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Epilepsy is a neurological disorder affecting approximately 70million people worldwide. It is
characterized by seizures that are complex aberrant dynamical events typically treated with
drugs and surgery. Unfortunately, not all patients become seizure-free, and there is an
opportunity for novel approaches to treat epilepsy using a network view of the brain. The
traditional seizure focus theory presumed that seizures originated within a discrete cortical
area with subsequent recruitment of adjacent cortices with seizure progression. However,
a more recent view challenges this concept, suggesting that epilepsy is a network disease,
and both focal and generalized seizures arise from aberrant activity in a distributed
network. Changes in the anatomical configuration or widespread neural activities
spanning lobes and hemispheres could make the brain more susceptible to seizures.
In this perspective paper, we summarize the current state of knowledge, address several
important challenges that could further improve our understanding of the human brain in
epilepsy, and invite novel studies addressing these challenges.
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SPATIAL AND TEMPORAL ASPECTS OF BRAIN NETWORKS

Network neuroscience has transformed our conceptualization of the brain as a complex network
(Bullmore and Sporns, 2009; Bassett and Sporns, 2017). A complex network consists of vertices and
edges and has non-trivial topological features (Boccaletti et al., 2006; Cohen and Havlin, 2010).
Depending on the chosen spatial scale, a vertex may represent a cell or a brain region, and an edge
represents some connection between vertices. Brain networks are mainly of two types: structural and
functional. In a structural network, an edge represents a physical/anatomical connection between
vertices. In a functional network, an edge represents some functional interaction between vertices. By
conceptualizing the brain as a network, we can study its topological and other network-related
properties quantitatively by employing a wide range of methods from graph theory (Fornito et al.,
2016; Newman, 2018; Chung, 2019).

Brain networks can be defined at and across multiple levels of spatial and temporal scales. There
are three broadly recognized spatial scales: microscale, mesoscale, and macroscale. At these spatial
scales, the definition of vertices changes to either single cells (e.g., neurons), group of cells (e.g.,
cortical columns), or brain regions (e.g., parcellated areas). For structural brain networks, edges at
microscale, mesoscale, andmacroscale could be defined as single synapses, fiber bundles, or groups of
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fiber bundles. The edges are almost always defined for functional
brain networks based on properties of some interaction between
activities recorded at the vertices. These properties can be
characterized with a wide range of time-series-analysis
techniques (Lehnertz et al., 2020) and define the type of
network at different scales, such as directed/undirected and
binary/weighted networks. The timespan determines the
definition of networks ranging from seconds to days or
changes over lifespan via plasticity mechanisms. In such
evolving (time-dependent/temporal/multiplex) networks
(Bullmore and Sporns, 2009) not only the number of vertices
and edges may change over time, but also the properties of edges
can evolve. The spatial-temporal network architecture of the
human brain can illuminate how human cognition and
behavior emerges (Medaglia et al., 2015), how they vary over
development and aging (Damoiseaux, 2017), and its alteration in
disease or injury (Liu et al., 2017).

The best practices for constructing and analyzing brain
networks are still evolving with many unknowns and
challenges. Limiting our focus on epilepsy, in this perspective,
our objective is to summarize the current state of knowledge and
highlight the areas that need to be addressed in future studies to
further improve the understanding of aberrant brain networks in
epilepsy.

NETWORK ABERRANCE

Conceptualizing the human brain as a network has led to a
paradigm shift in establishing epilepsy as a network disorder
(Spencer, 2002; Berg and Scheffer, 2011; Kramer and Cash, 2012;
Engel et al., 2013; Lehnertz et al., 2014; Bernhardt et al., 2015;
Stacey et al., 2020). A network representation of epilepsy offers a
powerful framework to understand how seizures originate,
propagate, and terminate. The complex network structure of
the brain emerges during development through a process of
creating connections and refining those connections. The
resulting structural network allows for rich dynamics and
information processing. Seizures may emerge due to subtle
changes in this network. Altered connections between areas
can result in a change in stability that enables the emergence
and propagation of seizures. These changes may occur with or
without changes in excitability in the network. Seizures, even in
patients with epilepsy, only represent a small fraction of the
dynamic activity observed in the brain. An epileptic network is
not necessarily seizing, it is a network in which the propensity to
seize is higher than normal. It is possible that all brain networks,
under the right conditions, may seize. Therefore, an aberrant
network can be defined by an increased probability of a seizure.

