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Purpose: To study differences in the whole-brain structural connec-
tomes of patients with left temporal lobe epilepsy (TLE) 
and healthy control subjects.

Materials and 
Methods:

This study was approved by the institutional review board, 
and all individuals gave signed informed consent. Sixty-
direction diffusion-tensor imaging and magnetization-
prepared rapid acquisition gradient-echo (MP-RAGE) 
magnetic resonance imaging volumes were analyzed in 24 
patients with left TLE and in 24 healthy control subjects. 
MP-RAGE volumes were segmented into 1015 regions of 
interest (ROIs) spanning the entire brain. Deterministic 
white matter tractography was performed after voxelwise 
tensor calculation. Weighted structural connectivity matri-
ces were generated by using the pairwise density of con-
necting fibers between ROIs. Graph theoretical measures 
of connectivity networks were compared between groups 
by using linear models with permutation testing.

Results: Patients with TLE had 22%–45% reduced (P , .01) dis-
tant connectivity in the medial orbitofrontal cortex, tem-
poral cortex, posterior cingulate cortex, and precuneus, 
compared with that in healthy subjects. However, local 
connectivity, as measured by means of network efficiency, 
was increased by 85%–270% (P , .01) in the medial and 
lateral frontal cortices, insular cortex, posterior cingulate 
cortex, precuneus, and occipital cortex in patients with 
TLE as compared with healthy subjects.

Conclusion: This study suggests that TLE involves altered structural 
connectivity in a network that reaches beyond the tempo-
ral lobe, especially in the default mode network.
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investigated differences in the whole-
brain structural connectomes in patients 
with TLE and healthy control subjects.

Materials and Methods

Subjects
Data were reviewed retrospectively and 
analyzed for 24 patients with left TLE 
(duration of epilepsy ranging from 1 to 
52 years; mean, 17 years) and 24 healthy 
control subjects who were matched for 
age, sex, and handedness and were eval-
uated between April 2007 and Decem-
ber 2012. Patients were included if they 
received a clinical diagnosis of left TLE 
and were referred for advanced neuro-
imaging (including diffusion-tensor im-
aging) as part of presurgical evaluation 
by means of a multidisciplinary consen-
sus conference. In addition to clinical 
and MR imaging evaluations, patients 
received diagnoses on the basis of long-
term video and electroencephalographic, 
or EEG, monitoring (24 of 24 patients), 
positron emission tomography (20 of 24 
patients), magnetoencephalography (14 
of 24 patients), intracranial EEG (14 of 
24 patients), and single-photon emission 

and superior longitudinal and inferior 
longitudinal fasciculi, as well as the cor-
ticospinal tract, fornix, cingulum, and 
anterior thalamic radiation (8,9). Al-
though these studies have led to new 
insights into the pathophysiology of 
TLE, it has become apparent that a 
complementary network approach is 
necessary to study the complex inter-
play of changes in structural connectiv-
ity throughout the brain in TLE.

Connectomics is a new field, fo-
cused on quantifying and formally ana-
lyzing properties of complex large-scale 
connectivity networks created by using 
structural and functional neuroimaging 
techniques (10). In this approach, brain 
regions are represented as nodes of a 
graph with connecting edges, based on 
measures of either functional or struc-
tural connectivity. Graph theory is used 
to quantify and compare properties of 
these networks. For example, although 
the brain has been described as mod-
ular for many decades, only within re-
cent years has the structural modularity 
of brain networks been quantitatively 
described with graph theory (11). An-
other key discovery of these efforts was 
that cortical areas of the DMN act as 
the structural hubs of the human brain 
(11). Although structural networks have 
not been studied extensively in the set-
ting of pathology, altered structural 
connectivity in brain networks may 
represent a biomarker for a variety of 
neuropsychiatric conditions (12,13).

