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Definition

• Epileptogenic Network
• The brain regions involved in the production and 

propagation of epileptic activities

Epilepsia 2010;51:676-85

Changes in concepts and terminology

• Focal seizure
• originating within networks limited to one 

hemisphere. They may be discretely localized or 
more widely distributed. Focal seizures may 
originate in subcortical structures

• Generalized seizure
• originating at some point within, and rapidly 

engaging, bilaterally distributed networks

Zones VS Networks



9/5/20

2

Zones Definition What tells what?

Irritative zone Area that creates interictal
epileptiform discharges

Interictal EEG, MEG, EEGfMRI

Ictal onset zone Origin of EEG seizures EEG or invasive EEG recording 
during onset of seizure 

Symptomatogenic
zone

Area that creates 
symptoms during seizures

Ictal semiology on video 

Epileptogenic
lesion

Lesion that create 
seizures

Neuroimaging

Functional deficit
zone

Area that responsible for 
neurological deficits

Deficit during interictal period

Epileptogenic zone “Seizure free after resection” 

• The concept of epileptogenic 

networks is historically linked to 

the development of the 

stereoelectroencephalography

(SEEG) method

• SEEG method was developed 

in the 1960s by Talairach and 

Bancaud and consists of 

stereotactic implantation of 

multiple intracerebral 

electrodes targeting different 

brain areas

Roland JL, et al. J Neurosurg Pediatr 23:411–421, 2019

• The view arose because the SEEG, for the first 
time, allowed simultaneous recording from 
multiple cortical and subcortical structures, 
which were seen to be concurrently involved in 
seizure organization, and whose anatomic 
relation could be precisely defined

• Early observation from Bancaud and Talairach’s
SEEG studies 
– The electrical disturbances arising from the presence 

of an epileptogenic cerebral lesion did not respect 
anatomic boundaries

– Seizures could be observed to arise from structures 
quite distant from the lesion and even separate from 
the region of maximal interictal spiking
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• Original concept of the EZ
• the idea of a set of interrelated brain regions 

involved in the primary organization of the ictal 
discharge, rather than a focus

The scheme proposes a hierarchical organization
in terms of epileptogenicity in the epileptic brain

G H

Bear JJ, et al. Epilepsia. 2019;60:1491–1507.

Studies of epileptic networks Methods used to study epileptogenic networks

• Structural (anatomical) studies
– MRI tractography
– Covariance of morphologic markers eg. gray matter 

volume or cortical thickness

• Effective connectivities studies
– CCEP

• Functional studies 
– fMRI

Methods used to study epileptogenic networks

• Structural (anatomical) studies
– MRI tractography
– Covariance of morphologic markers eg. gray matter 

volume or cortical thickness

• Effective connectivities studies
– CCEP

• Functional studies 
– fMRI

MRI tractography

• Water molecules move better 
along the fibers than in their 
perpendicular orientation

• By measuring the dMRI signal 
for each imaging voxel along a 
number of noncollinear 
orientations, the local fiber 
orientations can be assessed 
throughout the tissue of interest. 

• These local fiber orientations 
can then be pieced together to 
construct long-range pathways 
connecting distant regions of the 
brain, “fiber tracking or fiber 
tractography”

NMR in Biomedicine. 2019;32:e3785
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Methods used to study epileptogenic networks

• Structural (anatomical) studies
– MRI tractography
– Covariance of morphologic markers eg. gray matter 

volume or cortical thickness

• Effective connectivities studies
– CCEP

• Functional studies 
– fMRI

Effective connectivity

• Analyze the causal influence between brain 
regions

• Non-interventional approaches:
• Observational and therorize causality indirectly 

by analyzing simultaneous recordings of neural 
activities to quantify the directionality of 
functional connections using mathematical 
measures eg. Granger causality and dynamic 
causal modeling

Effective connectivity

• Interventional approaches:
• Use stimulation (cortical stimulation transcranial 

magnetic stimulation)
• to influence changes recorded by evoked 

responses recorded on EEG or 
electrocorticogram (ECoG)) or recorded 
indirectly by fMRI in order to assess its effects 
on other brain regions

Matsumoto R, et al. Seizure 2017; 44:27–36.

Matsumoto R, et al. Seizure 2017; 44:27–36.

