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Abstract Epileptic seizures are characterized by a rich dynamic spectrum

consisting of excessive, abnormal and synchronized firing of neuron ensembles.

Such abnormal firing has been quantitatively characterized via power laws in neural

avalanches. The term “neural avalanche” has been used to illustrate the excessively

amplified neural firing patterns that lead to epileptic seizures. The pattern of
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amplified firing in neural avalanches betrays a modular signature in the spread of

activation across cortical minicolumns. According to this modular approach of

epilepsy, the excessive amplification of neural firing in a cortical minicolumn

results from a defect within the “inhibitory curtain” surrounding the pyramidal

cells. The functional basis of this approach provides insights into potential clinical

interventions.

Keywords Epilepsy seizure • Power law • Neural avalanche • Cortical

microcircuits • Minicolumns

15.1 Introduction

Anatomical connectivity patterns of brain complexity have revealed a wiring

organization that can be captured by neural modules that are neither regular nor

random (Mountcastle 1997; Opris and Casanova 2014). In many instances the

emergence of behaviors and pathological states are accompanied by various

changes in brain connectivity patterns (Varela et al. 2001). Recently, it has been

discovered that functional connectivity patterns obtained from electrophysiological

recordings, functional magnetic resonance imaging (fMRI) and electroencephalog-

raphy (EEG) signals during different pathological and cognitive brain states

(including epilepsy) display structural and functional signatures of modular prop-

erties (Vaessen et al. 2014). Experimental studies have also shown that brain

functions are coordinated via scattered specialized modules, forming a “brainweb”

of neural ensembles (Varela et al. 2001). Modularity is a basic concept in the

complex networks of cells endowed with columnar laminar structure (Buxhoeveden

and Casanova 2002; Mountcastle 1997). A module can be defined as a group of

cells within a network, in which connections between cells in the group are denser

than connections of the cells with the rest of the network (Mountcastle 1997).

Modularity appears to play a key role in the stability, flexibility and robustness of

the network (Sole and Valverde 2008). Modular architecture of the brain might play

a key role in the integration of microcircuit and of macro-scale brain activities

(Opris et al. 2011, 2012a, b, 2013). Occurrence of rhythmic spike wave discharges

of high amplitude that synchronizes over multiple cortical areas, suddenly emerg-

ing from a normal activity background, is a main characteristic of epilepsy.

Dysfunction of microcircuit and of macro-scale brain activity facilitates the

emergence of epileptic discharges. While brain connectivity studies mainly focus

on the onset, evolution and onset of epileptic discharges, in this chapter we study

the modular signature of brain microcircuits and networks extracted from signals of

epileptic patients compared to healthy subjects. Epileptic seizures are pathological

activity states in the human brain having a rich dynamic spectrum consisting of

excessive, abnormal and synchronized firing of neuronal ensembles. Such abnormal

firing has been quantitatively characterized via power laws that are characteristic to

avalanche processes (Wu et al. 2014).
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The term “neural avalanche” illustrates excessively amplified neural firing

patterns. The pattern of amplified firing in neural avalanches betrays a modular

signature in the spread of activation across cortical minicolumns and large-scale

networks. According to this modular view of epilepsy, one could posit that exces-

sive amplification of neural firing in a cortical minicolum may be the outcome of

pyramidal cells crosstalk that pierce the inhibitory wall surrounding the

minicolumns.

15.2 Neural Avalanches

15.2.1 Definition of Neural Avalanches

Neuronal populations exhibit a type of activity named neuronal avalanches. A

neuronal avalanche is a cascade of bursts of activity in neuronal networks whose

size distribution can be approximated by a power law, as illustrated in critical sand

pile models (Bak et al. 1987). The size distribution of neuronal avalanches in

cortical networks of the brain has been reported to follow a power law distribution

with an exponent close to �3/2, which reflect the long range spatial correlations in

spontaneous activity (Klaus et al. 2011).

Neuronal avalanche has been demonstrated in cortical seizure-like activity in the

anterior cingulate cortex (ACC) induced by 4-aminopyridine (4AP) and bicuculline

(Bic) antagonists of selected voltage-gated potassium channels and γ-aminobutyric

acid-A (GABAA) receptors, respectively (Wu et al. 2014). To illustrate the concept

of neuronal avalanche induced by the application of 4AP and Bic, a layered brain

slice together with the recording position of the multi-electrode array (MEA) are

depicted in Fig. 15.1a. To detect the active neuronal responses, a threshold was set

on the high-pass filtered sweep of negative local field potentials (nLFPs). These

nLFPs have been correlated with neuronal spikes (Wu et al. 2014).