Thus, although TLE has been tradi-
tionally theorized to relate to isolated 
injury of temporal structures, recent 
studies have demonstrated widespread 
cortical atrophy and loss of white mat-
ter integrity involving both temporal and 
extratemporal areas, especially among 
areas of the DMN, leading to the con-
cept of TLE as a network disease. We 

Temporal lobe epilepsy (TLE) is the 
most common type of epilepsy and 
accounts for about half of all cases 

of focal epilepsy. Although classically, 
TLE has been theorized to relate to 
isolated injury of temporal structures, 
such as the hippocampus and amygdala, 
more recent studies have demonstrated 
widespread cortical atrophy, involv-
ing both temporal and extratemporal 
areas, leading to the concept of TLE 
as a “network disease” (1). The default 
mode network (DMN), which was first 
characterized by Raichle et al (2) as the 
set of brain regions activated during 
task-free introspection and deactivated 
during goal-directed behavior, has been 
consistently found to be among the 
extratemporal areas affected by TLE 
in studies of structural and functional 
connectivity, which may explain certain 
cognitive and psychiatric symptoms in 
patients with TLE (3–5). High-reso-
lution structural magnetic resonance 
(MR) imaging has also shown cortical 
thinning in the DMN in patients with 
TLE, which suggests an altered pattern 
of long-range connectivity (6,7).

Diffusion-tensor imaging has been 
used to study white matter microstruc-
ture in TLE in multiple prior studies. 
These studies have been largely focused 
on measures of fractional anisotropy to 
characterize tract integrity. Decreased 
anisotropy has been observed in wide-
spread tracts, including bilateral unci-
nate, arcuate, inferior fronto-occipital, 

Implication for Patient Care

nn TLE involves alterations in struc-
ture beyond the medial temporal 
lobe, especially in the DMN, that 
may provide a noninvasive bio-
marker for diagnosis, prognosis, 
and therapy monitoring in 
patients with TLE.

Advances in Knowledge

nn In patients with left temporal 
lobe epilepsy (TLE) compared 
with control subjects, we 
observed 22%–45% decreases (P 
, .01) in long-range connectivity 
among areas of the default mode 
network (DMN), which has been 
previously identified as the struc-
tural hub of the human brain.

nn We observed widespread 85%–
270% increases (P , .01) in local 
connectivity within and beyond 
the DMN, which we hypothesize 
is caused by loss in white matter 
integrity and chaotic fiber 
directionality.
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Degree: Degree is a nodal property 
defined as the number of connections, 
or nonzero edges, that involve that node.

Efficiency: Global efficiency is the 
average across all nodes of the inverse 
shortest path length (duv)—networks 
with short path lengths are more effi-
cient. Local efficiency (Eu) is computed 
for a node u as the average inverse path 
length (duv) between u and nodes v.

Modularity: We applied the Newman 
spectral algorithm (20) to detect mod-
ules by maximizing within-community 
connectivity while minimizing between-
group connectivity by using the following 
formulas:
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where Q is overall network modularity, 
Auv is the number of edges between nodes 
u and v, m is the total number of edges 
in the network, ku is the degree of u, and 
Su and Sv are group membership vari-
ables for nodes u and v. Within-module 
connectivity was assessed by calculating 
within-module z score of degree for each 
node, while between-module connectivity 
was measured by using the participation 
coefficient:
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where M is the set of all modules identi-
fied and kus is the number of edges from 
u to nodes within module s. To better 
understand the anatomic distribution of 
these modules, we applied the same algo-
rithm to an adjacency matrix computed 
by taking the mean connectivity value for 
each ROI pair across all individuals (both 
healthy subjects and patients with TLE) 
and displayed these modules as color-cod-
ed regions on a cortical surface template 
by using FreeSurfer software (Fig 2).

Statistics
Graph measures were statistically com-
pared across groups by using a linear 

version 5 software (http://surfer.nmr.
mgh.harvard.edu) was used to parcel-
late the cortical surface representations, 
segment gray and white matter (15,16), 
and define 34 cortical regions of interest 
(ROIs) per hemisphere and 15 subcortical 
ROIs by using T1-weighted images with 
the Desikan-Killiany atlas (17). Cortical 
surfaces were further divided into 1000 
ROIs with about a 1.5-cm2 surface area 
that spanned the entire cortex (Fig 1)  
by using Connectome Mapper Lausanne 
2008 parcellation (www.connectomics.
org) for a total of 1015 cortical and sub-
cortical ROIs. The diffusion data were in-
spected visually for motion, and only data 
without visible motion were included for 
analysis. Tensor data were reconstructed 
by using the Diffusion Toolkit (www.
trackvis.org/dtk). A classic deterministic 
streamline fiber-tracking algorithm pro-
vided by the Connectome Mapper (18) 
(angle threshold = 60°) was performed 
on the entire white matter by using 32 
random seed points per voxel (14). 
Fibers shorter than 2 cm and longer than 
50 cm were removed, and all remaining 
fibers were spline-filtered for smoothing.

