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Abstract

Epilepsy has been recognized as a brain network disorder. With the development of techniques
investigating structural and functional brain network, current studies provided insights into
the physiopathogenesis of the epilepsy, including focal epilepsy and idiopathic generalized
epilepsy. Besides, a number of studies have shed light on the effects of epilepsy on other
functional networks, which help to explain cognitive impairment and psychiatric disorders
comorbid with epilepsy. In this review, we will discuss current studies that provide structural
and functional network evidence of epilepsy or its cognitive and psychiatric comorbidities.
Clinical features and outcome of epilepsy result from changes in the networks, which are
associated with the clinical course of the disease, the presence of complications and the
location of the epileptogenic zone. Different network changes and remodeling are closely
related to the efficacy of treatment and prognosis of epilepsy. However, knowledge regarding
network mechanism in epilepsy remains limited at present. Further validation through novel
investigating techniques data analysis methods are required for its reliable application in the
clinical management of individual patients.
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Introduction

Epilepsy is a common chronic disease of
the nervous system, which produces a
series of characteristic clinical symptoms
and comorbidities due to brain structural
and functional disturbances resulting from
prolonged, repetitive, and abnormal firing of
brain neurons. In recent years, epilepsy has
been conceptualized recently as a disorder
involving networks, rather than single sources
of pathology in the human brain [1]. Spencer
[2] has defined epileptic network as: bilateral
cerebral cortex and subcortical structures that are
connected anatomically and functionally; any
part of the activity will affect other structures
and, as a whole, produce clinical manifestations
and EEG features associated with epileptic
seizures. The main methods used in epilepsy
network research are as follows: (1) Structural
networks, including the composition of neurons
and physical connections between the brain
regions; (2) Functional networks, representing
a dynamic combination of independent regions
of the brain, including metabolic functions, i.e.,
normal and abnormal metabolism in related
regions [3]. By understanding the network
mechanisms of epilepsy and its comorbidities,
we can identify the main origin of epilepsy in
the network and predict the clinical course
and long-term outcome, which helps selecting
appropriate therapies to prevent the effect of
abnormal network. We will review current
studies that provide structural and functional
network evidence of epilepsy or its cognitive and
psychiatric comorbidities.

Abnormal Networks and Pathophysiology
of Epilepsy

= Focal epilepsies

Researchers have increasingly suggested that
focal epilepsies are associated to abnormal brain
function within an epileptic network, rather than
dysfunction in a single epileptogenic region.

= Temporal lobe epilepsy

The majority of studies examining structural
and functional network in focal epilepsies have
focused on temporal lobe epilepsy (TLE), which
is the most common focal epilepsy in adults.

Conventional MRI has been used to study the
pathological changes of temporal lobe epilepsy,
such as gray matter atrophy, white matter
reduction and cortical thickness change. In
addition to hippocampal atrophy and sclerosis,

which is the most common pathological change
in mesial temporal lobe epilepsy (mTLE), a
large number of studies have revealed changes
in the cortex in temporal and extra-temporal
regions, including volume, morphology, cortical
thickness and structure [4,5]. Researchers have
found reduction of white matter associated
with ipsilateral temporal lobe in epileptic foci
and the thickness of olfactory and orbital cortex
was positively correlated with the thickness of
temporal and frontal cortex [6,7]. Diffusion
tensor imaging (DTI) reflects the fiber density
of fiber and network nodes in different brain
regions. Bonilha et al. [8] found a decrease
in fiber density in the related area of patients
with mesial temporal lobe epilepsy. On the
contrary, the fiber density increases in the limbic
network. Sharon et al. [9] found that changes
in hippocampus and cingulate gyrus were more
prominent in right temporal lobe epilepsy while
changes in remote area were more prominent
in left temporal lobe epilepsy. Increase in the
mean diffusivity (MD) of right hippocampus
and decrease in the fractional anisotropy of the
left lateral capsule could predict lateralization
of TLE. This change is related to the duration
of epilepsy, and the white matter pathway is
easily influenced by seizure recurrence. Similar
findings were observed in animal model of
mTLE [10]. The epileptogenic rats exhibited
significant changes in DTI-measured fractional
anisotropy (FA) in numerous brain regions
versus nonepileptogenic rats. Changes included
decreases and increases in FA in regions such
as the entorhinal-hippocampal area, amygdala,
corpus callosum, thalamus, striatum, accumbens,
and neocortex. The FA changes evolved over
time as animals transitioned from early to late
epileptogenesis. In mTLE patients, the network
structure of hippocampal sclerosis (HS) lesions is
different from that in patients without definite
pathological foci. Trotta et al. [11] found that in
patients with unilateral temporal lobe epilepsy,
connectivity between amygdala, ventral lateral
prefrontal cortex, temporal pole, and cingulate
cortex in non-epilepticsidesignificantly decreased
while connectivity in midline structures such as
ventral lateral prefrontal and anterior cingulate
cortex, dorsal medial prefrontal cortex and the
temporo parietal junction connections increased.
Abnormal uncinate and arcuate fasciculus tracts
were also observed in mTLE patients, which are
related to language pathway [12].