Seizure-like activity consists of ictal and tonic bursts (Fig. 15.1b, red line, upper

panel), followed by clonic bursts (Fig. 15.1b, gray line, upper panel). The time-

points at which each nLFPs exceeded the specific threshold is marked as a unit

raster in the lower panel of Fig. 15.1b. The time units were summed together in a

timescale-binned plot to calculate the avalanche size and lifetime. Figure 15.1c

shows the cumulated time units framed by a time window (Δt, gray regions) from

eight-channel recording. According to Wu et al. 2014, the avalanche is defined as “a

series of activity separated by a blank at the beginning and end of the events”. The

avalanche size was calculated as the total number of electrodes with active units,

while the lifetime was calculated as the summation of the total time frame in each

avalanche event. The distribution of the avalanche size with its probability P

(s) were plotted on a log-log scale. A neuronal avalanche that has a fitted

straight-line slope of α value indicates a power-law relationship and the event’s
dependence. The 4AP-Bic group (red solid line) showed a power-law distribution
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with the α value around �1.5 (Fig. 15.1d). An important test was performed to

assess whether event dependence is essential for the power-law relationship. Thus,

the event dependence was disturbed, by randomly shuffling the data with regard to

the order of temporal sequence and spatial arrangement of the events. Both the

shuffling data (dashed red line) and spontaneous activity data (black line) showed

an exponential distribution, which is a type of Poisson distribution in which the

events occur independently (Fig. 15.1d).

Fig. 15.1 Definition of the neuronal avalanche. (a) Brain slice with the recording site. (b)
Comparison of seizure-like activity of ictal events, followed by tonic and clonic bursts with

spontaneous activity. (c) Example of the collective time step, which is framed in 4 ms time bins

from eight channels. The definition of an avalanche is separated by blank activity at the beginning

and end of the events. The activated electrodes are counted as the avalanche size, and each event’s
lifetime is the summation of the total time frames. (d) Distribution of different avalanche sizes

plotted on a log-log scale. The neuronal avalanche could follow the power-law distribution, and its

slope could be calculated as the α value. The original data were shuffled in order to disturb their

spatiotemporal arrangement. Scale bar¼ 1 mm in A (Adapted with permission from Wu

et al. 2014 BMC Neuroscience)
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15.2.2 Power Law Distributions

Power law distributions of event sizes are often seen in complex phenomena

including semiconductor devices (Levinshtein et al. 2005), forest fires, earthquakes,

phase transitions, financial market fluctuations, snow avalanches and many other

instances (Bak 1996). For example, earthquake models integrate local rules in

which forces at one site are distributed to nearest neighbors without dissipation.

This conservation of forces is similar to the conservation of synaptic strengths

(Royer and Pare 2003) and it could be a mechanism responsible for maintaining a

network near the critical point. Computer simulations indicate that networks can be

kept nearly critical levels when the total sum of synaptic strengths soars near a

constant value (Hsu and Beggs 2006). This could be accomplished through a

mechanism like synaptic scaling (Turrigiano and Nelson 2000), which has been

observed experimentally. Finally, recently “burned” areas in forest fire models are

refractory, while unburned areas are more likely to ignite. This balance of refrac-

toriness and excitability combines to maintain the system near the critical point.

Recent models of neuronal avalanches (Levina et al. 2005) have suggested that

short-term synaptic depression and facilitation may also serve to drive neuronal

networks toward the critical point where avalanches occur. Thus, an understanding

of power laws in diverse complex systems can suggest mechanisms that might

underlie criticality in neuronal networks. Computational models have also explored

the potential relationship between neuronal avalanches and epilepsy (Beggs 2008;

Hsu and Beggs 2006; Hsu et al. 2007, 2008).

Although the normal brain firing activity can be moderately-synchronous, in

epileptic seizures, a group of neurons begin firing in an abnormal, excessive, and

synchronized manner (McPhee and Hammer 2010; National Institute for Health

and Clinical Excellence 2012; Plenz 2012; Yang et al. 2012). This excessive firing

may occur due to structural or functional anomalies within the epileptic brain. Such

abnormal activity could be produced either by hyper excited neurons acting inde-

pendently or it could involve abnormal interactions among many neurons. Many

forms of collective activity including waves, spirals, oscillations, synchrony, and

neuronal avalanches have been identified in abnormal epileptic firing. All these

emergent activity patterns have been hypothesized to show pathologic signatures

associated with epilepsy (Hobbs et al. 2010). From this perspective, epileptic

activity would occur when regulatory mechanisms failed and the network entered

a super critical regimen. Operating at the critical point depends on the appropriate

balance between excitation and inhibition implies a structured activity that is far

from random. In addition, the activity in one neuron would, on average, lead to

activity in other neurons, amplifying activity excessively and possibly leading to

seizures (Hobbs et al. 2010). Therefore, when network activity is randomly shuf-

fled, it no longer follows a power law distribution characteristic of avalanches

(Beggs 2008).