Vertex and Edge Aberrance
There are four possible causes for network aberrance
(Gummadavelli et al., 2018): vertex, edge, vertex-edge, and
emergent aberrance. a) Vertex aberrance: Most prior work in
epilepsy conceived aberrance to arise from a seizure focus, which
can be regarded as a vertex (or a group of vertices). These prior
studies reported abnormalities in cell dynamics caused by

channelopathies (van Loo and Becker, 2020), or changes in the
structure of a brain region, such as a focal cortical dysplasia (Gill
et al., 2021; Sinha and Davis, 2021) or hippocampal sclerosis
(Winston et al., 2013; Chen et al., 2018). b) Edge aberrance:
Altered connections between neurons or areas can be caused by
changes in conduction velocities, which could occur due to
changes in myelination, or by changes in synaptic dynamics.
Edge-centric approaches have been developed to capture these
abnormalities, e.g., traumatic axonal injuries in traumatic brain
injury (TBI) or abnormally altered functional connections
between regions inside and outside the epileptogenic tissues
(Diaz-Arrastia et al., 2014; Rings et al., 2019; Yue et al., 2019;
Fruengel et al., 2020; Graham et al., 2020). c) Vertex-edge
aberrance: It is plausible that abnormalities in vertices and
connected edges influence each other, i.e., network aberrance
can result from a conjunction of both edge and vertex aberrance
(Rings et al., 2019; Fruengel et al., 2020). d) Emergent aberrance:
In emergent aberrance, even though the individual vertices and
edges of the network are not aberrant, aberrance arises because of
the network’s dynamics and/or topology. An open question is
whether a normal non-epileptic network, recruited into
epileptiform activity is part of emergent network aberrance
(Sloviter, 2008).

Epileptogenesis vs. Ictogenesis
Network aberrance is associated with the pathophysiological
mechanism underlying epileptogenesis and ictogenesis.
Epileptogenesis refers to the mechanism by which epilepsy
develops i.e., when healthy brain networks develop the
propensity to generate seizures (Goldberg and Coulter, 2013;
Pitkänen et al., 2015; Bartolomei et al., 2017; Sinha et al., 2019;
Baruah et al., 2020). For example, increased risk of
epileptogenesis after traumatic brain injury might be
associated with aberrance in brain networks due to injury in
major white-matter fasculli (Pitkänen et al., 2016). Ictogenesis
refers to the development of seizures in patients with epilepsy
i.e., the mechanism by which seizures originate in brain networks
(Blauwblomme et al., 2014; Wolf and Beniczky, 2014; Paz and
Huguenard, 2015). Recent studies show that even in the same
epilepsy patient, the functional brain networkmay evolve seizures
specifically (Schroeder et al., 2020). Therefore, network aberrance
associated with epileptogenesis and ictogenesis could be highly
patient-specific and might evolve with disease progression in
individual patients.

Heterogeneities
Seizures can arise out of a myriad of pathologic substrates,
resulting in significant heterogeneity among patient
populations. This poses significant challenges in studying the
mechanisms that give rise to an epileptic network and in
developing individualized therapeutic interventions.
Heterogeneities between patients can include age (Guerrini,
2006; Thijs et al., 2019; Sen et al., 2020), sex, genetic
differences, structural and anatomic differences, comorbidities,
medications (Löscher et al., 2013; Haneef and Chiang, 2014),
amongst others. For example, in psychiatric comorbidities, it is
well-known that the prevalence of conditions like depression and
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anxiety are significantly higher in patients with epilepsy than the
general population, however, the reason for this relationship is
unclear. A widely used approach to studying epilepsy is based on
a case-control design, i.e., isolating a variable of interest, grouping
patients based on this variable, and comparing to a control
population (Marquand et al., 2016a; Marquand et al., 2016b;
Marquand et al., 2019). This case-control design can be expanded
to understand how individual network characteristics can be
defined with multimodal data (structural and functional
imaging, electrophysiology, genomics, etc.) for mapping
individual patients on disease spectrum to tailor patient-
specific therapies.

