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Abstract

Temporal lobe epilepsy (TLE) often is associated with progressive changes to seizures, memory,
and mood during its clinical course. However, the cerebral changes related to this progression are
not well understood. Because the changes may be related to changes in brain networks, we used
functional connectivity MRI (fcMRI) to determine whether brain network parameters relate to the
duration of TLE. Graph theory based analysis of the sites of reported regions of TLE abnormality,
was performed on resting state fMRI data in 48 subjects: 24 controls, 13 patients with left TLE,
and 11 patients with right TLE. Various network parameters were analyzed including betweenness
centrality (BC), clustering coefficient (CC), path length (PL), small-world index (SWI1), global
efficiency (GE), connectivity strength (CS), and connectivity diversity (CD). These were
compared for TLE as a group, compared to controls, and for left and right TLE separately.
Association of changes in network parameters with epilepsy duration was also evaluated. We
found that CC, CS and CD were decreased in TLE, compared to control subjects. Analyzed
according to epilepsy duration, TLE showed a progressive reduction in CD. In conclusion, we
found that several network parameters were decreased in TLE compared to controls, which
suggested reduced connectivity in TLE. Reduction in CD associated with epilepsy duration
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suggests a homogenization of connections over time in TLE, indicating a reduction of the normal
repertoire of stronger and weaker connections to other brain regions.
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1. Introduction

Although temporal lobe epilepsy (TLE) may be effectively treated by a focal temporal lobe
resection, it has been found to have widespread extratemporal involvement in both the ictal
and interictal states [1]. This suggests a more widespread network abnormality present
across brain regions, which has been identified as extra-temporal structural and functional
abnormalities using MRI [2], EEG [3], neuropsychology testing [4], functional MRI (fMRI)
[5], diffusion tensor imaging (DTI) [6], single photon emission computed tomography
(SPECT) and positron emission tomography (PET) studies [7]. The extension of disease
outside the epileptogenic zone may be contributory to the incomplete control of seizures in
up to 30% of the patients who undergo surgical treatment of TLE [8] as well as the cognitive
and neurobehavioral changes in TLE [9].

Functional connectivity MRI (fcMRI) has identified network level abnormalities in TLE in
the interictal state through various techniques of studying brain networks collectively called
“connectomics” [10-13]. Unlike techniques based on pair-wise comparisons such as seed-
based methods and independent component analysis, graph theory takes into account the full
brain network structure by providing a model represented by a collection of nodes and edges
and deriving specific network topological properties. This enables the study of individual
nodes as well as the network as a whole [14]. The different connectivity techniques examine
different aspects of network structure and have their own particular strengths and
limitations. Early encouraging findings suggest that topologic measures by graph theory
analysis may improve clinical interpretability [15]. As would be expected, TLE has shown
several network changes that help explain the underlying pathophysiology, and has been
shown to have a clinical utility [16]. Progressive changes in the brain network of TLE have
been previously shown using graph analysis of structural MRI, DTI, and EEG [17-19], but
have not been explored using fMRI connectivity.

In this study we used graph theoretic analysis of fcMRI data in patients with TLE and
healthy controls to (1) detect abnormal network parameters in TLE compared to healthy
controls, (2) evaluate whether these changes are correlated with duration of TLE, and (3)
evaluate whether such network changes differ with the lateralization of TLE.

2. Materials and Methods

2.1.Subjects

The study population of 48 subjects included 13 with left TLE, 11 with right TLE, and 24
controls (Table 1). Written informed consent was obtained prior to scanning from all
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subjects in accordance with guidelines of the University of California, Los Angeles (UCLA)
Institutional Review Board. Control subjects had normal structural MRIs and none had a
history of neurologic illness or were taking a neurologic medication. Epilepsy subjects were
recruited from the UCLA Seizure Disorder Center following comprehensive diagnostic
testing and subsequent anterior-mesial temporal lobe resective epilepsy surgery. The
diagnostic evaluation for all subjects included video-EEG monitoring, high resolution MRI,
FDG-PET scanning, neuropsychological testing, and post-operative examination of the
resected tissue.