Hobbs et al. (2010) examined neural activity from human and rat cortical tissue

in local cortical networks using 60 channel multielectrode arrays to record local

field potentials in brain slices removed from the most active epileptogenic area
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(as identified by intraoperative electrocorticography). In the human cortical tissue

they found periods of pronounced hyperexcitability and lack of a clear power law in

avalanche size distributions. Analysis showed that during these periods, there was a

significant positive correlation between the branching parameter and the firing rate,

suggesting a positive feedback loop. This aspect was not present in the activity

examined in rat tissue. These results indicate that cortical tissue removed from

pediatric epilepsy patients produces aberrant neuronal avalanches (Hobbs

et al. 2010).

15.2.3 Self-Organized Criticality

Self-organized criticality (SOC) represents a property of complex dynamic systems

that evolve to a critical state, capable of producing scale-free energy fluctuations. A

characteristic feature of dynamical systems exhibiting SOC is the power-law

probability distributions that describe the dynamics of energy release. Worrell

and colleagues in their study investigated the probability distribution of in vivo
pathological energy fluctuations in human epileptic hippocampus by analyzing data

from seven consecutive patients with temporal lobe epilepsy who required depth

electrode iEEG monitoring during evaluation for epilepsy surgery (Worrell

et al. 2002). Contacts that recorded the earliest clear seizure onset on iEEG

delineated the seizure onset zone that was determined by visual inspection as

located within the mesial (middle) temporal lobe in each patient. Typical wave-

forms of interest were epileptiform spikes, sharp waves, and sharp and slow wave

complexes. They concluded that the probability densities of interictal epileptic

energy fluctuations and the quiescent time between successive fluctuations exhibit

power-law scaling, which provides evidence for SOC in human epileptic hippo-

campus. They hypothesized that interictal epileptiform discharges are a mechanism

for energy release within epileptic brain, and that these events may provide a

method for identifying the network involved in seizure generation and they even

may assure a physiological mechanism for preventing seizures (Worrell

et al. 2002).

15.3 Epileptic Seizures

15.3.1 Definitions, Cause, Symptoms and Features
of Epileptic Seizures

Epilepsy has been defined as a chronic, complex neurological disorder associated

with abnormal electrical activity in the brain, marked by sudden recurrent episodes

of sensory/motor disturbance, changes in behavior, with or without loss of
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consciousness, and/or convulsions (Nunes et al. 2012). This excessive activity can

be produced by hyperexcited neurons acting independently or involve abnormal

interactions among many neurons (Hobbs et al. 2010). Epilepsy is one of the most

common chronic neurological affections, with more than 50 million patients world-

wide and approximate 2 million new cases each year. Epilepsy responds to treat-

ment in about 70 % of cases. Not all cases of epilepsy are lifelong, a substantial

number of people improve to the point that medication is no longer needed. One

seizure does not signal epilepsy (up to 10 % of people worldwide have one seizure

during their lifetimes) (Chang and Lowenstein 2003). Epilepsy has been defined

since 2005 by two or more unprovoked seizures, >24 h apart (Fisher et al. 2005).

The definition of epilepsy has been recently revised in order to consider the

diagnosis even after occurrence of a single unprovoked seizure, providing that we

can demonstrate an enduring predisposition for recurrence, similar to the general

recurrence risk after two seizures (more than 60 %) over the next 10 years. For

instance a patient can have a single unprovoked seizure after trauma, a stroke, or

central nervous system infection. A patient with such brain disorders has a high risk

of developing epilepsy after a single unprovoked seizure.

The tendency to respond to particular stimuli with seizures also meets the

conceptual definition of epilepsy. Reflex epilepsies are also associated with an

enduring abnormal predisposition to have recurrent seizures.

The document also mentions as a general agreement that epilepsy should no

longer be considered a disorder but a disease, the term implying a more substantial,

long lasting derangement of neuronal functionality (Fisher et al. 2014).

15.3.1.1 Classification of Seizures and Epilepsies

Generalized epileptic seizures are defined as originating within bilaterally spread

networks that, at some point, are rapidly involved. These networks do not necessary

include the entire cortex and could involve both cortical and subcortical structures.

Generalized seizures can be asymmetric in clinical appearance. Focal epileptic

seizures are defined as originating within networks restricted to one hemisphere.

