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Temporal lobe epilepsy is associatedwith dysfunctional brain networks. Here we investigated metabolic connec-
tivity in the pilocarpine-induced epilepsy rat model and applied a new multiscale framework to the analysis of
metabolic networks of small-animal brains. [18F]fluorodeoxyglucose PET was acquired in pilocarpine-induced
chronic epilepsy rats and controls to yield interregional metabolic correlation by inter-subject manner. When
interregional correlation of epilepsy rats and controls was compared directly, the epilepsy rats showed reduced
connectivity involving the left amygdala and left entorhinal cortex. When regional graph properties were calcu-
lated to characterize abnormal nodes in the epileptic brain network, the epilepsy rats showed reduced nodal and
local efficiencies in the left amygdala. Then, a new multiscale framework, persistent brain network homology,
was used to examine metabolic connectivity with a threshold-free approach and the difference between two
networks was analyzed using single linkage distances (SLDs) of all pairwise nodes. We found a tendency for
longer SLDs between the left insula/left amygdala and bilateral cortical/subcortical structures in the epilepsy
rats. Persistent brain network homology analysis as well as interregional correlation study implied the abnormal
left limbic–paralimbic–neocortical network in the pilocarpine-induced epilepsy ratmodels. In conclusion, we found
a globally disrupted network in the epileptic brain in rats, particularly in the limbic and paralimbic structures by
direct comparison, graph properties and multiscale network analysis. These results demonstrate that the
multiscale and threshold-free network analysis can be used to find the network abnormality in small-animal
brains as a preclinical research.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Brain function relies on the brain interconnections and many brain
disorders present network abnormalities. One of them, epilepsy is a
brain network disorder since the ictal discharge initiates from cortical
or subcortical structures and propagates to the other brain regions
(Blumenfeld et al., 2004; Spencer, 2002). In the clinical setting, patients
with epilepsy generally undergo electroencephalography (EEG) and
structural MRI to evaluate the epileptogenic zone. However, the propa-
gation of seizure activities from the seizure foci to the adjacent or remote
areas is accompanied by various behavioral and cognitive symptoms.
Nevertheless, we have been unable to explain language or other cog-
nitive dysfunction with a confined epileptogenic zone localized by
routine diagnostic imaging studies (Braakman et al., 2012; Vlooswijk
et al., 2010).
icine, Seoul National University
lic of Korea. Fax: 82220727690.
Functional neuroimaging studies such as [18F]fluorodeoxyglucose
(FDG) positron emission tomography (PET) or perfusion single photon
emission computed tomography (SPECT) have been used to localize
epileptogenic zones in epilepsy. Interictal FDG PET or ictal SPECT can
provide brain metabolism or perfusion, respectively, which is closely
related to interictal or ictal brain activity (la Fougere et al., 2009; Lee
et al., 2001, 2005, 2006). Recently, not only the localized functional
abnormalities in the epileptic brain, but also the interregional connec-
tion abnormalities in brain network studies have been reported. EEG
and functional or structural MRI studies as well as PET or SPECT were
used to investigate network abnormalities (Bernhardt et al., 2011; Bettus
et al., 2009; Liao et al., 2010; Sequeira et al., 2013; Trotta et al., 2013;
Voets et al., 2012). These approaches suggested that brain networks
were disrupted in the epileptic brain, but the abnormalities were not
confined to one region in epilepsy patients.

Functional connectivity is defined by statistical association or depen-
dency between brain regions and it can be interpreted as neural interac-
tivity (Friston et al., 1993; Horwitz, 2003). Functional connectivity can
be measured by fMRI, PET, EEG, or MEG. An fMRI-based functional
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Table 1
Volume-of-interests and abbreviation.

Region name Abbreviation

Motor cortex Mot
Medial prefrontal cortex MedF
Orbitofrontal cortex OrbF
Insula Ins
Parietal association cortex ParA
Retrosplenial cortex RSpl
Somatosensory cortex SS
Cingulate cortex Cing
Auditory cortex Aud
Entorhinal cortex Ento
Hippocampus-anterodorsal HpA
Hippocampus-posterior HpP
Amygdala Amy
Visual cortex Vis
Nucleus accumbes core/shell Acb
Caudate–putamen CP
Thalamus Tha
Cerebellum CB