2.2.Imaging and Functional Connectivity

fMRI was performed after the comprehensive epilepsy surgery evaluation and prior to
epilepsy surgery. Patients remained on their regular medications during the fMRI. None of
the patients had a seizure in the 24 hours preceding the imaging. Participants were instructed
to relax with eyes closed during imaging. No auditory stimulus was present except for the
acoustic noise from imaging. None of the patients had seizures during the study as
confirmed by the simultaneous EEG obtained during fMRI. The EEG results were not
included in the data analysis other than to exclude seizures. Details of the simultaneous EEG
methods have been described previously [20]. Neuroimaging and fMRI pre-preprocessing
steps are similar to that described by us previously [5]. Imaging was performed with a 3T
MRI system (Siemens Trio, Erlangen, Germany). Functional imaging was performed with
the following parameters: TR=2000 ms, TE=30 ms, FOV=210 mm, matrix= 64 x 64, slice
thickness 4 mm, 34 slices. High-resolution structural images were obtained during the same
imaging study with the parameters: TR=20 ms, TE=3 ms, FOV = 256 mm, matrix = 256 x
256, slice thickness 1 mm, 160 slices. The images were acquired in the axial plane using a
spoiled gradient recalled (SPGR) sequence for the anatomical images and an echo planar
imaging (EPI) sequence for the functional images. The imaging sessions included multiple
simultaneous EEG and fMRI recordings, each lasting 5 to 15 minutes. For resting state
fMRI analysis, 20 minutes of BOLD fMRI data was used for each subject. Average head
movement for the subject groups were as follows: healthy controls 0.24 mm, left TLE 0.25
mm, and right TLE 0.34 mm. Excessive head movement was corrected using “motion
scrubbing” [21]. Tissue-type segmentation was performed on each participant's structural
image using FAST (FMRIB's Automated Segmentation Tool) [22], before being aligned to
their respective BOLD images. White matter signal and cerebrospinal fluid signals were
obtained using the segmented masks. The following were included as temporal covariates
and regressed out using linear regression: 6 motion parameters, white matter signal,
cerebrospinal fluid signal, and their associated derivatives. The residuals were then filtered
through a low pass filter (<0.1 Hz).

The subsequent analysis pipeline is graphically summarized in Figure 1 and is detailed
below. After registration to the MNI template image, functional connectivity was estimated
between ten pairs of bilateral regions of interest of reported abnormality in TLE. These
regions were chosen based on a priori knowledge, as these regions have consistently
demonstrated both structural and functional changes in TLE, and included the anterior
cingulate gyrus, caudate, fusiform gyrus, hippocampus, inferior orbitofrontal gyrus, insula,
parahippocampus, posterior cingulate gyrus, superior temporal gyrus, and thalamus [23, 24].
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The regions analyzed include regions identified consistently as having atrophy in patients
with TLE [23] across different studies, and those that could be analyzed using the automated
anatomic labeling (AAL) atlas. In choosing these regions, we also follow the example of
prior graph theoretic literature in TLE [25]. Regions of interest were first mapped to BOLD
space using the AAL atlas. For each region, the residual time series over all voxels were
averaged to obtain a representative residual time series. Functional connectivity was
estimated through the Pearson correlation coefficient between residual time series for all
node pairs.