They may be localized in a small area or have a wider spread. Depending on the

seizure type, ictal onset (“area of cortex that initiates clinical seizures” (Rosenow

and Luders 2001) is consistent from one seizure to another), with distinctive

propagation patterns that can sometimes imply the contralateral hemisphere.

Focal seizures might provoke alteration of consciousness or awareness and could

evolve into secondary tonic-clonic generalization. Auras are purely subjective

clinical manifestation usually occurring at the very onset of a focal seizure as a

warning event. The epileptic nature is sometimes difficult to prove if the aura

symptoms do not evolve into a more objective clinical pattern (Luders

et al. 1998). Focal seizures might develop abruptly without any warning symptoms.
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15.3.1.2 Cause Types (Etiology)

The International League Against Epilepsy (ILAE) Commission on Classification

and Terminology has simplified the classification of seizures and they proposed the

following three concepts:

1. Genetic epilepsy represents the result of a known or supposed genetic error in

which seizures are the main symptom of the disorder. In recent years, some types

of epilepsy have been correlated to mutations in genes, mostly involving ion

channels, assumptions derived from specific molecular genetic studies or from

suitable adapted family studies. For example a mutation in the GABA1 gene has

been detected in some members of a family with juvenile myoclonic epilepsy

(Cossette et al. 2002). No definitive conclusions can be made because there is no

knowledge regarding specific surrounding influences as causes of or factors that

contribute to these forms of epilepsy.

2. Structural or metabolic: This type of epilepsy refers to a condition or disease

with a metabolic or structural background associated with a high risk of devel-

oping epilepsy. Structural lesions are frequently associated with focal seizures.

They include cerebral changes resulting from, trauma, stroke, perinatal brain

damage, malformations, brain tumors, and infections. These epilepsies are

characterized by the presence in epileptogenic foci of residual neurons with no

afferents and less dendritic spines, destroyed probably by infections, trauma,

stroke, or other lesion. Structural lesions of the cerebral cortex can disrupt,

inhibitory GABAergic interneurons, thereby minimizing the inhibition that

controls large pyramidal cells (Menzler et al. 2011).

3. “Unknown cause”: There are several cases wherein the underlying pathophys-

iology can’t be identified. These are usually encountered in children and young

adults but can occur at any age in persons who have a family history of epilepsy

or seizures. This epilepsy may have a genetic defect at its origin or it may be the

result of a distinct and yet unknown disorder (Berg et al. 2010).

15.3.2 Power Law Distributions in Epilepsy

Diseases of central nervous system are often associated with altered brain dynamics

(Expert et al. 2010). It has been hypothesized that the dynamical properties char-

acterizing a critical state may be considered as an important marker of brain well-

being in both health and disease (Plenz 2012). During epileptic seizures the

distribution of phase-locking intervals (PLI) is providing additional evidence for

the criticality hypothesis. Furthermore, deriving the distribution of PLI from elec-

trocorticogram (ECoG) data as an indicator of critical brain dynamics has shown

that the system deviates from scale-free behavior during seizures. All scales closely

follow a power-law probability distribution during pre-ictal time intervals with the

exponent between 22 and 23.5 (see Fig. 15.2). The apparent robustness of the
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power-law against exact conditions (different anatomical regions with varying

number of channels) strengthens the hypothesis of the relevance of a critical state

in human brain dynamics. While the PLI distribution followed a power-law in time

intervals preceding the seizure onset, a deviation from power-law behavior was

observed in intervals containing the seizure attack.

Figure 15.2 shows the distribution of PLI derived from a pre-ictal, an ictal and a

postictal time interval. The probability to find longer PLI increased during attacks

thereby destroying the scale-free property of the original distribution. After the

seizure this distribution slowly relaxed back to a power-law. In Fig. 15.2 this

relaxation is not yet complete in the postictal time interval as there is still some

residual seizure dynamics in the ECoG recording.

Fig. 15.2 The distribution of phase-locking intervals deviates from a power-law during epileptic

seizures. Top: The electrocorticogram (ECoG) recording shows the onset of a focal epileptic

seizure attack around 300 s time. Bottom: Cumulative distributions of phase-locking intervals

(PLI) are obtained during three time intervals of 150 s: preictal (left), ictal (middle) and postictal

(right). Dashed lines indicate a power-law with exponent 23.1. While the distribution appears to

follow a power-law during the pre-ictal period, intervals of increased phase-locking disturb this

characteristic distribution with the onset of seizure activity. Data shown are from a patient scale

3, corresponding to the frequency band 25–12.5 Hz (Adapted with permission from Meisel

et al. 2012, PLOS Computational Biology)
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15.3.3 Self-Organized Criticality in the Brain

Critical systems have been defined as systems that are close to a critical point, near

the boundary of an order-disorder phase transition. At criticality, these systems can

avoid being trapped in one of two extreme cases: a disordered state (when interac-

tions are too weak and the system is dominated by noise) or a globally ordered state

in which all elements are locked (when interactions are too strong and the system is

completely static). A dualism is essential for a complex system, like the brain, to

function: it must maintain some order to ensure coherent functioning (i.e., generate

a reproducible behavior in response to a certain stimulus) while allowing for a

certain degree of disorder to enable flexibility (i.e., adapt to varying external

conditions). Such dualism is possible at criticality.