227H. Choi et al. / NeuroImage 99 (2014) 226–236
connectivity at rest, one of the most commonly used approaches,
reflects neuronal correlates of spontaneous fluctuations in blood-
oxygen-level-dependent (BOLD) signals between remote cortical
regions (Shmuel and Leopold, 2008). Quantitative metabolic mea-
sures using PET can be used for functional connectivity because of
coupling between neuronal activity and metabolism (Aubert and
Costalat, 2002; Herman et al., 2009; Hertz and Zielke, 2004). While
the fMRI-based functional connectivity measures temporal correla-
tion of dynamic changes between brain regions, PET-based metabolic
connectivity employed regional variations of metabolic demand in the
brain (Hyder et al., 2013),with averagedminutes of temporal scale dur-
ing resting state (i.e., interictal state in this study) (Horwitz et al., 1988;
Kang et al., 2003; Lee et al., 2008; Vogt et al., 2006). Since there is no val-
idation study comparing PET-based connectivity to fMRI-based connec-
tivity, and the two approaches might provide different information due
to differences in energy consumption coupling (Di et al., 2012; Wehrl
et al., 2013), along with fMRI-based functional connectivity and ana-
tomical connectivity (e.g. diffusion tensor imaging), PET-based meta-
bolic connectivity could have complementary role in understanding
brain functional connectivity.

To evaluate the complex brain connectivity, graph theoretic
approaches were used to measure global topologic features and
regional abnormal brain connectomes (Bullmore and Sporns, 2009).
Graph theory allows understanding the network characteristics of
brain disorders as a complex system.Most of the graph theoretic analy-
sis, including previous studies for the epileptic networks (Bernhardt
et al., 2011; Liao et al., 2010), have used threshold to generate the binary
networks becauseweighted networkwas difficult to interpret. However,
when we construct brain connectomes, binary networks are varied
according to the threshold, which results in the different graphs and net-
work properties (Fornito et al., 2013; vanWijk et al., 2010). In this study,
we employed persistent brain network homology, a new multiscale
framework of mathematical modeling for networks, which was gener-
ated from all possible thresholds. And thus, it was free from the task
of determining proper threshold (Lee et al., 2012b).

The primary purpose of the study was to find abnormal metabolic
connectivity in the epilepsy ratmodel. To investigatemetabolic connec-
tivity using FDGPET, brain networkswere constructed for each group of
rats by inter-subject manner. In the analysis of human brain images,
several subject-specific factors (e.g. age and sex) should have been con-
trolled but we could acquire homogenous group of epileptic brains in
rat models. We used pilocarpine-induced epilepsy rat models, a well-
established animal model for human medial temporal lobe epilepsy
(TLE) with controlled subject-specific factors (Curia et al., 2008).
Our approach could find abnormal metabolic connection in the
brain of epilepsy rat models to explain various neuropsychiatric
symptoms in medial TLE. Furthermore, we also investigated whether
the newmultiscale network framework could be applied to find abnor-
mal topologic features in small-animal model brains for preclinical
studies.

Methods

Pilocarpine-induced epilepsy rat models

Adult male Sprague–Dawley (SD) rats (7 weeks old; Koatech, Seoul,
Korea), weighing 180–200 g, were used for epilepsy rat models. They
were kept at standard laboratory condition (22–24 °C, 12 hour light
and dark cycle) with free access to water and standard feed. All the
experimental procedures were approved by the Institutional Animal
Care and Use Committee at Seoul National University Hospital (IACUC
Number 13-0224).

Pilocarpine-induced epilepsy rat models were used in this study as
previously reported (Choi et al., 2014). In brief, rats were pretreated
with lithium chloride (127 mg/kg, i.p., Sigma, St. Louis, MO) and
methylscopolamine-bromide (1 mg/kg, i.p. Sigma) 24 h and 30 min
before pilocarpine administration, respectively. Pilocarpine hydrochloride
(30 mg/kg, i.p., Sigma) was injected and repeated doses of pilocarpine
hydrochloride (10 mg/kg) were then administered every 30 min until
stage 4 seizures developed according to the Racine scale (Racine et al.,
1972). The control group received lithium chloride, methylscopolamine-
bromide and saline (sham treatment) instead of pilocarpine. Diazepam
(10 mg/kg, i.p. Samjin, Seoul, Korea) was injected 60 min after the
onset of status epilepticus. Repeated diazepam (5 mg/kg) was injected
to terminate status epilepticus. After cessation of status epilepticus, rats
received intensive care and treated with supplementary moistened and
crushed pellets and given 5 mL i.p. injection of 0.9% saline for hydration.

FDG PET acquisition

PET scans were acquired in chronic epilepsy rats and controls. PET
images were acquired at 5 weeks after status epilepticus (range
4–6 weeks) in the model group. In control rats, PET scans were
acquired at 5 weeks (range 4–5 weeks) also.