2.3.Graph Theory Analyse

Figure 1 outlines the details of graph theory analysis, and our approach in this study.
Including only non-negative correlations, correlation matrices were thresholded across a
series of biologically plausible connection densities to create a range of potential binary
undirected graphs of the brain's functional network [15]. Negative correlations comprised
36.0% (LTLE), 40.6% (RTLE), and 37.6% (HC) of the correlation matrices (x2=1.80, df=2,
p=0.41). Because brain topology is clearest in low-cost networks with connection densities
less than about 0.5 [15], the network was binarized across a range of thresholds from 0 to
0.5, in increments of 0.01. Next, graph theory metrics were calculated for each binarized
graph using the brain connectivity toolbox [26] and averaged across the nonrandom
connection density range calculated as the subset of biologically plausible connection
densities yielded fully connected, small-world graphs. We estimated this range as the range
of connection densities such that (1) 295% of nodes were connected (i.e. degree>1 for >95%
of nodes) and (2) small-world index (SWI) > 1 [15, 27, 28]. These criteria ensured the
exclusion of fragmented graphs, in order for information to percolate freely through
networks, as well as the exclusion of graphs which did not possess small-world topology,
based on small-worldness as a property of human brain networks [15]. This resulted in a
non-random connection density range of 0.39- 0.50. Comparison of groups across this range
allowed the comparison of network properties between patient subgroups and controls to
reflect differences in connectome organization, rather than differences in absolute
connectivity.

2.4.Graph Theory Metric

Using the above, the following graph theory metrics were calculated:

2.4.1. Normalized clustering coefficient (CC)—the ratio between the number of
existing connections for a node to the number of possible connections between its
immediately adjacent nodes. The CC of a network is the average of the CC of all nodes.

2.4.2. Normalized characteristic path length (PL)—the mean of the shortest path
lengths between all pairs of nodes. Lower values indicate a higher level of network
communication efficiency.

2.4.3. Small-world index (SWI)—the ratio of CC/PL. Small-world networks typically
have SWI >1 [29].
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2.4.4. Global efficiency (GE)—the average nodal efficiency across all nodes within the
whole network that we tested. Nodal efficiency is the mean of the inverse shortest path
length from a given node to all other nodes. Higher GE indicates higher efficiency in inter-
regional communication.

2.4.5. Betweenness centrality (BC)—the fraction of all shortest paths in the network
that contain the given node, as determined for each region. The average BC of the network
was calculated as the average BC over all nodes in the network.

Further details on calculation of 2.4.1-2.4.5 are provided in Supplementary Methods.

2.5.Functional Connectivity Metrics

Weighted measures of the raw functional connectivity values included connectivity strength
(CS) and connectivity diversity (CD). Connectivity strength was calculated as the mean of all
pairwise correlations and provides an estimate of how strongly a node is connected to the
rest of the brain on average. Regional connectivity diversity is the variance of the
correlations between one region and all other regions and represents a measure of variability
in inter-regional connections. Global () connectivity diversity is the mean regional
connectivity diversity across all regions in the analysis. Further details on calculation of CS
and CD are provided in Supplementary Methods.

2.6.Differences between TLE and controls

Differences between TLE subgroups (combined, as well as individually for right and left
TLE) and controls for the different measures were assessed using FDR-corrected
permutation testing with 1000 resamples at the a=0.05 level of significance [30].
Observations were excluded as outliers if located outside 1.5 times the interquartile range
above/below the upper/lower quartiles [31].

2.7.Correlation with duration

Epilepsy duration was determined from the year when the first habitual seizure occurred to
the time of fMRI. Influential observations with a Cook's distance of >1 and outlying
observations with values of graph theory metrics outside 1.5 times the interquartile range
above/below the upper/lower quartiles were removed [31, 32]. In order to adjust the
estimates of correlation between epilepsy duration and topology measures for the possible
influence of age as a confounding variable, the change-in-estimate (CE) criterion was used,
with covariates considered to be confounders if the Pearson correlation changed by more
than 10% when the covariate was added to the model. The CE criterion is less influenced by
sample size than use of significance testing criteria for confounder identification [33]. For
correlation estimates that demonstrated significant association with age, the partial Pearson
correlation coefficient was used to control for age while evaluating the relationship between
graph theory measures and epilepsy duration. For all other measures, Pearson's correlation
coefficient was used. All tests were performed at the FDR-corrected a=0.05 level of
significance [30]. Epilepsy duration for control subjects was set to zero.
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3. Results

Demographics of healthy controls and patients with left and right TLE are provided in
Tables 1 and 2. The control group was entirely right-handed. Although the TLE patient
group had four left-handed subjects, only one of them was found during an intra-carotid
amobarbital procedure to have right hemisphere dominance for language. Therefore, the
groups were similar with respect to hemispheric dominance. The TLE and control groups
had similar ages.