Methods used to study epileptogenic networks

• Structural (anatomical) studies
– MRI tractography
– Covariance of morphologic markers eg. gray matter 

volume or cortical thickness

• Effective connectivities studies
– CCEP

• Functional studies 
– fMRI
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fMRI studies of connectivity

Farahani FV, et al. Front. Neurosci 2019;13:585.

How to define nodes?

• Various criteria can be used to define nodes
• eg. single voxels, anatomic parcellations

Farahani FV, et al. Front. Neurosci 2019;13:585.

• By globally mapping pairwise connections 
between given numbers of nodes, a connectivity 
matrix can be constructed

Farahani FV, et al. Front. Neurosci 2019;13:585.

Functional connectivities: assess
temporal correlations between BOLD 
signals from spatially remote brain regions

Effective connectivities:
assess causal interactions between 
neuronal units of the brain network

Farahani FV, et al. Front. Neurosci 2019;13:585.

Trends in Cognitive Sciences 2013; 17:666

Common terminology and methods used in functional connectivity studies

Bear JJ, et al. Epilepsia. 2019;60:1491–1507.
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Farahani FV, et al. Front. Neurosci 2019;13:585.

Graph Theory

• the study of graphs, which are mathematical 
structures used to model pairwise relations between 
objects

• a framework for the mathematical representation 
and analysis of complex systems

• Provides a powerful formalism to quantitatively 
describe the organizational patterns of brain 
networks. 

• Its application to neuroimaging data has revealed 
novel insights into normal brain function and 
epilepsy

• graph is a diagram of a set of objects in which 
some pairs of the objects are in some sense 
"related"

6 Nodes (vertices)

7 Edges

The paper written by Leonhard Euler on
the Seven Bridges of Königsberg and 

published in 1736 is regarded as 
the first paper in the history of graph theory.
The challenge with Königsberg’s bridges, 
was to be able to walk through the city by 
crossing all the seven bridges only once
- You cannot uncross any bridge
- Each bridge must not be crossed more
than once

Social networks

Find shortest distance on maps

Farahani FV, et al. Front. Neurosci 2019;13:585.

Graph Theory

• Network is composed of 
• Nodes (vertex): brain region
• Edges: structural or functional connections
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• Clustering coefficient (C ): likelihood 
that neighbours of a vertex will also be 
connected, is a measure for the 
tendency of network elements to form 
local clusters

• Characteristic path length ( L): the 
average of the shortest distance 
between every pairs of vertices 
counted as a number of edges. The 
characteristic path length L indicates 
how well network elements are 
integrated or interconnected

Farahani FV, et al. Front. Neurosci 2019;13:585.

High clustering coefficient
Long average path length 

Low clustering coefficient
Short average path length  

High clustering coefficient
Short average path length  

Farahani FV, et al. Front. Neurosci 2019;13:585.

- Study investigating complex network properties based on interictal intracerebral EEG
in temporal lobe epilepsy (TLE).
- Compared a group of patients with mesial TLE with a ‘‘control group’’ having 
neocortical epilepsy(non MTLE) by calculating synchronization between 28 signals 
from mesial temporal lobe and some neocortical regions.
- Results are in favor of a more regular (less random) configuration of epileptogenic 
networks (increased normalized clustering index).

Clinical Neurophysiology 2013;124:2345–53 Clinical Neurophysiology 2013;124:2345–53

Synchronization likelihood (SL): a measure for statistical interdependencies between 
a time series (such as a EEG/SEEG signal) and one or more other time series within the system

mean SL value is higher in MTLE group

Clustering coefficient (Cw) is higher in MTLE group
Path length (Lw) is slightly higher in MTLE group
Small world index (S) is higher in MTLE group

S index was significantly 
correlated with the duration of
the disease in the MTLE group

• The parallel increase of both C and L parameters is 

indicating of a more regular configuration

• These results are in agreement with previous studies in 
human epilepsy using different functional approaches 
such as MEG (Chavez et al., 2010; Horstmann et al., 
2010) but discordant results were found in studies using 

resting-state fMRI studies that found different topology 
alteration of functional networks (Liao et al.,2010; 
Vlooswijk et al., 2011).
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High clustering coefficient
Long average path length 

Low clustering coefficient
Short average path length  

High clustering coefficient
Short average path length  

Farahani FV, et al. Front. Neurosci 2019;13:585.

• The identification of such more regularized topology could be 
considered as a new biomarker of epileptogenic network 
potentially useful for the presurgical evaluation.

• Nevertheless, correlations between clinical parameters and 
graphs parameters are still to be performed on larger cohorts 
of patients.