PET scans were performed on a dedicated microPET/CT scanner
(eXplore VISTA, GE Healthcare, WI). While in an interictal state,
rats were anesthesized 2% isoflurane at 1–1.5 L/min oxygen flow for
5–10 min. Rats received an intravenous bolus injection (0.3–0.5 mL/rat)
of [18F]FDG (37 MBq/rat) and each rat was awake for the 35min period
of FDG uptake. Static emission scans started at 45 min, which was opti-
mal time for static FDG PET scan in rodents (Schiffer et al., 2007), after
FDG injection under anesthesia. Emission scan data were acquired for
20min with the energy window 400–700 keV. The images were recon-
structed by a 3-dimensional ordered-subsets expectation maximum
(OSEM) algorithm with attenuation, random and scatter correction
(Liu et al., 2001). The voxel size was 0.3875 × 0.3875 × 0.775 mm.

Image preprocessing and parcellation

We used 26 PET images for the connectivity analysis: 16 PET images
from models and 10 images from controls. Individual PET images were
spatially normalized to the FDG rat brain template (Schiffer et al.,
2006) (PMOD 3.4, PMOD group, Zurich, Switzerland) using Statistical
Parametric Mapping (SPM2, University College of London, London,
UK). Before preprocessing, all voxels of PET images were scaled by a
factor of 10 in each dimension to fit approximately the human brain
size. All PET images were spatially normalized using nonlinear regis-
tration after linear affine transformation. Normalized images were
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smoothened by Gaussian filter of 12 mm full width at half maximum.
The images were segmented into 36 anatomical volume-of-interests
(VOIs) (Table 1 with abbreviation of each VOI). We used VOI templates
predefined by PMOD software, which was constructed on a 3D digital
map based on Paxinos and Watson atlas (Toga et al., 1995). Among
the VOIs, we chose cortical, subcortical structures and cerebellum. The
value of FDG uptake was globally normalized to the individual gray
matter count using SPM2.

Functional connectivity and brain network construction

The method for brain network construction and network analysis
procedures are summarized in Fig. 1. To generate brain network, nodes
were represented by the VOIs. We acquired intensity-normalized FDG
uptake in the VOIs of each subject and correlation coefficients were
obtained. Pearson's correlation coefficients (r) between each pair of
the VOIs were calculated in an inter-subject manner and correlation
matrix (36× 36)was obtained for each group, epilepsy rats and controls.
A weighted undirected network matrix was constructed for epilepsy
rats and controls, where strength of each connection was simply de-
fined as correlation coefficients. We also generated distance matrix,
where the distance (cX) between the nodes was defined as cX = 1 − r.
This approach has been previously used to define a metric between
nodes in the brain network as a distance of vectors in topological spaces.
It can simply change similaritymeasures between nodes (i.e. correlation
coefficients) to dissimilarity ones (Haxby et al., 2001; Kriegeskorte et al.,
2008).

Direct connectivity comparison: epilepsy rats vs. controls

To find statistical differences of connectivity between the epilepsy
rats and controls, we performedpermutation test on all possible connec-
tions. Correlation matrix for models and controls were transformed to
Metabolic Activities of 
Volume-of-Interests

Subjects

Subjects

Controls

Models

Preprocessing Parcellation Co

Fig. 1. Flowchart of metabolic connectivity analysis. Firstly, we processed FDG PET images to
volume-of-interests and interregional correlation coefficient was calculated. All possible con
threshold-free network modeling framework, persistent homology, to find abnormal metaboli
Z scores using Fisher transformation. Randomly reassigned labels
(i.e. models or controls) were permuted 10,000 times for each of 36
VOIs and interregional correlation matrices were calculated, followed
by Fisher transformation. We obtained Type I error by the comparison
between the observed Z score for each connection and Z score from per-
muted data. To define statistically different connections, false-discovery-
rate (FDR)was used to correct formultiple comparisons at a threshold of
q b 0.05.

Graph theory analysis

Graph theoretic measurementswere used to compare the networks.
For each group, we measured the graph theory parameters using only
positive links (Kaiser, 2011), where weighted undirected networks
were obtained using correlation coefficientmatrix. In this study, regional
network properties including nodal efficiency (Enodal) and local efficiency
(Elocal) were evaluated for each node (Achard and Bullmore, 2007; Latora
and Marchiori, 2001). Enodal and Elocal allow us to evaluate regional
topologic properties without specific threshold. For N nodes and K
edges in a graph (G), Enodal for node i is measured as:

Enodal ið Þ ¼
1

N−1

X
i≠ j∈G

1
Li; j

where Li,j is the minimum path length between nodes i and j. By defini-
tion, Enodal is an inverse of the harmonic mean of the minimum path
length between a givennode and other nodes in thenetwork. Thus Enodal
is closely related to the shortest path length of each node. Elocal repre-
sents the global efficiency (Eglobal) of subgraphs of the neighbors of a
given node. Eglobal is the harmonic mean of the minimum path length
between all possible pairs of nodes in the network. Because the given
node is not an element of subgraphs when Elocal is estimated, it can
reflect the fault tolerance of the network, which means how each of
Graph Theoretic 
Measures

Persistent Homology 
Network Framework
• Graph Filtration
• Dendrogram
• Single Linkage Matrix

rrelation Matrix Network Analysis

Direct Connectivity 
Comparison

be spatially normalized. Metabolic activities of each node were obtained by predefined
nected links in the epilepsy rats and controls were compared. We employed multiscale,
c connectivity.