3.1.Group-wise comparison of TLE with controls (Figure 2A-C, Table 3, and supplementary
Table 1)

Comparison of connectivity metrics showed decreased clustering coefficient, connectivity
strength, and connectivity diversity in combined right and left TLE groups compared to the
control group. The left TLE subgroup showed decreased clustering coefficient, connectivity
diversity, and betweenness centrality compared to controls, while the right TLE patients
showed a decrease in clustering coefficient alone.

3.2.Correlation of change in network parameters with epilepsy duration (Figure 2D-F)

Evaluation of global metrics correlated with disease duration showed a decrease in
connectivity diversity with longer epilepsy duration in combined right and left TLE groups.
This decrease in connectivity diversity also was present for the left TLE group, while a
decrease in connectivity strength correlated with epilepsy duration for the right TLE group.

4. Discussion

Using fcMRI and graph theoretic methods, we identified several network parameter
abnormalities within the sites of known TLE abnormality. We also identified a correlation
between epilepsy duration and connectivity. Specifically, we found a decrease in clustering
coefficient, connectivity strength, and connectivity diversity in TLE, compared to healthy
controls. Left TLE showed similar changes, with additional decrease in whole-network
betweenness centrality. Meanwhile, the only change in right TLE, compared to controls, was
a marginally significant reduction in clustering coefficient.

Clustering coefficient is a measure of local connectivity and has been reported in TLE to be
both increased as well as decreased [34]. We identified a decrease in clustering coefficient in
TLE compared to healthy controls, suggesting a decrease in local connectivity for this study
population within the network examined. Notably, studies in TLE have shown variability in
clustering coefficient, which should therefore be interpreted with caution. Several factors
may explain why clustering coefficient in TLE varies between different studies, including
differences in age, pathology, diagnostic/evaluation criteria, medications, and analytic
methods [34]; however, the potentially most important factor in such variability is the use of
global (whole brain) functional connectivity analysis in many of the reported studies. Whole
brain analyses have been found to produce more variable results than analyses of structurally
connected regions [35]. For this reason, we have confined our analysis to the sites of known
abnormality in TLE. Reduced clustering coefficient suggests reduced “cliquishness”, or
interconnectivity between neighboring nodes, for the nodes of the network we examined in
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TLE [34]. This may be the result of pathology and/or abnormal signals altering the
connectivity between the various limbic regions in TLE.

Connectivity strength provides an estimate of how strongly nodes are connected to others
within the network being investigated. Our finding of reduced CS in TLE suggests reduced
functional connectivity between nodes within the regions we examined. The hippocampus is
a key component of the limbic network and was identified as dysfunctional in epilepsy,
which may produce a loss of connections to other regions of the network. Previous fcMRI
studies have shown a similar loss of CS in TLE and this was found to be primarily due to
loss of ipsilateral hippocampal and parahippocampal connectivity [36]. The limbic system
and default mode network (DMN) have anatomic overlap, and previous work by us and
others have shown reduced DMN connectivity in TLE [10, 12]. Although a reduced CS was
not seen in right TLE, there was evidence of a progressive reduction in CS over time. This
suggests that similar changes occur in right TLE, but which was less marked than in left
TLE. Reduced connectivity strength is also an indication of reduced overall connectivity in
TLE.