• This result is also in agreement with a previous study 
suggesting that neural networks in TLE patients become more 
pathological over time (van Dellen et al., 2009).

Evidence of disrupted network topology 
in TLE: insights from graph theory

• The application of graph theory, along with clinico-
radiological findings, helps to better understand the 
network mechanisms behind a cognitive decline in focal 
epilepsies, particularly TLE, and offers promising 
diagnostic biomarkers

Chiang and Haneef 2014; Onias et al. 2014; Wang et al.2014; Pedersen et al 2015;
Ridley et al. 2015; Iyer et al. 2018

Evidence of disrupted network topology 
in TLE: insights from graph theory

• A study of brain networks from resting state fMRI reported 
decreased clustering and path length, and disruptions in 
the distribution of network hubs, in favor of a random 
network topology (Liao et al., 2010). 

• However, a more recent study showed increased clustering 
and path length, a finding rather typical of a regular 
topology (Wang et al., 2014), which are in line with graph-
theory analysis of structural networks constructed from 
– Cortical thickness correlations (Bernhardt et al., 2011)
– Diffusion MRI data (Bonilha et al., 2012; Liu et al., 2014) 
– Electrophysiology-derived network analyses (Bartolomei et al., 

2013).
Caciagli L, et al. Front Neurosci 2014;8

Evidence of disrupted network topology 
in TLE: insights from graph theory

• Evidence from some of the studies suggests that 
alterations in brain structural (Bernhardt et al., 2011) and 
functional (Wang et al., 2014) networks intensify over 
time.

• Certain studies have shown that patients with a poor 
outcome after surgery exhibit more pronounced network 
disruptions compared to those who achieved seizure 
freedom. 

• These findings suggest that whole-brain network 
analysis might be a valuable asset for clinical decision-
making (Bernhardt et al., 2011).

Caciagli L, et al. Front Neurosci 2014;8

Epilepsy network is dynamic 

• Wide spread zone
• May have 

– inter-seizure variation
– multiple networks
– inter-individual variation

• May progress overtime
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Studies on epileptic networks: Caveats

• Although the contribution of aberrant connectivity to 
seizure control is increasingly recognized, individualized 
predictive values on a single-patient level remain to be 
established, because most studies so far have focused 
on group analyses

• Understanding the complexities between the 
epileptogenic zone/lesion and whole-brain connectivity is 
of special importance for clinical decision making in 
epilepsy surgery and should be the object of future in-
depth, possibly prospective, analyses.

Human Connectome Projects

• Began in 2010
• National Institutes of Health (NIH) awarded ~$40 

million to two consortia to develop improved 
neuroimaging methods and to acquire a data set of 
unprecedented size and quality for mapping the 
“normal human macroscale connectome” (the long-
distance connections between all of the brain’s 
areas)

• Deepen our understanding of healthy brain function 
and may improve our ability to understand and treat 
neurological and psychiatric disorders

Application of network knowledges in 
clinical setting

• Potentially informed seizure focus localization (in 
complement with other methods)

• Potential predictors of seizure outcome

• Potential predictors of cognitive outcome

Foit NA, Bernasconi A, Bernasconi N. Neurosurg Clin N Am 2020;31:395–405

History and physical examination

Neuroimaging

Routine EEG

Video EEG monitoring

In some cases, the EZ corresponds to 
a relatively restricted area of the brain, 
in which seizure onset is limited to 
a unique dysfunctional area, 
a situation corresponding to 
the classical notion of an epileptogenic focus 

• However, in many cases the seizure onset is 
characterized by discharges that simultaneously 
or very rapidly involve several distributed brain 
regions. In this situation, the model of the 
epileptogenic focus cannot accurately describe 
the spatial organization of the EZ.
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Summary

• Since the early works of Bancaud and Talairach
using SEEG, multiple approaches have been 
developed to study the spatiotemporal oscillatory 
dynamics of brain networks engaged in 
epileptogenic processes

Summary

• Efforts to quantify the complex phenomena that rule the 
spatiotemporal organization of the EZ are feasible, but 
how these concepts may be useful in clinical practice 
remains uncertain and underapplied

• Potential uses of these concepts could be to 
– improve surgery procedures via tailored and minimally invasive 

curative surgery based on specific disconnection or multiple 
nodal targeting

– informed seizure focus localization (in complement with other 
methods)

– predictors of seizure outcome
– predictors of cognitive outcome