229H. Choi et al. / NeuroImage 99 (2014) 226–236
subgraphs containing proper network informationwhen the given node
is eliminated. In short, Eglobal and Elocal are measured as:

Eglobal Gð Þ ¼ 1
N N−1ð Þ

X
i≠ j∈G

1
Li; j

Elocal Gið Þ ¼ 1
NG NG−1ð Þ

X
j;k∈G

1
L j;k

where NG is the number of nodes in the subgraph Gi.
For global network properties, we employed Eglobal and the charac-

teristic path length (Lnetwork). Lnetwork is the average shortest path length
for each node.

Lnetwork Gð Þ ¼ 1
N

X
i∈G

X
i≠ j∈G

Li; j
N−1

To find statistical difference, we used permutation test for global
network parameters including Eglobal and Lnetwork as well as for local
network parameters, Enodal and Elocal. The observed regional and global
network properties were compared with the network properties itera-
tively calculated from 10,000 times of randomly reassigned groups
and we obtained p-value. To calculate graph theoretic measures, we
used Brain Connectivity Toolbox (https://sites.google.com/site/bctnet/).

Multiscale network analysis based on persistent homology

We used multiscale and threshold-free network modeling based on
persistent homology to compare the networks of models and controls
effectively. Detailed procedures to quantify topological features based
on persistent homology were described in a previous study (Lee et al.,
2012b). In brief, we used networks generated at every possible thresh-
old and to simplify the computation burden, graph filtration techniques
were employed.

Firstly, we generated a sequence of networks as we changed the
threshold of distance (ε). When ε increased, topological features of
binary networks were changed. As a topological view of brain network,
Rips complexwas used to represent simplicial complexes. Rips complex
is defined as a simplicial complex consisting of nodes and edge, whose
k-simplices correspond to edges of a (k + 1)-simplices which are links
of two nodes within distance ε. Rips filtration reflects the multiscale
networks, the sequence of the nested Rips complexes over different
scales. One of the topological features, Betti number β0, is a measure
of the number of the connected components in the network. We could
visualize those topological changes using barcode and dendrogram
according to β0. As ε increases, nodes are connected and using dendro-
grams, we visually identified how components are merged during Rips
filtration.

Single linkage distance (SLD) between the nodes was calculated,
which is usually used in hierarchical clustering. Given the network
with distance cX, we calculated SLD (dX), which was defined as:

dX xi; xj

� �
¼ min maxl¼0;…;k−1cX wl;wlþ1

� ���xi ¼ w0;… ;wk ¼ xj

h i

SLD is theminimum distance between two nodes when they belong
to the same connected component during graph filtration. It represents
the hierarchical clustered structure of brain network in an algebraic
form which can be used for a quantitative measure to discriminate
brain networks. Using SLD calculated from persistent network homolo-
gy, we could obtain the distance between two specific nodes after net-
work construction without specific threshold.

SLDwas employed to finddifferent connections between the epilep-
sy rats and controls.We constructed single linkagematrices (SLM), SLDs
between all pairs of nodes. SLMs were constructed with randomly
reassigned labels (i.e. models or controls) being permuted 10,000
times. Type I errors were calculated by the comparison between the
observed SLD for each connection and SLD from permuted data. Firstly,
we applied FDR correction to find significantly different SLDs in epilep-
sy. To find a global tendency for different SLDs in the epilepsy rats com-
pared to controls, we additionally used uncorrected p b 0.05.

Results

Direct comparison of metabolic connectivity: models versus controls

We constructed correlationmatrix for each group and Figs. 2A and B
represent the cXmaps. For directly comparing the connectivity between
controls and epilepsymodels, permutation test was performed. Overall,
the connectivity in the epilepsy rats was weaker than that in the con-
trols (Figs. 2A–C). Epilepsy rats showed significantly longer cX between
the following pairwise VOIs: left amygdala–left somatosensory cortex,
left amygdala–left caudate/putamen, left amygdala–both nucleus
accumbens, left entorhinal cortex–left thalamus, left entorhinal cor-
tex–right nucleus accumbens, and right posterior hippocampus–right
nucleus accumbens (q b 0.05, FDR correction) (Fig. 2D).