While many degrees of order/disorder are possible, the subtle balance between

order and disorder at criticality manifests itself in certain general statistical prop-

erties: critical systems exhibit spatial and temporal correlations that are long range

(i.e., on scales that are larger than those on which mutual interactions take effect)

and follow power-law distributions. Recent research has shown that brain networks,

by being in the critical state, optimize their response to inputs and maximize their

information processing ability (Shew and Plentz 2013).

Haimovici and colleagues have presented a simple brain model that, if tuned to

criticality, explains the broad range of experimental observations of human brain

activity, in particular, reproducing key findings obtained with functional magnetic

resonance imaging (fMRI) (Haimovici et al. 2013). fMRI research has been able to

deliver an important observation: the human brain at rest exhibits a large-scale

spatiotemporal organization into distinct functional networks—so-called resting

state networks (RSN) (Fox and Raichle 2007). RSNs are areas of the resting

brain—measured in subjects performing any cognitive, or motor tasks—in which

fluctuations of neural activity are correlated, as revealed by the fact that BOLD

signal fluctuations within the same network are synchronous. Each RSN can be

related to a specific set of cortical areas associated with certain functions: cognitive,

sensory (visual, auditory), and motor RSNs, for instance, have been identified (see

Fig. 15.3).

What Haimovici and colleagues found is that such a model can lead to activity

clusters similar to those found for RSN activity (Haimovici et al. 2013). But for the

model to match the experimental data, the activation threshold had to be set exactly

at the level at which their model becomes critical, as illustrated in Fig. 15.3. At

criticality, their model predicts a number of statistical properties that are consistent

with experiments: the brain forms activity clusters whose size follows a power law

with slope of �3/2, the hallmark of neuronal avalanches (Beggs and Plenz 2003),

corresponding to a peak in the size of the second-largest cluster, as found in

percolation models (Margolina et al. 1982); the correlation length (the distance at

which two points in the system behave independently) and its fluctuations diverge

and match those seen in human brain data.
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Fig. 15.3 Functional magnetic resonance imaging (fMRI) experiments have revealed that the

brain at rest is organized into several areas in which fluctuations of brain activities are correlated,

so-called resting state networks (RSN). From top to bottom: medial visual (VisM), lateral visual

(VisL), auditory (Aud), and sensory-motor (SM) RSNs. (Right columns) Results from the work of

Haimovici et al. 2013 show that a simple model can reproduce the statistical properties of RSNs

only if the model is tuned to criticality (at TC) (Adapted with permission from Haimovici

et al. 2013, Phys Rev Letters)
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15.4 Modular Signatures in Epileptic Seizures

15.4.1 Functional vs. Structural Modularity of the Epileptic
Brain

The human neocortex consists of a large number of minicolumns in parallel vertical

arrays (Mountcastle 1957, 1997; Buxhoeveden and Casanova 2002; Casanova

et al. 2007; Shepherd and Grillner 2010). Minicolumns are the first step in a nested

series of nodes or echelons of increasing complexity (Mountcastle 1997;

Szentagothai 1975). Within minicolumns, cortical neurons are aggregated into

five horizontal layers (or laminae), namely two supra-granular, one granular and

two infra-granular layers. Other levels of modular organization include multiple

minicolumns, macrocolumns, and large-scale networks of macrocolumns that are

interconnected with the entire brain (Buxhoeveden and Casanova 2002; Opris and

Casanova 2014).

In contrast to the sparse but organized connectivity between the modules of

control subjects, brain connectivity of epileptic patients shows a configuration

where nodes in a functional module are more connected to different functional

modules. Recently, Vaessen et al. (2014) examined connectivity of whole brains of

children with frontal lobe epilepsy (FLE) and compared their structural and func-

tional connectivity with the same in healthy controls. Their measurements of the

functional connectivity was derived from the dynamic fluctuations of the fMRI,

while the structural connectivity was determined from fiber tractograms of diffu-

sion weighted MRI. The whole brain network patterns of connectivity were char-

acterized with graph theoretical metrics and further decomposed into modules.