Network Construction
A weighted structural connectivity adja-
cency matrix was created for each sub-
ject (Fig 1) by considering each ROI as 
a node connected by edges weighted by 
the density of connecting fibers, calcu-
lated as follows:
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where nodes u and v have white matter 
surface areas Su and Sv, respectively, 
and are connected by fibers fe with 
lengths l(f). The use of the factor l(fe) 
to correct for linear bias toward longer 
fibers introduced by tractography has 
been validated to lead to reduced in-
trasubject variability between imaging 
examinations (19).

Network Analysis with Graph Theory
Global and nodal network properties 
were calculated by using the Brain Con-
nectivity Toolbox (https://sites.google.
com/site/bctnet/):

computed tomography (three of 24 pa-
tients). Among those that later under-
went left anterior temporal lobectomy, 
pathologic substrates were determined 
to be mesial temporal sclerosis in eight 
patients and gliosis in three. Two pa-
tients had structural brain lesions (with 
the exception of mesial temporal scle-
rosis in 12 patients), and four patients 
had undergone prior neurosurgery and 
were excluded from the study. Healthy 
control subjects were recruited from the 
community. This study was approved by 
our institutional review board, and all in-
dividuals gave signed informed consent.

All study subjects were assessed 
clinically by an epileptologist (N.T., 
with 11 years of experience), who was 
unaware of imaging results at the time 
of assessment.

MR Imaging Acquisition
MR imaging was performed with a 3-T 
Tim Trio system (Siemens, Erlangen, 
Germany) with a vendor-produced 
32-channel head coil. High-resolution 
T1-weighted magnetization-prepared 
rapid acquisition gradient-echo (MP- 
RAGE) sequences were performed with 
a repetition time (msec)/echo time 
(msec) of 2530/1.74 and a flip angle of 
70°, resulting in a matrix of 256 3 256 
3 176 isotropic 1-mm voxels. Single-shot 
echo-planar diffusion-weighted images 
were acquired with 8080/83 and flip an-
gle of 90°, resulting in matrices of 128 3 
128 3 64 isotropic 1.85-mm voxels. Ten 
b0 volumes and 60 directional gradients 
at b = 700 sec/mm2 were acquired.

All MR images were evaluated by a 
neuroradiologist (S.M.S., with 15 years 
of experience).

Segmentation, Parcellation, and 
Tractography
The details of the methods used are 
described in Hagmann et al (11) and 
Dadduci et al (14) and will be described 
briefly here. The MP-RAGE volumes were 
registered to the b0 volumes by using a 
rigid body alignment with the FLIRT tool 
(the FMRIB [Functional Magnetic Reso-
nance Imaging of the Brain] Linear Image 
Registration Tool) from the FSL (FMRIB 
Software Library) Toolbox (University of 
Oxford, Oxford, England). FreeSurfer 
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whom were right handed) and healthy 
subject group (age range, 19–55 years 
[mean age, 25 years 6 9]; nine men 
[age range, 19–50 years; mean age, 
24 years] and 15 women [age range, 
20–55 years; mean age, 26 years], 24 
of whom were right handed) demon-
strated that there was no significant dif-
ference in mean age (t = 1.90, P . .05), 
sex (P . .99), or handedness (P . .23) 
distribution between patients with TLE 
and healthy subjects in this study.

Modularity
Overall network modularity was not 
significant (P . .05) between groups. 
Modularity analysis of the across-sub-
jects mean adjacency matrix yielded 
seven large, approximately symmetrical 
modules: (a) left frontal, (b) right fron-
tal, (c) left parietal, (d) right parietal, 
(e) left temporo-occipital, and (f) right 
temporo-occipital modules, as well as 
(g) a single medial frontoparietal mod-
ule that included the bilateral superior 

linear model as predictors. The hypo-
thesis that the mean age was different 
between groups was tested by using a 
two-sample t test. We tested the nor-
mality of each age distribution with a 
one-sample Kolmogorov-Smirnov test. 
We tested the hypothesis that sex and 
handedness were different between 
groups by using the Fisher exact test. 
All statistical analyses were performed 
with MATLAB R2012b (Mathworks, 
Natick, Mass).