Characteristic regional and global graph theory measures in epilepsy rats

A trend toward globally lower Enodal and Elocal, local network param-
eters, was found in the epilepsy rats compared to the controls, which
were observed in almost all the nodes. Among the differences of the
nodes between epilepsy rats from controls, the difference in Enodal and
Elocal of the left amygdala was the highest (p = 0.017 for Enodal and
p = 0.007 for Elocal) (Figs. 3A and B). The differences of regional
graphmeasures are shown according to their anatomical localization
and summarized in Figs. 3C and D.

Globally lower Enodal and Elocal in the epilepsy rats imply globally in-
efficient connections between nodes. These differences between epilep-
sy rats and controls were also found in the global network parameters,
Eglobal and Lnetwork. In the permutation tests, we found significantly
lower Eglobal and higher Lnetwork in epilepsy rats than those in controls
(p = 0.038 for Eglobal and p = 0.047 for Lnetwork) (Fig. 4). These differ-
ences of the regional and global network properties were considered
to represent the disruption of network integrities, thus, the network
properties of epilepsy rats more random network topology than those
of controls.

Persistent brain network homology revealed dysfunctional left limbic–
paralimbic–neocortical network in epilepsy rats

As a threshold-free and multiscale network framework based on
persistent homology provides evolutionary changes during the thresh-
old increase, we compared brain networks of epilepsy rats and models
in terms of how brain regions (nodes) are connected and clustered dur-
ing graph filtration.

To visualize network changes during graph filtration upon
multiscale brain networks, representative graphs were displayed at dif-
ferent filtration thresholds ε= 0.05, 0.10,…, 0.35 in Fig. 5. Clustering of
the brain connections was slower in the epilepsy rats than in controls
while ε was increased. The SLD for the each group was computed and
converted to the dendrogram displays in Fig. 6. When ε increased, den-
drogram (Figs. 6A and B) revealed that clustering occurred later in the
hippocampus, amygdala and entorhinal cortex, which belong to the
limbic and paralimbic systems, than the other nodes in both the epilep-
sy and control groups. In epilepsy rats, the clustering wasmore delayed
than in controls. For each connected component, the models showed
globally increased SLD compared to controls. This was shown again in
single linkage matrix form (Figs. 6C and D).

Epilepsy rats showed a tendency for longer SLDs between some
pairwise nodes which could be detected in the permutation tests.
When multiple comparison correction (FDR b 0.05) was applied to find
significantly different SLDs in the epilepsy rats from controls, there
were no edges that survived.When the uncorrected p b 0.05was applied,

https://sites.google.com/site/bctnet/
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Fig. 2.Metabolic connectivity in the controls and epilepsy rats. (A–B) Distance maps for controls and epilepsy models, respectively. Distances (cX) between two nodes (i, j) were deter-
mined by correlation coefficient (r), simply defined as cX(i, j) = 1 − r(i, j). (C) To find statistically significant differences in metabolic connectivity between models and controls, we
calculated p-values for all possible connections using permutation test. Statistical significance of increased metabolic connectivity (shorter distance) in the epilepsy rats is represented
by upper triangular matrix and decreased metabolic connectivity (longer distance) in the epilepsy rats is represented by lower triangular matrix. (D) The anatomical distribution of sig-
nificantly different links between epilepsymodels and controls. In the epilepsy rats, significantly reduced connectivitywas found in several pairwise nodes involving the left amygdala and
left entorhinal cortex (q b 0.05, FDR correction for multiple comparisons).
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to find the tendency for different connections in the epilepsy rats,
multiple pairwise nodes (edges) showed longer SLDs, mainly involving
the connections between the left insular cortex/amygdala and bilateral
cortical/subcortical structures (Figs. 7A and B).

Discussion

We analyzed the metabolic connectivity in pilocarpine epilepsy rat
models. Direct comparison of the interregional correlation showed
significantly decreased connectivity in the pairwise VOIs involving the
left amygdala and left entorhinal cortex in the epilepsy rats compared
to controls. Graph theoretic measures were significantly different in
the epilepsy rats compared with controls, which implied globally and
regionally disrupted networks in epileptic brain. Enodal and Elocal were
reduced in almost all nodes in the epilepsy rats and the difference
in Enodal and Elocal between epilepsy rats and controls was the highest
in the left amygdala. Eglobal in the epilepsy rats was significantly lower
and Lnetwork in the epilepsy rats was significantly higher than those in
controls. Furthermore, we used persistent homology-based network
analysis, which provided how networks were constructed and the link-
ages of nodeswere clustered according to the changes of the thresholds.
A tendency for weak connections was found between the left insular
cortex/amygdala and bilateral cortical/subcortical structures in the epi-
lepsy rats.