Functional ~ connectivity = researchers  have
confirmed the involvement of widespread
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brain networks in TLE [13]. In several studies,
decreased functional connectivity was observed
in the ipsilateral hemisphere while increases were
found in contralateral mesiotemporal networks
[14,15]. However, in some other studies,
functional connectivity analysis showed that
functional connectivity between epileptic focus
and ipsilateral hemisphere increased during
interictal period ,involving hypothalamus,
temporal lobe, insula, frontal lobe, basal ganglia,
angular gyrus, cerebellum and brainstem
[16,17]. Kucukboyaci et al. [18] reported
extensive regional FC reductions during the
interictal period, including reductions in the
ipsilateral hippocampus and parahippocampal
gyrus, which can be found in both sides, but
more prominent in the epileptic side. These
mixed findings of altered functional connectivity
within temporo-limbic circuits in TLE may help
to explain varied seizure semiology. Liao et al.
[19] found increased connections within the
mesial temporal lobe but decreased connectivity
to extratemporal areas in TLE. Tracy et al.
[20] reported that in unilateral temporal lobe
epilepsy, decrease in activity in extratemporal
areas could be observed in either side, which was
more significant in the contralateral hemisphere.
TLE patients lack strong inhibition of brain
activity in the contralateral hemisphere when
extratemporal interictal activities were displayed.
Such inhibition may be adaptive by constraining
epileptiform activity to the epileptogenic
temporal lobe. Thisfinding mightexplain the poor
prognosis of TLE patients with bilateral interictal
activity, as they lack such beneficial inhibition in
functional network. Functional MRI (fMRI) can
be used to explore the relationship between brain
activation and functioning. In fMRI, changes
in the blood oxygen level dependent (BOLD)
signal accompany neural activity in the brain.
Functional connectivity studies based on EEG-
fMRI were conducted to determine the influence
of interictal epileptic activity on determined
functional networks. Researchers have proposed
an independent component analysis of functional
connectivity based on EEG-fMRI and a variety
of classifiers that exclusively detects a single map
related to interictal epileptic brain activity [21].
This method yields functional connectivity maps
that correctly identify the epileptogenic zone in
several EEG-negative cases while simultaneously
maintaining high specificity. Recent study
[22] also reported that the overlap between
hyperperfusion on subtraction ictal-SPECT
coregistered to MRI (SISCOM) and positive
BOLD responses while between hypoperfusion

and negative BOLD responses within the same
network on EEG-fMRI, which suggested good
concordance between the irritative zone and
the seizure onset zone. It might be a promising
method to localize and track the evolution of
epileptogenic activity.

= Frontal lobe epilepsy

Frontal lobe epilepsy (FLE) is the second most
common form of focal epilepsy [1]. Patients
with FLE exhibit motor symptoms during
the ictal period and deficits in motor control,
planning, and coordination during the interictal
period [23]. Widjaja et al. [24] conducted a
study on structural networks in children with
localization-related  epilepsy. In the study
they found disruptions in global and regional
networks and subnetworks in children with
FLE, and the frontal lobe epilepsy subgroup
demonstrated more areas with reduced nodal
efficiency and more impaired subnetworks than
in TLE. However, a study on the connectivity
of the supplementary motor area in FLE using
DTI and probabilistic tractography reported
that in FLE, the structural connectivity of the
supplementary motor area (SMA) was preserved,
suggesting a robust motor network that is not
compromised by longstanding epilepsy involving
the medial frontal lobes [25]. This has important
implications for epilepsy surgery planning in the
pericentral cortex and is also consistent with the
lack of functional motor deficit in most patients
with FLE without a motor cortex lesion. As
for the functional networks, researchers have
reported decreased connectivity within the
motor network in patients with FLE, which was
in association with number of lifetime seizures
[26]. Besides, Woodward et al. [27] reported
that patients with FLE who experienced a recent
seizure relied more on the sensorimotor cortex
of the contralateral hemisphere during finger-
tapping and coordination tasks than those with
lower seizure frequency, as evidenced by fMRI.
In spite of limited sample sizes and divergent
data, these studies have provided descriptions
of functional cortical motor organization in