Connectivity diversity is the variance of the correlations between the nodes of the network
and represents variability in inter-regional connections. The finding of reduced CD suggests
a homogenization of the normal diversity of connections between the nodes of the network
we examined. This could presumably be from weakening of the stronger connections, or
strengthening of weaker connections. Although our analysis was not able to make this
distinction, our finding of reduced CS suggests that this is likely from a weakening of
stronger connections. CD has previously not been investigated in TLE, but has been found
to increase with aging [37] and in schizophrenia [27]. A different method of assessing
homogeneity in functional connectivity, regional homogeneity analysis, has previously
shown increased homogeneity in the posterior cingulate and medial temporal regions in
patients with pediatric TLE [38]. Similarly, higher regional homogeneity within the
thalamus has been shown in generalized epilepsy [39]. We were able to see a progressive
decline in CD correlated to duration of disease in left TLE, and in all patients with TLE.
TLE is a progressive disease and progression of mesial temporal structural changes is
correlated with seizure burden [40]. The network structure in TLE appears to also undergo
progression and reorganization over time [41]. Prior work using seed based functional
connectivity analysis has revealed reduced functional independence of the presumed
ipsilateral ictal network from midline networks in TLE [42], which may also indicate
progressive homogenization (less independence) over time using a different analysis
approach. This reduced independence may also be the reason for the observed progressive
increase in cross-hippocampal connectivity with longer duration in TLE [43]. This
neuroimaging measure of disease progression could potentially serve as an objective
measure of left TLE disease burden.

We were not able to see a progression of CC or PL in TLE, which is consistent with
previous studies that failed to show a progression of these parameters in epilepsy using DTI
[19]. Our similar results using fcMRI indicates cross-modality agreement of results.
However, one prior study examining serial changes of structural MRI in TLE determined
progressive increase in path length [17]. Betweenness centrality, a measure of “hub-ness” of
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networks, was found to be reduced in left TLE. Hubs of network are regions of high
information transfer within networks, and as such are critical in the efficient transformation
of information between brain regions.

Redistribution of network hubs in TLE has been noted previously [17, 25, 44, 45]. It is
likely that structural damage causes hub disruption, with the development of new hubs to
restore the disturbed efficiency of brain communication.

We found lateralized differences in network changes between left and right TLE.
Differences based on TLE lateralization has previously been noted by us and others [10, 24,
45], and could suggest a possible difference in the pathophysiology of these conditions. It
has been previously noted that there may be more prominent connectivity changes in left
TLE compared to right TLE [10, 11, 46]. However, given the small numbers and the
diversity of TLE, larger studies on more homogeneous TLE subgroups are needed to verify
these findings.

The major limitation of this study is its cross-sectional design: progressive network changes
were not analyzed by serial scans, but inferred based on a cross-sectional evaluation of a
homogenous population with consideration of the epilepsy duration. Although other
investigators have also used this approach [18], there is an assumption that the network
changes are progressing uniformly across patients. However, the identification of a
correlation with duration indicates that the progressive changes seen are a robust feature
across subjects, and across differing seizure burdens. Follow-up studies with serial scans
would be useful in confirming this result and determining whether the result differs
according to clinical features within TLE. Generalizability of these results is limited by the
sample sizes.

The effects of anti-epileptic drugs (AEDs) on graph metrics are unclear. Although prior
work has suggested that AEDs may reduce clustering coefficient and increase path length
[19, 47], the differences between the various AEDs on network graph parameters are
unknown at this time. No systematic difference in AEDs was found in our subject group.
Older age has been reported to be associated with a lower clustering coefficient and higher
path length [19] although age was not identified as a confounder in the association between
epilepsy duration and clustering coefficient or path length in this study.

Conclusions

Graph theory analysis of neuroimaging can be used to query brain networks in various
neurological conditions. We found a decrease of connectivity diversity with longer duration
of disease course in TLE, and this may have diagnostic, therapeutic and prognostic
implications. Moreover, more rapid network changes may be an early marker of a more
severe disease course and slower network changes may indicate a slowing of progression.
Better correlation of network topology measures to various disease characteristics such as
seizure frequency, epilepsy duration cognitive dysfunction, and neuro-behavioral
abnormality may clarify the neurobiology of TLE and help in developing a non-invasive
biomarker to benefit its medical and surgical treatment.
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Refer to Web version on PubMed Central for supplementary material.
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Define nodes in Create correlation Create undirected
BOLD fMRI matrix graph