Metabolic brain connectivity

In this study, we obtained interregional metabolic correlations to in-
vestigate functional connectivity. Metabolic network analyses could take
advantage of the sequential coupling of neuronal activity, regional brain
metabolism and perfusion. Thus, metabolic connectivity abnormality
might be observed earlier than that of cerebral blood flow connections
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(i.e. fMRI or water PET) in progressive brain diseases. Previous studies
revealed metabolic connectivity was a sensitive and early diagnostic
method in degenerative brain disorders such as Alzheimer's dementia
(Morbelli et al., 2012; Seo et al., 2013; Toussaint et al., 2012).

Because metabolic activities measured by PET and fMRI signals
reflected different physiologic processes, there is a mismatch between
functional networks using those different modalities (Di et al., 2012;
Wehrl et al., 2013). Biological signals obtained from two modalities
are different, which BOLD signals are contributed by micro- and
macrovasculatures (Yu et al., 2012), whereas FDG uptake depends on
metabolic demands in neural tissues. Although those previous reports
(Di et al., 2012; Wehrl et al., 2013) used different methods from our
study for constructing networks, functional connectivity based on a
variation of metabolic demands in this study is distinct from tiny
fluctuations of BOLD signals, thus, it could be closer to neuronal
energy-activity information (Hyder et al., 2011, 2013). BOLD signals
indirectly reflect the neuronal activities by measuring a combination
Nodal
Efficiency

Control-Model

p = 0.017

A B

C D
Nodal
Efficiency

p-value

Control-Model

Fig. 3. Difference in regional graph theoretic measures between epilepsy rats and controls. (A)
differencewas found in the left amygdala (p= 0.017, uncorrected for multiple comparison). (B
amygdala (p = 0.007, uncorrected for multiple comparison). (C–D) The nodes are displayed ac
groups and colors of nodes represent statistical significance.
of hemodynamic parameters including cerebral blood flow and cere-
bral blood volume. While widely performed network analyses based
on small fluctuations of BOLD signals does not account for baseline
neuronal activities which could be the major element, metabolic
connectivity constructed by PET reflects directly neuronal energy
demands, which could be normalized and adjusted accounting for
whole brain activities (Hyder et al., 2011, 2013; Smith et al., 2002).

Recently, interregional correlation analysis in the rodent brain was
performed several times using different imaging modalities or ex vivo
brain sections. Wang et al. used autoradigraphic cerebral perfusion
studies to evaluate brain connectivity (Wang et al., 2011, 2012) and
Fidalgo et al. analyzed brain metabolic connectivity measured by cyto-
chrome oxidase immunohistochemistry (Fidalgo et al., 2011). To our
knowledge, this is the first study that analyzed metabolic connectivity
of in vivo rodent brains using microPET data. To examine interre-
gional correlation using PET images or brain sections, inter-subject
correlation was employed. Thus, well-controlled rodent models could
Local
Efficiency

Control-Model

p = 0.007

Local
Efficiency

p-value

Control-Model

Overall, nodal efficiency Enodal in epilepsy rats was lower than that in controls. The largest
) The epilepsy rats showed lower local efficiency Elocal of each node, particularly in the left
cording to their anatomical location. The size of nodes represents difference between two
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Fig. 4.Global graph theoretic measures. The global network properties, global efficiency Eglobal (A) and characteristic path length Lnetwork (B), were displayed. Using permutation test, two
parameters were significantly different between epilepsy rats and controls (p = 0.038 for global efficiency and p = 0.047 for characteristic path length).
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have advantages of yielding consistent results with less confounding
variables compared to human subject data showing variability of age,
gender and other clinical parameters. Various brain disorders including
Fig. 5.Graphfiltration of epilepsymodels and controls. The graphs are shown at seven different
giant single component with larger filtration values (distances) than in controls, suggesting glo
neurodegenerative disease as well as epilepsy can now be evaluated by
examining metabolic connectivity in small animals using microPET as a
noninvasive imaging tool.
Controls

Models

filtration values, ε= 0.05, 0.10,…, 0.35. Note that nodes in epilepsy ratswere clustered to a
bally disrupted and weak connections in epilepsy models.
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Fig. 6. Single linkage dendrograms and single linkage matrices (SLM) for controls and models. (A–B) Dendrograms represent the evolutionary changes in linked nodes during graph
filtration and distance to be merged into the giant component for each connected component. Limbic system showed delayed connections, particularly in the epilepsy rats. (C–D)
SLMs calculated from the distance between the paired nodes in controls (C) andmodels (D). SLMs represented linkages from all possible thresholds and single linkage distances between
all possible connections. Dendrograms show which components are merged during Rips filtration and SLMs reveal the recomputed distance between nodes according to the merging.
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Abnormal brain connections in the epileptic brain