patients with FLE [28].
m Idiopathic generalized epilepsies

Idiopathic  generalized  epilepsies  (IGE),
including absence epilepsy (AE), myoclonic
epilepsy (ME), and generalized tonic—clonic
seizures (GTCS), account for approximately
20% of epilepsy diagnoses [1]. The current
view on epilepsy classification demonstrates that
generalized epilepsy originates from a point, and
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quickly spread through the cortex and subcortical
network transmission in bilateral hemispheres
[29]. Thalamocortical dysfunction is considered
to be the major mechanism of IGE [1]. Abnormal
interactions between cortical and thalamic cause
generalized spike-and -wave discharge (GSWD),
which has been clearly established by in vitro
and iz vivo animal studies [30], although the
definite origin of IGE and roles of cortices and
thalamus are still controversial. However, a
more definitive answer regarding the generalized
epileptic neuronal firing patterns needs further
verification in patients.

The developments of neuroimaging and
electromagnetic  physiology methods have
promoted studies on the neural network of
IGE. Conventional MRI usually cannot show
structural abnormalities of brain network in
patients with IGE. Voxel based morphology
(VBM) can detect subtle alterations in brain
structure without prior assumptions. VBM
studies [31] on IGE demonstrated significant
gray matter volume (GMYV) increase in right
ventral lateral nucleus (VL) and right medial
frontal gyrus, and significant GMV  decrease
in bilateral pulvinar, which contributed to the
disordered neural activities in thalamocortical
circuits. Bernhardt et al. [32] found that the
thickness of the cortex is positively related
to the volume of thalamus, and that the
thickness of the frontal cortex in patients with
IGE is significantly decreased, suggesting that
generalized seizures cause remodeling of the
thalamocortical structure. DT studies [33-35]
revealed structural abnormalities in the thalamus
and basal ganglia in patients with IGE, and
these abnormalities correlated with the course
of seizures, which provided structural evidence
for thalamocortical network abnormalities. In
recent years, researchers have paid more and
more attention to the research of functional
networks. Rajaei et al. [36] used EEG functional
connectivity maps to investigate and compare
different types of epileptiform activity. Results
showed some differences between connectivity
patterns of single spikes related to focal epilepsy
and connectivity patterns of repetitive spikes
related to generalized epilepsy, which support
the theory that higher global connections are
seen in generalized epilepsy rather than the more
local connections observed in the case of focal
epilepsy. Magnetoencephalography  (MEG)
study [37] revealed a widespread increase in
functional network connectivity in the resting
state in IGE, with a particular focus on the motor

network but clearly extending beyond this,
which could be related to an increased likelihood
to generate spontaneous, generalized seizures
in patients. The fMRI functional connectivity
method provided a map of the neural networks
needed for seizure generation, and demonstrated
ictal and interictal disturbances in normal
physiological networks [38]. A study of baboon
model of Idiopathic generalized epilepsy [39]
demonstrated significant increases in the occipital
gyri of the epileptic group’s intrinsic functional
connectivity map for the default mode network
(DMN), cingulate, intraparietal, motor, visual,
amygdala, and thalamic regions. Wei et al. [40]
explored the functional connectivity between the
subnetworks of the DMN, attention network
(ATN), and frontoparietal control network
(FPN) using independent component analysis
of resting-state fMRI data collected from 27
patients with IGE. Their findings suggested that
IGE was likely associated with a disrupted brain
organization probably derived from abnormal
functional  interactions among  intrinsic
connectivity networks (ICNs). Furthermore,
the changes in the functional architecture of
the ICNs might be associated with deficits in
attention and mentation in IGE, which provided
evidence for understanding pathophysiology of
IGE [40].