EXISTING TECHNIQUES TO CONTROL OR
CORRECT NETWORK ABERRANCE

A network aberrance may be treated by lesioning connections,
stimulating brain areas in the network to promote plasticity and
reweighting of the connections, or to change the homeostatic
setpoints maintaining the connections within the network.
Treating an abnormal epileptic network requires a patient-
specific understanding of the brain network to develop an
optimal treatment plan.

Surgery
Epilepsy surgery is an effective therapy to control drug-resistant
seizures, with nearly 50% patients achieving seizure freedom after
surgery. Epilepsy surgery introduces a specific change to
normalize the aberrant epileptic network (Sinha et al., 2014;
Sinha et al., 2016; Sinha et al., 2017; Taylor et al., 2018;
Ramaraju et al., 2020; Wang et al., 2020; Sinha et al., 2021a;
Bernabei et al., 2022; Taylor et al., 2022). There is a critical need to
develop methods to quantitatively map brain network aberrance
before surgery and validate these quantitative measures with
surgical decisions and outcomes.

Stimulation
Devices, more recently, have emerged as the third line of
treatment after pharmacotherapy and resective or
disconnective surgery. The implanted device may stimulate in
an open-loop manner or monitor brain signals from electrode
contacts and send electrical pulses through the electrode contacts
to the brain in a closed-loop response to aberrant electrical signals
to disrupt the emerging seizure. The use of invasive electrical
stimulation devices is an active topic of investigation, and
research is underway to determine optimal stimulation
parameters. First-generation implanted devices were not
designed to monitor and modulate brain networks
(Gummadavelli et al., 2018). Instead, they were designed for
monitoring and controlling activity at one or a few brain
locations. To be able to monitor and modulate a brain
network would entail being able to monitor and stimulate
multiple brain areas with real-time evaluation of relationship
measures and understanding when, where, and how to stimulate
to achieve network modulation. This may require identifying
“hubs” or “choke points” or strategic regions in the network that

can terminate abnormal activity or prevent activity from
propagating through the network. In addition, we may need to
develop a novel stimulation paradigm adapted to the extended
spatiotemporal network nature of the brain, develop a better map
of the dynamic states of the network, and understand the stimuli
needed to tailor the neuromodulation therapy for an individual.
As an alternative to implanted devices, devices can be used to
non-invasively stimulate networks, such as transcranial magnetic
stimulation (TMS) (Badawy et al., 2014; Tsuboyama et al., 2020;
Vlachos et al., 2022), transcranial direct current stimulation
(tDCS) (Tecchio et al., 2018), or transcutaneous auricular
vagus nerve stimulation (taVNS) (von Wrede et al., 2021;
Rings et al., 2021). These approaches can be used for global
network activation rather than stimulating specific vertices or
edges within the network.

Behavior and Cognition
In addition to the above established control techniques, cognitive
and behavioral treatments for epilepsy offer several advantages:
they are relatively low cost and noninvasive, lack serious side
effects, and facilitate patient participation (Tang et al., 2014;
Leeman-Markowski and Schachter, 2017; Nagai, 2019; Thijs,
2019). One of these approaches – biofeedback – employs
behavioral control strategies based on operant conditioning to
regulate physiological activity. Through visual and auditory
feedback, patients learn how to voluntarily modulate – in real
time – physiological responses, such as heart rate, respiration,
electrodermal or electroencephalographic activity. Biofeedback is
widely assumed to act by influencing thalamocortical regulation.
Electrodermal activity (EDA) biofeedback has been shown to
significantly reduce seizure frequency, and the post-therapy
seizure reduction correlated linearly with enhanced
interactions between frontal brain regions known to mediate
attentional and executive functions in feedback learning and
cognitive control (Nagai et al., 2018). Another study provided
evidence of an involvement of the occipital cortices that process
visual information as well as of cortical and subcortical areas that
are associated with interoceptive awareness (Critchley, 2002).
Overall, EDA biofeedback appears to elicit distributed but diffuse
and unspecific network activity (Schach et al., 2022). A better
understanding of the mechanism of action of cognitive and
behavioral approaches may help establish these techniques as
additional or alternative non-pharmaceutical treatment options
and may help to improve understanding of neurobehavioural
comorbidities of epilepsy (Hermann et al., 2021).