We found significantly weaker connections, particularly involving
the left amygdala and left entorhinal cortex in the epilepsy rats. Further-
more, differences in regional graph properties (i.e. decreased nodal and
local efficiencies)were the highest in the left amygdala, followed by left
entorhinal cortex. Of note, these brain structures are important in the
pilocarpine-induced epilepsy rat model because histopathologic abnor-
malities such as injured and degenerating neurons were found in these
areas as well as in bilateral hippocampi (Mello and Covolan, 1996;
Scholl et al., 2013; Turski et al., 1983; Wozny et al., 2005). Pilocarpine-
induced epilepsy showed widespread neuronal damage and involved
several brain regions (Curia et al., 2008; Scholl et al., 2013), which
corresponded to the global network disruption found in this study.
Moreover, we found the asymmetric brain network disruption in the
epileptic rat brain. To be specific, regional graph theoretic measures
were abnormal and connectivity was reduced asymmetrically in the
left amygdala and entorhinal cortex in our study, in line with the previ-
ous reports. Consistent with the previous EEG data and behavioral
features, epileptic discharges were more likely to have initiated in the
left hemisphere than in the right hemisphere in themedial TLE patients
(Herzog, 1993; Holmes et al., 2001) as well as in the pilocarpine-induced
epilepsy rat model (Xia et al., 2009).

Disrupted network integrity in the epilepsy rats reminded the previ-
ous fMRI data from humanmedial TLE patients (Vlooswijk et al., 2011).
The differences in regional graph theoretic measures in the epileptic rat
brain implied network disruption, closer to random topology than
small-world property. Our results coincided with the previous report
of network analysis in the rat model, where the authors found the in-
crease in shortest path length and the decrease in clustering coefficient
in experimental focal epilepsy models using fMRI (Otte et al., 2012).
Electrophysiologic data acquired from the rats with glutamate-injured
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Fig. 7. Group differences in single linkage matrices. (A)We calculated p-values for differences in single linkage distance between all connections using permutation test. Statistical signif-
icance of shorter distance in the epilepsy rats is represented by upper triangular matrix and longer distance in the epilepsy rats is represented by lower triangular matrix. (B) Using un-
corrected p b 0.05 as a threshold, several connectionswith increased distance in the epilepsy rats were found. A tendency for increased single linkage distances in the epilepsymodelswas
found in several connections, which mainly included the left insular cortex and left amygdala.
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hippocampal neuronal network showed also the disruption of small-
worldness properties (Srinivas et al., 2007). In spite of different modal-
ities and animal models, disruption in the network properties in epilep-
tic rat brain has been consistently reported.

The abnormal graph theoretic measures characterized by reduced
efficiency have been reported in neurodegenerative disorders such as
Alzheimer's dementia (Brown et al., 2011; Lo et al., 2010; Seo et al.,
2013; Zhao et al., 2012). In chronic medial TLE patients, cognitive im-
pairment is very common and important for neuropsychiatricmorbidity
(Helmstaedter et al., 2003; Oyegbile et al., 2004). Thus, our finding of
disrupted network properties in epilepsy ratmodels similar to neurode-
generative disorders might be related with the global cognitive changes
in epilepsy, though the graph theoretic measures are not the hallmarks
of brain dysfunction for cognitive impairment. The global network
disruption in the epileptic rat brain can be used to explain various neu-
ropsychiatric features, while regional abnormality in brain perfusion or
metabolism cannot explain the diverse cognitive symptoms in chronic
medial TLE patients, indicating that medial TLE should be considered
as a brain network disorder.
Regional metabolic abnormalities in epilepsy

FDG PET in medial TLE patient is a routine workup procedure in the
clinical setting. The patients show hypometabolism in the mesial tem-
poral lobe, which used to extend to the lateral temporal structure
(Kim et al., 2003). Previously, Goffin et al. revealed that FDG PET in
the chronic pilocarpine epilepsy rat model showed hypometabolism in
the left striatum and left entorhinal cortex and hypermetabolism in
the brainstem and cerebellum (Goffin et al., 2009). There were different
results, as Lee et al. reported that chronic pilocarpine-induced epilepsy
model showed hypometabolism in the entire hippocampi and bilateral
amygdala (Lee et al., 2012a) while they compared chronic period of
epilepsy and baseline. In our results, epilepsy rats showed significant
hypometabolism in the cerebral cortex involving anterior cingulate
gyrus, bilateral motor cortex, left somatosensory cortex, bilateral
anterior hippocampus and left entorhinal cortex (Supplementary
Figs. 1 and 2), using voxel-based T-test with FDR correction (p b 0.05,
FDR corrected) compared with sham-treated controls. A small region
in the medulla oblongata showed significant hypermetabolism in the
epilepsy model, which was much similar to Goffin's previous result.
Hypometabolic regions were not limited to the limbic system but
involved the cerebral cortex, which might be related to the global
network abnormality. We found significantly reduced connectivity
across cerebral cortical structures as well as limbic systems, suggest-
ing network disruption between the limbic system and cortex. We
think that this could play a role in yielding cortical hypometabolism.
In a kainate-induced chronic epilepsymodel, similar to the pilocarpine-
induced epilepsy model, hypometabolism was reported in the cerebral
cortex (Jupp et al., 2012).