Absence epilepsy (AE) is a disease characterised
by  spike-wave  discharges  present in
the encephalogram, directly caused by
hypersynchronous thalamo-cortical oscillations.
in vitro patch-clamp study on WAG/Rjj rat
model of absence epilepsy [41] showed higher
firing rate of infra-slow oscillatory intergeniculate
leaflet IGL) neurons with an abnormal reaction
to a change in constant illumination, which
sulGEsted disinhibition of the IGL network.
Additional immunohistochemical experiments
indicated astrogliosis in the area of the IGL,
which might partially underlie the observed
changes in inhibition. In patients of AE, VBM
study showed that the most significant GMV
increase was found in right VL, and slight
GMYV reduction was seen in right medial dorsal
nucleus, right subcallosal gyrus, left caudate and
left precuneus [31]. DTI study [42] indicated
that structural impairments existed in DMN
regions in children suffering from AE. EEG-
fMRI has become one of the dominant means
of studying the functional pathophysiology of
GSWD in absence epilepsy. Blumenfeld et al.
[43] proposed a network inhibition hypothesis
in which they correlated the inhibition of sub-
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cortical activating systems with awareness loss
during seizures through disruptions in their
interactions with the DMN. Another study
[44] showed early change in the BOLD signal
in the DMN, which demonstrated that either
activity in the DMN initiated the GSWD in AS
or the DMN played a certain role in permitting
or facilitating the occurrence of epileptiform
events. In addition to the DMN, the thalamus
also has an important role in AS generation.
EEG-fMRI studies [44,45] revealed a positive
thalamic BOLD response which was consistently
associated with the GSWD and absence seizures.
Alterations of resting-state network in the frontal
lobe cortex were also reported in studies on AE
[46]. Besides, a multi-frequency MEG study [47]
showed that CAE patients displayed frequency-
specific abnormalities in the network pattern
even during the inter-ictal period, and the frontal
cortex and precuneus/posterior cingulate cortex
might play crucial roles in the pathophysiology
of CAE. The effective connectivity network of
CAE patients was overconnective and random
during the inter-ictal period.

Juvenile  myoclonic  epilepsy (JME) s
characterized by myoclonic jerks, generalized
tonic-clonic seizures, and, less frequently,
absence seizures. For JME, significant GMV
increase was seen in right medial frontal gyrus,
right anterior cingulate cortex (ACC), while
significant GMV decrease was found in right
pulvinar in VBM study [31], which provided
evidence for thalamocortical abnormality. DTI
study [25] showed that structural connectivity
of the SMA was significantly reduced in JME
compared to controls. Functional network
abnormalities and underlying mechanisms of
JME were investigated with the development
of functional connectivity techniques. A study
of animal model of myoclonic seizures [48]
showed that EEG connectivity among all
electrode pairs increased at the onset of seizures.
In an EEG study on spike-and-wave discharge
(SWD) in JME [49] used graph theoretical
measures, including nodal degree, characteristic
path length, clustering coefficient, and small-
world index to evaluate the characteristics of
epileptic networks in JME. The nodal degree
of the SWD network, particularly in the frontal
region, was significantly higher compared to the
baseline network. Long-range connections were
increased during SWD, particularly between
frontal and posterior brain regions. In a fMRI
study involving a working memory paradigm
[50], the researchers found increased functional

connectivity between the motor system and areas
of higher cognitive functions within the frontal
and the parietal lobes, which might explained
clinical feature that myoclonic jerks could be
triggered by cognitive effort in some patients
with JME [51]. Additionally, in patients under
valproic acid (VPA) treatment, abnormal motor
cortex co-activation was negatively associated
with an increasing daily VPA dose, which
might underlie the beneficial effect of VPA on
controlling myoclonic jerks [50].