Drugs and Diet
Although anti-seizure medications and their long-term effects on
the brain is a broad field of literature unto itself, the development
of specific measures to quantify effects of individual medications
in a patient-specific manner is of particular interest. Broadly, the
effects of anti-seizure medications are generally conceptualized as
tipping the balance between excitation and inhibition, and we are
beginning to reconcile this understanding with the modulation of
aberrant synchrony and network architecture in epilepsy. To this
end, several studies have started to address this question by
developing measures to quantify medication-related changes
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(Meisel, 2020). Many open questions remain, including
quantifying long-term effects of medications on network
architecture and assessing and/or predicting treatment
response based on network configurations.

Many drug-resistant epilepsy patients are not candidates for
surgery, leading to consideration for alternate and non-
pharmacologic treatments, such as the ketogenic diet (KD).
The classic ketogenic diet consists of a high-fat, and low
carbohydrate diet, switching the body’s metabolism to
consume ketones as a primary fuel source (Rho, 2017;
D’Andrea Meira et al., 2019). The mechanisms behind the
efficacy of KD are still being explored with emerging
evidence suggesting that the anti-seizure properties of KD
may be mediated by an enrichment of specific KD-associated
gut microbiota (Olson et al., 2018). It is possible that KD may
also exert its effects by modulating epileptic networks
independently or via the gut microbiota. A recent study
showed that changing predominant dietary fuel from glucose
to ketones increases sustained functional communication
between brain regions, i.e., increases brain network stability
(Mujica-Parodi et al., 2020). Another study showed that
modulating the gut microbiome can change brain-wide
functional connectivity and structural organization (Aswendt
et al., 2021). Therefore, KD can influence brain networks
directly via ketosis or by modulating gut microbiota
representing a growing need to study the effects of KD on
networks in the context of epilepsy.

WHAT ARE THE FUTURE TOOLS EXISTING
AND CONCEPTUAL TOOLS?

Measurement Tools
The development of the field of network neuroscience
challenges us to develop new measurement tools and
methods. To better understand the development of network
aberrance, we need to be able to monitor the vertices and edges
of brain networks, at different spatial scales, with structural and
functional modalities and over time. We need to make
measurements over long durations to allow for the capture
and determination of relationships between different network
vertices. We also need to capture information with different
modalities which can let us infer the electrophysiological,
neurochemical, and metabolic network alterations which
accompany epileptogenesis and ictogenesis. While progress
has been made with functional modalities such as fMRI
BOLD and electrophysiology, and there have been clear
demonstrations of network changes in epilepsy with these
modalities, challenges exist in combining information on
networks determined from these modalities. Challenges also
exist, in combining information from functional and structural
imaging modalities. These different challenges call for the
development of new sensor technologies for continuous
measurement, new multimodal brain probes, new methods
for imaging the brain, and new conceptual and mathematical
approaches for fusing multimodal data and studying network
activity (Spencer et al., 2018).

