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Abstract—Mesial temporal lobe epilepsy (mTLE) is the most

common drug-refractory focal epilepsy in adults. Although

previous functional and morphological studies have

revealed abnormalities in the brain networks of mTLE, the

topological organization of the brain white matter (WM) net-

works in mTLE patients is still ambiguous. In this study, we

constructed brain WM networks for 14 left mTLE patients

and 22 age- and gender-matched normal controls using dif-

fusion tensor tractography and estimated the alterations of

network properties in the mTLE brain networks using graph

theoretical analysis. We found that networks for both the

mTLE patients and the controls exhibited prominent small-

world properties, suggesting a balanced topology of inte-

gration and segregation. However, the brain WM networks

of mTLE patients showed a significant increased character-

istic path length but significant decreased global efficiency,

which indicate a disruption in the organization of the brain

WM networks in mTLE patients. Moreover, we found signif-

icant between-group differences in the nodal properties in

several brain regions, such as the left superior temporal

gyrus, left hippocampus, the right occipital and right tempo-

ral cortices. The robustness analysis showed that the

results were likely to be consistent for the networks con-

structed with different definitions of node and edge weight.

Taken together, our findings may suggest an adverse effect

of epileptic seizures on the organization of large-scale brain

WM networks in mTLE patients. � 2014 IBRO. Published by

Elsevier Ltd. All rights reserved.
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INTRODUCTION

Mesial temporal lobe epilepsy (mTLE) is the most

common form of human medically intractable epilepsy,

characterized by the epileptogenic focus and

neuropathological changes in the mesial temporal

regions (Engel, 2001). Most mTLE cases are associated

with mesial temporal sclerosis (MTS), the usually patho-

logic substrate of which is hippocampal sclerosis (HS).

Abundant neuroimaging studies have found that brain

structural abnormalities can spread through neural net-

works to other regions such as the frontocentral, occipital,

and parietal areas (Bernhardt et al., 2008, 2009, 2010;

Keller and Roberts, 2008). Functional magnetic reso-

nance imaging (MRI) studies also found abnormal activa-

tions in widespread regions in the temporal, parietal and

occipital cortices in TLE (Waites et al., 2006; Voets

et al., 2009; Alessio et al., 2013).

Advances in the development and application of

diffusion tensor imaging (DTI) have allowed for

investigating the organization of human brain white

matter (WM) (Hagmann et al., 2008; Iturria-Medina

et al., 2008; Gong et al., 2009a). Numerous DTI studies

of TLE have reported brain WM abnormalities in TLE

according to DTI analysis, such as the external capsule,

corpus callosum (Meng et al., 2010), fornix, cingulum

(Concha et al., 2009), uncinate fasciculus, arcuate fascic-

ulus (Lin et al., 2008), and inferior fronto-occipital fascicu-

lus (McDonald et al., 2008a).

Even though the widespread WM damage in TLE

suggests disrupted structural integrity derived from a

systemic disorder, few studies have investigated the

disrupted WM organizations in TLE patients from a

system level. Graph theoretical analysis offers a formal

framework that can be used to quantify topological and

organizational brain properties of complex networks

(Bullmore and Sporns, 2009; Guye et al., 2010). Different

topological parameters can be used to describe different

aspects of the brain networks, such as the global
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efficiency describing the brain functional integration and

the local efficiency indicating the functional segregation

among the nodes of brain networks (for detailed informa-

tion of network measures, see Table 2). Recently, graph

theoretical analyses of brain WM networks have also

been applied to diverse psychiatric and neurological dis-

eases, such as Alzheimer’s disease (Lo et al., 2010),

schizophrenia (Zalesky et al., 2011), multiple sclerosis

(Shu et al., 2011), mild cognitive impairment (Bai et al.,

2012), and chronic epilepsy (Vaessen et al., 2012). As

to the application of graph theory to mTLE patients, Liu

et al. constructed brain WM networks based on 78 brain

cortical regions and observed obvious small-world

properties in the left mTLE patients (Liu et al., 2014). A

graph-theoretical analysis of MRI-based cortical thickness

correlations reported that networks in patients with left

and right TLE were characterized by a small-world

topology (Bernhardt et al., 2011). Using resting-state

fMRI, Liao et al. also found small-world attributes in TLE

patients with bilateral MTS (Liao et al., 2010).