Results

Participant Characteristics
Statistical comparison of groupwise dif-
ferences in participant characteristics 
between the TLE group (age range, 
12–65 years [mean age 6 standard 
deviation, 33 years 6 16.5]; 10 men 
[age range, 12–59 years; mean age, 32 
years] and 14 women [age range, 14–
65 years; mean age, 33 years], 21 of 

model, with age and sex included as 
nuisance variables. In each model, the 
graph measure was the response vari-
able, while the fixed effects of age, sex, 
and group (TLE or control group) were 
measured as predictors. The hypothesis 
that each graph measure satisfied a 
Gaussian distribution was tested by us-
ing a one-sample Kolmogorov-Smirnov 
test. To correct for multiple compari-
sons, an empirical estimate of the null 
distribution was calculated for each 
network property studied by randomly 
permuting individuals between groups 
and recording the number of supra-
threshold (P , .05) ROIs across 10 000 
iterations. We then used these empiri-
cal null distributions to calculate a cor-
rected P value for the effect of group 
(TLE or control group) at each ROI 
and thresholded the final results at P 
, .01. In separate analyses, the effects 
of presence of mesial temporal sclerosis 
(as a binary variable), as well as dura-
tion of epilepsy, were each added to the 

Figure 1

Figure 1:  Flowchart illustrates the steps of the connectivity analysis. MP-RAGE volumes are segmented into 83 ROIs, which are 
further parcellated into 1000 cortical and 15 subcortical ROIs. Whole-brain white matter tractography is performed after voxelwise 
tensor calculation, and the density of fibers that connect each pair of cortical ROIs is used to calculate structural connectivity.
T1w = T1-weighted.
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altered pattern of long-range connectiv-
ity may underlie the pathophysiology of 
epileptiform activity propagation that 
may reinforce an altered TLE network. 
Changes in structural connectivity may 
also be related to distant effects, such 
as cortical thinning in the DMN (6,7).

In addition to decreased structural 
connectivity in DMN areas, we also 
observed widespread increases in local 
and global connectivity (efficiency) in 
and beyond the DMN in the cerebral 
cortices of patients with TLE. This 
suggests that the pathways of neural 
activity are more efficient (or con-
nected) than those in healthy popula-
tions, which may allow epileptiform dis-
charges to propagate. Given the finding 
of decreased long-range DMN connec-
tivity, this increased local connectivity 
may appear paradoxical initially.

These current findings, however, 
might be reconciled by considering 
the relative scales of each connectivity 
measure used in this study. Local effi-
ciency, which primarily measures the 
connectivity in the immediate vicinity of 

associated (P . .05) with differences in 
graph properties among patients with 
TLE.

Discussion

With diffusion MR imaging, we found 
alterations in the structural connec-
tivity of distributed cortical regions in 
patients with TLE. Our principal find-
ing was that structural connectivity was 
decreased throughout the DMN, as 
measured with both within-module and 
between-module connectivity. This sug-
gests that the DMN may have a reduced 
role as the structural hub of brain con-
nectivity in patients with TLE. This 
result is supported by prior functional 
MR imaging studies that have shown 
decreased functional connectivity in 
DMN areas in TLE (4,5).

Our finding of disrupted hub con-
nectivity among DMN areas is also 
supported by a prior study in which 
diffusion-tensor imaging was used to 
show decreased fractional anisotropy 
along the cingulum tract (3). This 

frontal gyri, posterior cingulate corti-
ces, and precunei, with a few connec-
tions to bilateral medial and lateral 
temporal areas (Fig 2).