= Abnormal networks and neurocognitive
and psychiatric comorbidities

In addition to exploring underlying mechanisms
of epilepsy, connectivity analysis can also be
utilized to investigate the interaction between the
epileptic network and neurocognitive networks
underlying  neuropsychiatric ~ comorbidities
in patients with epilepsy. Patients with
chronic epilepsy frequently display cognitive
comorbidity and might have widespread network
abnormalities outside the epileptic zone, which
might affect a variety of cognitive functions and
global intelligence [52]. In previous studies on
structural network abnormalities in epilepsy
with cognitive impairment, Volumetric MRI
and VBM have revealed significant volume
losses in the area of the seizure focus as well as in
distant areas [53,54]. DTT adds evidence of loss
of integrity of connections from the seizure focus
to distant areas as well as between distant areas
[10,55]. A study [52] collected DTI data from
39 patients with nonsymptomatic localization--
related epilepsy and varying degrees of cognitive
impairment and 23 age-matched healthy
controls. Weighted graph theoretical analysis
showed Patients with severe cognitive impairment
showed lower clustering (a measure of brain
network segregation) and higher path length (a
measure of brain network integration) compared
with the healthy controls and patients with little
or no cognitive impairment. fMRI is considered
as a main method to investigate functional
network abnormalities in  neurocognitive
comorbidities of epilepsy. The majority of fMRI
researchers have focused on the influence of TLE
on resting-state networks, which has important
implications for understanding higher cognitive
function impairments. TLE is one of the major
risk factors for memory decline [56]. Voets et al.
[57] reported a decline in functional connectivity
between bilateral mesial temporal lobes, occipital
lobes and left orbitofrontal regions involved in
memory processing in patients with lefc TLE.
Another resting fMRI study [58] suggested
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aberrant connectivity within anterior and
posterior hippocampal-cortical networks and
altered signalling during task performance,
which was related to memory decline. Li et al.
[59] found that left and right mTLE exhibited
different neural reorganization patterns of
anterior and posterior hippocampal networks
associated with verbal memory. Fan et al. [60]
suggested that weakened contralateral connection
and disrupted effective interaction between
subregions of the unitary, transmodal hub of
the ATL may be the primary cause of anomia
in the left HS patients. Moreover, researchers
found that the functional connectivity between
nonpathological medial temporal lobe and medial
frontal cortex was related to memory function
preservation, which might be a compensatory
mechanism in patients with TLE [15,61]. A
combined language task and resting-state fMRI
study [62] showed decreased connectivity in
left TLE, which explained language disturbance
in patients. Language-paradigm fMRI studies
[63,64] revealed a right shift of language
reorganization network in patients with left TLE.
Besides TLE, less interconnected subnetworks
were found in cognitively impaired children
with FLE [65]. In patients with JME, reduced
functional connectivity within the prefrontal
cortex was associated with frontal dysfunction
characterized by impulsivity, impatience and
social immaturity [23,66]. In rolandic epilepsy,
transient influences of interictal centrotemporal
spikes on functional networks were responsible
for cognition and language dysfunction, which

was evidenced by EEG-fMRI [67].

Psychiatric comorbidities in epilepsy are of
great concern, which influences quality of life in
patients with epilepsy. As many as 20%-55% of
TLE patients suffer from depression [68]. A DTI
study [69] showed that anatomical connections,
which were diminished both in the left and right
mTLE, were primarily located in the limbic-
frontal network, partially agreeing with the
limbic-frontal dysregulation model of depression.
This may suggest the neuropathological
mechanisms underlying the comorbidity of
depression in mTLE. Alterations in the fronto-
limbic network in TLE patients with depressive
symptoms were also observed in functional
connectivity studies [70]. In another study [71],
the researchers demonstrated that hippocampal-
anterior prefrontal functional connectivity
contributed strongly to depressive symptoms in
the left TLE group compared to the right TLE
group. Right amygdala functional connectivity

was associated with depressive symptoms in both
left and right TLE. These findings suggested
that the right hemisphere might have a greater
influence on emotional networks and play a
greater role in psychiatric commobidites. In
addition, a graph theory analysis based on T1-
weighted 3D spoiled gradient recall (SPGR)
showed large scale disruptions in cortical and
subcortical brain regions in children with recent
onset epilepsy and anxiety [72]. Influence in the
network is not necessarily local but potentially
influencing other more distant regions [71]. All
these findings may help provide new insight into
mood disorders in epilepsy that could eventually
guide treatment planning.

m Perspective

Current studies on structural and functional
networks have provided invaluable insights into
the multifocal aspect of the neuronal network
underlying epilepsy and its comorbidities. Some
clinical features and interictal complications of
epilepsy result from changes in the networks,
which are associated with the clinical course of
the disease, the presence of complications and
the location of the epileptogenic zone. Different
network changes and remodeling are closely
related to the efficacy of treatment and prognosis
of epilepsy. However, the current evidence is still
far from enough to be applied to clinical practice
due to limited sample size and divergent data.
Therefore further studies remains necessary with
the development of a variety of noninvasive and
reproducible investigating techniques.

A combination of several techniques by
multimodal measurements may be most
informative method to explore neuronal
correlates of epilepsy and its comorbidities.
For example, by combining fMRI and DTI
techniques, the functional impact of white matter
tract abnormalities or the impact of functional
impairments on white matter tract integrity can
be evaluated. Then the hypotheses about altered
structure-function relationships accounting for
epilepsy can be validated. Additionally, new
methods of data analysis may be helpful in
combined analyses of different techniques. For
example, graph theoretical analysis is a technique
that converts fMRI, EEG, MEG data to abstract
graphs to investigate the level of interaction
between distinct brain regions [73].

In the future, the development in these novel
techniques will help to explore the pathogenesis
of epilepsy, accurately locate epilepsy foci and
record dissemination of epileptic activities, in
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