decreased nodal strength, clustering coefficient, and
efficiency. The NBS analysis showed also a decreased sub-
network in the orbitofrontal cortex. In a previous EEG study,
the orbitofrontal and medial frontal regions were consid-
ered to be key regions related to the generation of SWDs
(Tucker et al., 2007). Moreover, the frontal lobe showed
earlier BOLD signal changes related to the SWDs during
simultaneous EEG and fMRI recordings (Carney et al., 2012).
Recently, abnormal functional connectivity related to the
orbitofrontal cortex was found in CAE based on resting state
fMRI (Bai et al., 2011). In the present study, the decreased
nodal strength and efficiency observed in the orbitofrontal
cortex might provide additional evidence to support an
orbitofrontal cortex abnormality in CAE. Moreover, the dis-
rupted local properties of some nodes in the orbitofrontal
cortex were gradually associated with increased duration of
epilepsy. We presume that the WM network abnormalities
in the orbitofrontal cortex might be related to the gener-
ation of SWDs in CAE. The sub-network composed of the
orbitofrontal cortex nodes may be considered to be a key
network for epileptic activity in CAE. More functional imag-
ing methods, such as simultaneous EEG and fMRI, should be
utilized to uncover impairments in the orbitofrontal cor-
tex during SWDs in the future to confirm the role of this
sub-network in CAE.

The sub-cortical nuclei were thought to play an important
role in the generation and propagation of SWDs in CAE, espe-
cially the basal ganglia-thalamocortical circuit (Crunelli and
Leresche, 2002). In our previous studies, we found structural
abnormities in the basal ganglia and thalamus (Luo et al.,
2011b) and identified abnormal functional connectivities in
the basal ganglia network in CAE (Luo et al., 2012). The pre-
vious findings were concordant with the suggested impair-
ment of the basal ganglia-thalamocortical circuit based
on structural and functional imaging in CAE. Here, some
decreased structural connections among the sub-cortical
nuclei (e.g., thalamus-pallidum, thalamus-hippocampus,
and putamen-hippocampus) and between the sub-cortical
nuclei and cortical regions (e.g., putamen-precuneus,
thalamus-precuneus, and hippocampus-temporal pole) were
also found in CAE. Abnormal sub-networks were also found
to be related to the sub-cortical nuclei, and some cortical
nodes were also included (left lingual gyrus and right pre-
cuneus). The current results are consistent with previous
studies and might serve as the potential structural founda-
tion for the differences found in functional neuroimaging
studies.

The cortical regions have also been reported to be asso-
ciated with absence epilepsy (Bai et al., 2011; Luo et al.,
2011a). Here, abnormal structural connectivity was also
found in cortical regions. First, some nodes, which were
commonly identified using the DMN in previous studies (Liao
et al., 2011; Qi et al., 2012), were found to have abnormal
nodal properties, such as decreased clustering coefficients
in the angular gyrus and inferior temporal gyrus, reduced
strength in the inferior temporal gyrus, and decreased nodal
efficacy of the angular gyrus. The DMN was identified as
a resting state of brain function (Raichle et al., 2001). In
simultaneous EEG-fMRI studies, a deactivation related to
interictal generalized epileptic discharges was found in the
DMN (Gotman et al., 2005; Li et al., 2009). Moreover, an
abnormal resting state functional connectivity in the DMN
was also observed in absence epilepsy (Bai et al., 2011;
Luo et al., 2011a). The disturbed nodal parameters of the
WM network in these regions were consistent with pre-
vious functional studies (Luo et al., 2012), which might
reflect the anatomic abnormality of the functional findings
in the DMN. Second, the occipital nodes were identified.
The occipital lobe has rarely been mentioned in previous
studies of CAE. Recently, a MEG study revealed occipital
precursor activity with a low frequency of SWDs in CAE
(Gupta et al., 2011). However, the occipital area in CAE
needs to be assessed with a larger data set. Some decreased
structural connections and regions with decreased nodal
parameters were found in the association cortex. One recent
study in temporal and frontal lobe epilepsy found impaired
WM connectivity and network topology, which suggested
that the abnormality might reflect the cognitive disturb-
ance in patients with chronic epilepsy (Vaessen et al., 2012).
Although neuropsychological testing was not performed in
the current study, the cognitive and behavioral deficits asso-
ciated with CAE have been observed in previous studies
(Pavone et al., 2001; Henkin et al., 2005; Vaessen et al.,
2012). In the current study, the impairment in these asso-
ciation cortex nodes might be related to the cognitive
and behavioral deficits in CAE as a result of the structural
defects.
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Limitations and methodological issues

The authors acknowledge several limitations and method-
ological issues regarding the present study. First, the effects
of antiepileptic drugs should be considered. The results
could be affected by a variety of antiepileptic drugs, such
as valproic acid and traditional Chinese medicine, which
can affect normal neuronal function and produce cogni-
tive impairments (Kwan and Brodie, 2001; Ortinski and
Meador, 2004). However, it was not possible to control for
the heterogeneous effects of various anti-epileptic drugs
in our design. Second, the parameters of DTl acquisition
might influence the findings. The number of orientations
(n=15 in the current study) might affect the robustness
to estimate the anisotropy of diffusion (Jones, 2004). The
non-cubic voxel in DTl data was also limitation because
an isotropic resolution may facilitates the fiber tracking
(Basser et al., 2000). These parameters will be optimized in
future studies. Third, a deterministic tractography method
was employed to define the edges of the WM networks.
Although this method has been used in previous studies
(Gong et al., 2009; Lo et al., 2010; Liao et al., 2011),
it is not sufficient to solve the ‘‘fiber crossing’’ problem,
owing to the native limitations of deterministic tractog-
raphy algorithms. To solve the problem, a few advanced
imaging technologies have been proposed, such as diffusion
spectrum imaging (DSI) (Schmahmann et al., 2007; Hagmann
et al., 2008) and high angular resolution diffusion imaging
(HARDI), with a Q-ball reconstruction of multiple fiber ori-
entations (Hess et al., 2006). Furthermore, the probability
tractography method (Behrens et al., 2007; lturria-Medina
et al., 2010) may be helpful to overcome the *‘fiber cross-
ing’’ problem. Fourth, in the current work, AAL atlas is
adopted, which is based of delineation of a single brain
MRI. In the future, we will try more precise automated
labeling technique that allows for inter-subject variabil-
ity, such as the one provided by Heckemann et al. (2006).
Finally, only 18 patients with CAE were recruited in our
current study. A larger sample might allow additional abnor-
malities of structural connectivity to be associated with
CAE.

Conclusions

In the present study, we found alterations in the com-
plex structural brain network organization of patients
with CAE. These results demonstrate the disrupted topo-
logical organization of the structural network for the
first time. The decreased connectivity and efficiency in
the structural network may provide the anatomical evi-
dence to explain the functional abnormalities in CAE.
Moreover, decreased connectivity was identified in three
sub-networks, including orbitofrontal nodes and sub-cortical
nodes. These sub-networks might reflect altered struc-
tural pathways in the basal ganglia-thalamocortex, which
is a core circle for the generation and propagation of
SWDs in CAE. Our results suggest that the sub-network
composed of the orbitofrontal cortex nodes might be
a key network for the epileptic activity observed in
CAE.
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