Structural Connectivity
Both within- and between-module con-
nectivity were decreased (P , .01) in 
the medial orbitofrontal cortex, precu-
neus, and posterior cingulate cortex in 
the setting of TLE (Fig 3). Decreased 
(P , .01) between-module connectiv-
ity was also observed in bilateral lat-
eral frontal, inferior parietal, medial 
orbitofrontal, and temporal cortices 
in patients with TLE. Global network 
efficiency was increased in the setting 
of TLE (P , .001). Local efficiency was 
increased (P , .01) in bilateral precu-
neus and posterior cingulate cortices, 
as well as in lateral frontal, temporal, 
insular, and occipital cortices in the set-
ting of TLE (Fig 3). The ROIs with sig-
nificant changes in network properties 
are shown in Tables E1–E3 (online). 
Neither presence of mesial temporal 
sclerosis nor duration of epilepsy was 

Figure 2

Figure 2:  Surface representation shows the gray–white matter junction of the seven modules that emerge by 
using the Newman spectral algorithm on an across-subject (both healthy subjects and patients with TLE) average 
connectivity matrix.
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(3). Although the precise relationship 
between structural and functional con-
nectivity is unclear, overall, our results 
are convergent with those of prior func-
tional connectivity studies. For example, 
in prior functional MR imaging studies 
in TLE (3,4), decreased functional con-
nectivity was observed between the 
medial orbitofrontal cortex and the 
posterior cingulate cortex, which we 
hypothesize relates to disrupted con-
nectivity via the cingulum tract.

Bonilha et al (25) used a graph the-
oretical approach to study structural 
connectivity networks in TLE. Specifi-
cally, they used probabilistic tractogra-
phy with diffusion-tensor imaging data 

by Vollmar et al (21) may reconcile this. 
They suggest that a loss of microstruc-
tural white matter integrity may lead 
to a dispersion of fiber directionality, 
reducing fractional anisotropy and long-
range connectivity, which in turn leads 
to aberrant local network reorganiza-
tion (21).

This structural connectivity investi-
gation enhances the understanding of 
how functional connectivity is altered in 
TLE. Investigators in prior studies have 
used connectomics to study functional 
networks in TLE by using a variety of 
modalities, including electroenceph-
alography (22), electrocorticography 
(23,24), and functional MR imaging 

an ROI, was increased both within and 
beyond the DMN, suggesting increased 
local interconnectedness. Within- and 
between-module connectivity is used to 
measure intermediate length and dis-
tant connections, respectively, and was 
decreased primarily in the DMN. We 
hypothesize that an increase in local 
structural connectivity may represent 
a compensatory, perhaps maladaptive, 
mechanism by which overall neural con-
nectivity is maintained despite the loss 
of connections through important hub 
areas and explain the apparent contra-
diction between increased local con-
nectivity and reduced long-range DMN 
connectivity. A mechanism suggested 

Figure 3

Figure 3:  Inflated cortical surface representations show the significant (P , .01) differences in graph theoretical 
measures across 1015 ROIs between the group of patients with TLE and healthy subjects. Warm colors (red, orange, 
and yellow) indicate increases in TLE, while cool colors (blue) indicate decreases. Within-module connectivity is within-
module z score of degree, and between-module connectivity is participation coefficient. Light gray areas represent gyri, 
and dark gray areas represent sulci. Lat = lateral, Med = medial.
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sets and solely focused on 20 cortical 
and subcortical brain regions primarily 
within the limbic system. They found re-
duced fiber density and increased local 
connectivity among these regions, which 
is concordant with findings in our study, 
but they did not include most of the ce-
rebral cortex, including the DMN.

There are several limitations to 
the present study that merit further 
investigation. First, we recognize that 
the retrospective and cross-sectional 
design of this study limits our ability 
to determine cause-and-effect relation-
ships between our observations and 
the clinical conditions we are describ-
ing. Second, we acknowledge that we 
cannot rule out a confounding effect 
of antiepileptic medications that may 
change diffusion properties. Given that 
some of the global measures of con-
nectivity are unaffected in our popula-
tion, we doubt this is a major factor, 
but we suggest conducting a prospec-
tive study that uses a generalized ep-
ilepsy population as a control group 
for more definitive study. Further, al-
though there were no significant dif-
ferences in participant characteristics, 
the age distributions of our two groups 
could be matched more closely. We 
also acknowledge that all patients in 
this study had left TLE, were referred 
from tertiary care centers, and were 
being evaluated for epilepsy surgery 
and therefore may not be representa-
tive of a more general TLE population. 
In addition, newer diffusion-weighted 
schemes (eg, Q-ball and diffusion spec-
trum imaging) may lead to more accu-
rate tractography results, especially in 
areas with fiber crossings.
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