Then, the graph metrics with the extracted connectivity within and between mod-

ules were related to cognitive performance.

As shown in Fig. 15.4a, the modularity algorithm extracted four modules from

the averaged functional connectivity matrix over all subjects. Spatial organization

of module #1 was considered the “default mode network” with network nodes

distributed in the frontal, temporal and parietal lobes (Vaessen et al. 2014). Module

#2 was distributed over the frontal and subcortical regions. Module #3 was local-

ized in the occipital lobe. Module #4 nodes were distributed over frontal, temporal

and occipital regions. All four modules seemed to be symmetric to the inter-

hemispheric fissure. As shown in Figs. 15.4a, b when the structural connections

were organized according to the modularity index of the frontal cortex, the struc-

tural modularity revealed bilateral structural sub networks. For the structural

connectivity matrix the modularity algorithm determined only two modules,

which were highly symmetric over the two hemispheres. After functional connec-

tions were organized according to these structural connectivity modules, the sub

organization vanished (Fig. 15.4c, d). An interactive view of functional connectiv-

ity and structural connectivity was displayed as between-module, within-module

averaged over all modules and individual within-module connections (Fig. 15.4e,

f). It was further shown that functional “disturbances” of epileptic children were
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Fig. 15.4 Functional vs. structural brain modularity. (a) Functional connectivity showing the

average connection matrices sorted by module. Colored rectangles indicate the modules. High

within-module connectivity is illustrated by the higher values (more hot colors), while between-

module connectivity is shown by more sparse (more cold colors). (b) Structural connectivity was

sorted by functional modules. The functional modules are organized bilaterally, while the struc-

tural connectivity has strong inter-hemispheric connectivity and low intra-hemispheric connectiv-

ity clearly visible in the block patterns. (c) Functional connectivity matrix was sorted by the

modular organization derived from the structural connectivity. The two structural connectivity

modules represent the left and right hemisphere. Functional connectivity shows that strong inter-

hemispheric connections are present within the two modules. (d) The structural connectivity was

sorted by structural connectivity modularity. Strong intra-hemispheric connections are obvious,

while inter-hemispheric connections (and thus between-module connections) are weaker. (e)
Illustration of modular organization of functional connectivity. Within-module connections are

colored as in panel A. (f) An alternative presentation of the modular organization. The nodes of

each separate module are depicted spatially segregated. The gray lines indicate the between-

module connections (Adapted with permission from Vaessen et al. 2014, PLOS one)
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related to increased clustering and stronger modularity compared to healthy con-

trols, which was accompanied by stronger within- and weaker between-module

functional connectivity. While structural modularity increased with stronger cog-

nitive impairment, it was concluded that decreased coupling between large-scale

functional network modules may represent a hallmark for impaired cognition in

childhood FLE.

15.4.2 Spatial Scale of Epileptogenicity Biomarkers Matches
Minicolumns Size

High-frequency oscillations (HFO) in the 80(100)–500 Hz range are considered an

important biomarker of cortical epileptogenicity. Although HFO may be present in

non-epilepogenic brain structures, it has been shown that the ripple (<250 Hz) and

particularly fast ripples (>250 Hz) subbands have are highly specific to the seizure

onset zone (Zijlmans et al. 2012). Using dense 2D microelectrode arrays (MEA)

having a spacing of 0.4 mm between electrodes, Schevon and colleagues have

shown that about ~90 % of the recorded HFOs were limited to a single channel

(Schevon et al. 2009). This is consistent with the idea that most of the spontaneous

HFO events are confined within a minicolumn, and spreading the activity requires a

recruitment process of several minicolumns, possibly through an avalanche process

following a power-law, as suggested by several other studies using intracranial

recordings (Worrell et al. 2002; Wu et al. 2014).

Sub-clinical micro-seizures confined to a spatial domain matching the size of a

minicolumn (~0.5 mm) were observed using a combination of micro- and macro-

contact cortical grids and depth electrodes on domains in a study by Stead and

colleagues (Stead et al. 2010). They hypothesize that ‘relatively sparse pathological
cortical columns are the anatomical substrate of focal neocortical epilepsy’, or ‘the
sick column hypothesis’. Such minicolumns with pathological neurons or patho-

logical connectivity (intra- or inter-columnar) may be the initiators of a seizure, as

epileptiform discharges have been detected early during the ictal onset in

microcontacts, before being detected on the macrocontacts (Stead et al. 2010;

Zijlmans et al. 2012).