Our aim was to study the large-scale brain WM

networks in mTLE patients using graph theoretical

analysis. Following up on previous studies suggesting

extensive brain network alterations in mTLE patients

(Bernhardt et al., 2010; Alessio et al., 2013), we

attempted to detect the disrupted topological organization

and altered nodal properties in the whole-brain WM net-

works in mTLE patients.

EXPERIMENTAL PROCEDURES

Subjects

According to a comprehensive clinical evaluation

including a careful interview, neurological examination,

neuropsychological assessment, and neurophysiological

monitoring, we recruited 22 TLE from the Guangdong

999 Brain Hospital. In order to avoid confounding

factors from brain lesions, we set the exclusion criteria

as: (1) MRI finding of intracranial space-occupying

lesions (such as tumors, parasites, or vascular

malformations), WM degeneration or other lesions; and

(2) mismatch between the electroencephalogram

(EEG) localization and the clinical evidence. Thus, we

excluded eight patients and identified 14 patients as

the left mTLE (four females; median age = 24 years

old). All of these mTLE patients satisfied the following

criteria: (1) MRI manifestation of left-sided HS;

(2) standard EEG and video-EEG evaluations that

clearly indicated interictal discharges in the left

temporal lobe. We acquired both DTI and resting-state

fMRI datasets from TLE patients in the same session.

All patients had discontinued anti-epilepsy medication

for about 24 h prior to the scans, and no seizure

occurred during this period. Before the study, patients

were on AED (anti-epileptic drugs) treatment, including

levetiracetam, lamotrigine, topamax, carbamazepine,

valproate, either in monotherapy or multitherapy.

We also recruited 22 healthy subjects (nine females;

median age = 24.5 years) as the controls (age: t-test,

p= 0.74; gender: v2-test, p= 0.50). None of them

had any history of brain injury or cognitive problems.

Both the left mTLE patients and the controls were

right-handed and had normal or corrected-to-normal

vision. Protocols of this study were approved by the

Institutional Review Board of the Guangdong 999

Brain Hospital in Guangzhou. Written informed

consent was obtained from all subjects prior to the

MRI scanning.

Table 1. Cortical and subcortical regions of interest defined in this study using the automated anatomical labeling (AAL) atlas. These brain regions were

originally described by Tzourio-Mazoyer et al. (2002). Abbreviations are listed according to Salvador et al. (2005) and Achard and Bullmore, 2007. Each

of the left and right hemispheres contains 45 regions, respectively

Index Regions Abbr. Index Regions Abbr.

1 Precentral gyrus PreCG 24 Lingual gyrus LING

2 Superior frontal gyrus, dorsolateral SFGdor 25 Superior occipital gyrus SOG

3 Superior frontal gyrus, orbital part ORBsup 26 Middle occipital gyrus MOG

4 Middle frontal gyrus MFG 27 Inferior occipital gyrus IOG

5 Middle frontal gyrus, orbital part ORBmid 28 Fusiform gyrus FFG

6 Inferior frontal gyrus, opercular part IFGoperc 29 Postcentral gyrus PoCG

7 Inferior frontal gyrus, triangular part IFGtriang 30 Superior parietal gyrus SPG

8 Inferior frontal gyrus, orbital part ORBinf 31 Inferior parietal, but supra- marginal and angular gyri IPL

9 Rolandic operculum ROL 32 Supramarginal gyrus SMG

10 Supplementary motor area SMA 33 Angular gyrus ANG

11 Olfactory cortex OLF 34 Precuneus PCUN

12 Superior frontal gyrus, medial SFGmed 35 Paracentral lobule PCL

13 Superior frontal gyrus, medial orbital ORBsupmed 36 Caudate nucleus CAU

14 Gyrus rectus REC 37 Lenticular nucleus, putamen PUT

15 Insula INS 38 Lenticular nucleus, pallidum PAL

16 Anterior cingulate and paracingulate gyri ACG 39 Thalamus THA

17 Median cingulate and paracingulate gyri DCG 40 Heschl gyrus HES

18 Posterior cingulate gyrus PCG 41 Superior temporal gyrus STG

19 Hippocampus HIP 42 Temporal pole: superior temporal gyrus TPOsup

20 Parahippocampal gyrus PHG 43 Middle temporal gyrus MTG

21 Amygdala AMYG 44 Temporal pole: middle temporal gyrus TPOmid

22 Calcarine fissure and surrounding cortex CAL 45 Inferior temporal gyrus ITG

23 Cuneus CUN
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