Estimate graph
Compare left TLE to theory measures
M <j * Clustering coefficient

* Path length

* Small world index

. * Global efficiency
Correlate metrics to <:| * Betweenness centrality

epilepsy duration » Connectivity strength
* Connectivity diversity

Figure 1. Schematic showing typical steps involved in graph theory analysis to quantitate
connectivity parameters in functional MRI data

[24, 34, 48]. (A) Nodes and edges are delineated. Nodes are defined using existing brain
parcellation schema. Here, we use the automated anatomic labeling (AAL) atlas, which has
90 brain regions (nodes). Edges are defined by the strength of functional connectivity
between the nodes. (B) An adjacency matrix composed of correlations between all 90 nodes
to each other is constructed. A 90x90 matrix is generated where the color intensity correlates
with the strength of the connection between the nodes. Lighter colors indicate greater
connectivity in this example. (C) The values of the adjacency matrix are thresholded to
create a 3-D graph of the brain network. (D) Using this set of edges, estimates of different
brain topology characteristics can be calculated. (E) Correlations were calculated between
the altered metrics from D between healthy controls and TLE, left TLE and right TLE. (F)
Correlations of the altered metrics to epilepsy duration was also performed.
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Figure 2.

Comparison of network parameters in all patients with TLE, and separately in left and right
TLE, compared to controls. 2A-2C: Groupwise comparison showing differences between
healthy controls (HC) and TLE. 2D-2F: Association of network parameters (y-axis) with
duration of epilepsy (x-axis). p values shown are after multiple testing (FDR) correction, and
are starred where significant. (CC- clustering coefficient; PL- path length; SWI- small world
index; GE- global efficiency; CS- connectivity strength; CD- connectivity diversity; BC-
betweenness centrality; LTLE-left TLE; RTLE- right TLE).
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Table 2

Summary demographic details for the subject groups. (M- male, F- female, R- right, L-left, y- year, SD-
standard deviation)

Control (n=24) Left TLE (n=13) Right TLE (n=11) p value

Gender (M/F) T 16/8 5/8 8/3 0.16
Handedness (R/L) t 24/0 /4 11/0 0.003*
Age (y, mean+SD) 32.5+9.3 36.8+12.8 40.4+9.4 0.26
Epilepsy onset age (y, mean+SD) ./’ - 19.0¢14.1 21.917.1 073
Epilepsy duration (y, mean+SD)./ - 17.8+13.8 18.5+¢11.7 0.66
Seizure frequency (per mo, mean+SD)./ - 7.6+15.9 7.6£17.4 0.57

*
Significant at a=0.05 level

TChi-squared exact test

/) Mann-Whitney U test
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Table 3

Unweighted connectivity metrics for healthy controls and TLE subgroups. BC, GE, SWI, CC, and PL are
averaged over the nonrandom connection density range.

Network measure gg;nrols (mean + Combined TLE (mean + SE)  Left TLE (mean + SE) Right TLE (mean + SE)
Betweenness centrality (BC) 13.25+0.83 12.96+1.50 (p=0.21) 12.22+1.02% (p=0.002) ~ 13.40+1.36 (p=0.34)
Global efficiency (GE) 0.70+0.008 0.70+0.02 (p=0.31) 0.69+0.02 (p=0.17) 0.70+0.01 (p=0.36)
Small-world index (SWI) 1.84+0.07 1.81+0.11 (p=0.18) 1.82+0.11 (p=0.22) 1.81+0.12 (p=0.20)
Characteristic path length (PL)  0.99+0.04 0.98+0.05 (p=0.22) 0.97+0.06 (p=0.14) 0.99+0.02 (p=0.48)
Clustering coefficient (CC) 1.83+0.11 1.73+0.07" (p<0.001) 1.7140.08% (p=0.002)  1.76+0.06™ (p=0.045)

*
Significantly different from controls at 0.05 level of significance after FDR corrected permutation testing with 1000 resamples. p-values shown
are after multiple testing correction.
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