15.4.3 Does Cortical Columnar Firing in Layer 2/3 Get
Amplified Across Neighboring Minicolumns?

A great deal of structural and functional implications emerged with the decreased

coupling between large-scale functional network modules resulting in impaired

cognition in epilepsy. It is intriguing to know what happens at the minicolumn and

microcircuit level during epileptic seizures. Does cortical columnar firing in layer
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2/3 (Wu et al. 2014; Giresh and Plenz 2008) get amplified across neighboring

minicolumns?

During “neural avalanche” the firing pattern of pyramidal cells gets excessively

amplified. Such synchronized amplification is also reflected by the 8 Hz multiple

harmonics (Fig. 15.5a–c). According to such modular view of epilepsy, one

hypothesis posits that such excessive amplification of neural firing in a cortical

minicolumn may be the outcome of pyramidal cells crosstalk that pierce the

minicolumnar inhibitory wall surrounding the pyramidal cells. Indeed if that

would be the case layer 2 and 3 cells that have pyramidal cells extend cortico-

cortical projections intra- and inter-hemisphere and the excitation is thus spread

across many areas (Fig. 15.6). This excitation is then sent through the minicolumns

top-down to the subcortical structures that deal with the behavior, resulting in

massive seizures with uncoordinated movements. The minicolumn hypothesis fits

also with local generation of epileptic seizures in cortical microcircuits.

Fig. 15.5 Illustration of synchronized burst in epilepsy. (a) EEG data from intracranial depth

electrodes showing seizure initiation on contacts B03-B04 and propagation on contacts B01-B02,

B06-B07, C01-C02 and T01-T06; (b) and (c) Time-frequency maps for contacts B04(b) and C01

(c) showing sustained 8 Hz activity and multiple harmonics
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15.5 Future Directions

15.5.1 Future Directions in Treating Epilepsy

In contrast to the rapid advances in other therapies, epilepsy medical therapy was

usually limited to anti-epileptic drugs. Yet, approximately 34 % of the patients

suffering from epilepsy are described as medically intractable epilepsy patients

which still suffer from sustained frequent seizures in defiance of receiving adequate

treatment with anti-epileptic drugs of sufficient duration (Kwan and Brodie 2000).

Recent studies show that the notable advance in the field of inflammation and

immunology are estimated to be important elements of the pathobiology of epilepsy

that may offer future directions in treatment of this disease. Inflammatory processes

have been noticed in the brain tissue of both experimental animal models and

subjects with epilepsy. Anti-inflammatory and immunotherapies demonstrated

considerable anticonvulsant properties both in experimental and in clinical findings.

These arguments denote the fact that modulation of inflammatory processes and

immunity could represent a new particular objective to accomplish eventual

Fig. 15.6 Instantaneous spatial extent of the epileptic seizure. (a) Raw (unfiltered) EEG data from

intracranial depth electrodes showing seizure initiation on electrode B and propagation on

electrodes C and T. The red arrow represent the timestamp at which the EEG voltage maps are

created. Maximum intensity projection voltage maps in axial (b), sagittal (c) and coronal (d)
views, where green dots are contacts included in the montage and red dots are contacts not

included in the montage (The EEG data is represented in color code: red for higher EEG amplitude

(voltage), blue for lower EEG amplitude (voltage))
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anticonvulsant effects for the subjects with epilepsy, especially for those suffering

of medically intractable epilepsy (Yua et al. 2013). For modern neurosurgery, the

aim is to find a procedure which is minimally invasive and does not involve a large

craniotomy thus avoiding cognitive morbidity and decreasing hospital stay.

15.5.1.1 Responsive Neurostimulation (RNS)

An additional treatment option for those suffering from medically intractable

epilepsy, consists in direct brain stimulation with a system that provides responsive

focal cortical stimulation (RNS System). The aim is to interrupt epileptiform

abnormalities before the seizure starts. The RNS System detects epileptiform

activity with electrodes placed in the brain. A programmable brain implanted

neurostimulator provides control on seizure focus. Subdural cortical strip leads

and/or one or two brain depth electrodes are surgically implanted, according to the

seizure onset zone. These electrodes are connected to the stimulator. This device

permanently detects and analyze brain electrical activity and is programmed to

select specific electrical patterns and then to generate pulses to control seizures in a

closed loop feed-back. Heck and coworkers studied the safety and effectiveness of

this method in 191 patients with medically intractable partial onset seizures emerg-

ing from one or two foci. After a 2 years of post-implant follow-up they demon-

strated that responsive stimulation of the seizure onset zone, decreased the

frequency of seizures and revealed seizure reduction over time, being acceptably

safe and well tolerated (Heck et al. 2014).