Normative Approach
Many recent studies are adopting the normative modeling
approach, which is a case-control method that leverages huge
control databases for quantifying deviations in individual patients
(Frauscher et al., 2018; Bernabei et al., 2022; Taylor et al., 2022).
In this approach, measurement from a patient’s brain networks is
standardized against equivalent measurement derived from a
group of controls. Thus, the aberrance in the patient’s network
is quantified as a deviation from the normal range expected in
controls. Normative modeling approach is routinely applied
across a range neurological and psychiatric disorders
(Marquand et al., 2016a; Marquand et al., 2016b; Marquand
et al., 2019; Sinha et al., 2021a; Sinha et al., 2021b). In
epilepsy, recent studies applied the normative modeling
approach for mapping abnormalities remaining after epilepsy
surgery using structural brain networks and mapping
epileptogenic tissues using normative intracranial EEG atlases
using functional brain networks (Sinha et al., 2021a; Sinha et al.,
2021b; Bernabei et al., 2022; Taylor et al., 2022). These
approaches can potentially reconcile heterogeneities and
stratify patients on a disease spectrum enabling patient-specific
therapies.

Computational Models of Networks
High density recordings from cortex and depth electrodes have
provided amazing opportunities to study the dynamics of brain
areas and functional connections between them. But the high
dimensionality of the data makes it difficult to interpret the
origins of aberrant activity. Computational models of neuronal
networks enable probing the parameters and states to better
understand the dynamics and how vertex dynamics and
network structure affects brain dynamics. Models can be fit to
recorded neuronal data to infer changes in the connection
structures, dynamics, and hidden states of the brain. Hodgkin-
Huxley-type models are used to simulate neurons (Hodgkin and
Huxley, 1990) and mean-field models, such as the Jansen-Rit
model can be used to simulate local field potentials (Jansen and
Rit, 1995). Mean-field models can easily be extended to
incorporate slow dynamics to simulate ictogenesis and seizure
termination (Jirsa et al., 2014) or scaled up to make whole brain
scale networks using anatomical connections (Sanz Leon et al.,
2013; Falcon et al., 2016).

The development of modeling platforms, such as Neuron
(Nicholas and Michael, 2010), and platforms specifically to
model networks, such as PyNN (Davison et al., 2008) and The
Virtual Brain (Falcon et al., 2016), have facilitated the ease and
entry into using simulations to understand brain dynamics.
Repositories of models, such as ModelDB (McDougal et al.,
2017), allow sharing of existing models. These predictive
models can be used to design closed-loop control to modulate
states and functional connections within the brain.

Dynamical Systems Analysis Tools
Understanding dynamics of brain networks requires an
understanding of the dynamics of vertices and the network
structure together. Determining what makes a network stable or
unstable requires dynamical systems analysis tools. There are well
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developed tools for understanding the dynamics of linear and time-
invariant (LTI) systems in MATLAB and Python. However,
neuronal dynamics are nonlinear and non-stationary. But, with
most nonlinear systems, they often act linearly locally in state
space to small perturbations and LTI systems analysis can be
very informative and should never be underestimated. There are
excellent nonlinear analysis tools that can be extremely valuable in
characterizing complex dynamical systems, such as XPP/XPPAut
(Ermentrout and Mahajan, 2003), which can be used to identify
bifurcations as a function of parameters (e.g., input drive or
interaction strength between areas), of brain models.
Sophisticated network analysis tools have also been developed,
such as the Brain Connectivity Toolbox (Rubinov and Sporns, 2010).

CONCLUSION

Network studies of the human brain and epilepsy remain at an
early stage and much about the aberrance of brain networks in
epilepsy remains poorly understood. In this article we have
delineated some of the open areas of research. We invite studies
in these areas and other topics on brain network disorders
ranging from the best practices in characterizing epileptic
networks and its constituents, modeling to illustrate the
pathophysiological mechanisms, techniques to control
network aberrance and models integrating different spatial
and temporal resolutions to illustrate emergent network
aberrance associated with epileptogenesis and ictogenesis. We
encourage longitudinal studies combining multimodal imaging,
electrophysiology, and genetics to identify biomarkers for

diagnosis and prognosis of medication resistance, treatment
outcomes, effects of ketogenic diet on networks in the context of
epilepsy, broader questions on comorbidities, neurological and
psychiatric brain network disorders, interactions between brain
networks and the gut microbiome and other metabolic
processes.
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