Interestingly, the abnormal connectivity found in the network
analysis in the present study corresponded, in parts, with regional
hypometabolic areas. But, we did not find regional hypometabolism
in the left amygdala where the most significant difference was found
on regional graph theoretical measures. We suggest that regional
hypometabolism reflects the network abnormalities but does not reflect
them entirely. The combined effect of the regional hypometabolism and
the network abnormalities associated with or without regional abnor-
malities should be considered to explain brain dysfunction. Of course,
the disrupted interregional connectivity could also be observedwithout
regional abnormalities detected on voxel-based analysis. Therefore, re-
gional and global network parameters could provide functional net-
work abnormalities which were not detected on voxel-based analysis
to find regional abnormalities.

Determination of abnormalities of the brain network measures may
be useful in the clinical setting because extratemporal abnormalities are
closely related to surgical outcome in medial TLE (Choi et al., 2003;
Theodore et al., 1997). The functional network studies might be used
to predict patients' prognosis and to provide correlations of brain
network dysfunction with clinical features in the future.
Persistent homology framework for network analysis

We applied a new network modeling method using the persistent
homology which Lee et al. reported previously in child patients with
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autism spectrum disorder and attention-deficit hyperactivity disor-
der (Lee et al., 2012b). To avoid using arbitrary thresholds to make
binary networks, we applied all the possible thresholds to the inter-
regional correlation matrices and found that the networks could be
summarized by the subsets of the Rips complex. Multiscale networks
were produced for each group and visualized by dendrogram. Single
linkage matrix was the equivalent representation of single linkage den-
drogram. Upon our analysis, single linkagematrix comparison between
epilepsy rats and controls showed a tendency for weak connection
involving the left insular cortex as well as left amygdala, though the
difference did not reach statistical significance after multiple com-
parison correction. Of note, insular cortex played an important role
in medial TLE, which mediated the spreading of epileptic activity
and surgical ablation of the insular cortex reduced seizure activities
(Dobesberger et al., 2008; Isnard et al., 2000; Nguyen et al., 2009).
Pilocarpine-induced status epilepticus caused interneuron loss in insu-
lar cortex (Chen et al., 2010) and insular cortex was regarded as a hub
in the progression of epileptic discharges in patients with medial TLE
(Maccotta et al., 2013). Therefore, not only the left amygdala and
entorhinal cortex, but also the insular cortex could have played
roles in epileptic network disruption, suggesting a limbic–paralimbic
(i.e. insula and entorhinal cortex)–neocortical connection abnormal-
ity in the epileptic rat brain.

In short, we successfully found dysfunctional brain networks in the
epileptic rat brain. We showed that the most significant connections
in the epilepsy ratmodels involved the left amygdala and left entorhinal
cortex. These areas showed significant changes in the epileptic rat
group on graph theoretic measures. Furthermore, SLD increased in
the connectomes between the left insular cortex/amygdala and cortical/
subcortical structures, which implied abnormally connected network
in epilepsy rat brain. Our approaches including direct connectivity com-
parison, graph theoretic measures, and persistent brain homology-
based single linkage matrix consistently showed abnormal connections
in the left limbic–paralimbic–neocortical network in the epileptic rat
brain.
Conclusion

We demonstrated abnormal metabolic connectivity in the
pilocarpine-induced epilepsy rat models. Not only the regional
graph theoretic properties but also the functional correlation were
significantly different between the epilepsy rats and controls, partic-
ularly involving the left amygdala and entorhinal cortex. Using
threshold-free network modeling, we also revealed abnormal connec-
tions involving the left insular cortex as well as left amygdala. Brain
network modeling and the topological properties could provide func-
tional connectivity abnormalities in various brain disorders including
epilepsy. Furthermore, our results from small-animal models suggest
that functional brain network analysis could be applied to the preclini-
cal studies using rat brain models to yield the hallmarks of various
human brain disorders.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.05.039.
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