15.5.1.2 Stereotactic Laser Ablation

Stereotactic laser ablation of the epileptogenic structures may be an alternative to

standard epilepsy surgery. Laser ablation leaves areas situated in the pathway to the

target largely intact. This technique could be correlated with fewer deficits by

avoiding important network regions and critical white matter pathways. Particularly

when guided by MRI it allows real time thermal monitoring of the resection and

also provides feedback for the laser energy delivery (Curry et al. 2012; Tovar-

Spinoza et al. 2013).

15.5.1.3 Vagus Nerve Stimulation

Vagus nerve stimulation can be used to prevent epileptic seizures by sending

regular, mild electrical pulses to the brain via the vagus nerve. These pulses are

supplied by a pacemaker-like device. The pulse generator is surgically placed in the

upper part of the chest, under the skin. A connecting wire passes from the stimulator

to an electrode that is adjacent to the vagus nerve, which is accessible through a

small incision in the cervical area. After it is implanted, depending on the patient’s
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tolerance, the device may be programmed to stimulate the nerve at regular intervals.

The settings on the stimulator are adjustable, and the electrical pulses are gradually

raised as the subject’s tolerance to the pulses increases. A certain number of patients

suffering from medically intractable epilepsy have undergone implantation of the

left vagus nerve. Less than half of the subjects reported more than 50 % diminution

in seizure frequency and few patients became seizure free (Ramsey et al. 1991).

AspireSR generator is a new technology which provides automatic stimulation

in response to seizure detection. This technology is based on the fact that seizures

are most of the time being accompanied by ictal tachycardia. This generator can

analyze relative heart rate changes in order to adapt to seizures control. The

stimulation can be activated manually when the patient anticipate the onset of a

seizure, by using a hand-held magnet. This kind of stimulation has been proven to

reduce seizure severity, shorten or stop a seizure, and ameliorate or reduce the

postictal recovery period (Cyberonics 2014).

15.5.1.4 Transcranial Magnetic Stimulation

Repetitive transcranial magnetic stimulation (rTMS) may be considered a new

therapeutic tool in treating epilepsy. It can be used to control seizures even though

its safety and tolerability among the patients with epilepsy are still discussed in the

literature. Hsu et al. (2011) did a meta-analysis on 164 participants in previous

studies during twenty years period (1990–2010) to estimate the antiepileptic effi-

cacy of rTMS (low frequency repetitive transcranial magnetic stimulation) in

medically intractable epilepsy. They concluded the fact that low frequency rTMS

has a favorable effect on seizure control, particularly evident in subjects with

cortical dysplasia or neocortical epilepsy. These findings require confirmation in

extensive studies.

15.5.1.5 Biomarkers for Seizure Detection

Electrophysiological Biomarkers

It is necessary to identify and validate electrophysiological biomarkers of epilepsy

in order to diagnose, prevent, treat and cure epilepsy. The aim is to identify the

epileptogenic zone and obtain functional mapping that could be used to determine if

epilepsy surgery can be performed and to define risk /benefit ratio. Tailored

resections are recommended. Electrophysiological biomarkers of epilepsy may be

high-frequency oscillations which consist of ripples 80(100)–250 Hz and fast

ripples >250 Hz. High-frequency oscillations (HFO) could be present in normal

brain, for instance in area CA1 of the hippocampus (Buzsaki et al. 1992). Sensory-

evoked high-frequency oscillations could also be present in CA3, subiculum and

the entorhinal cortex (Chrobak and Buzsaki 1996, Csicsvari et al. 1999). Interictal

fast ripples (250–600 Hz) are strongly associated with brain areas capable of
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generating spontaneous seizures (Zijlmans et al. 2012). Ripples in the dentate gyrus

and the neocortex should be considered pathological HFOs. The association

between pathological HFOs and epileptogenicity suggests pathological HFOs

could support the localization of the seizure onset zone and might identify the

epileptogenic zone more accurately. Interictal spikes represent a good spatial

biomarker for the seizure onset zone and the irritative zone. However, there is little

evidence that interictal spikes predict seizure frequency or the disease’s severity.

The functional role of interictal spikes in epilepsy is not known, but some interictal

spikes might reduce ictal discharges. In a different view, the presence and clustering

of interictal spikes after induced status epilepticus in rats could predict the subse-

quent appearance of spontaneous seizure (Staba et al. 2014).

Cortical Excitability (CE)

Transcranial magnetic stimulation (TMS) is a noninvasive and safe method to

explore cortical excitability (CE). Bauer et al. 2014 reviewed fifty studies that

determined CE in patients with epilepsy and most of them revealed cortical

hyperexcitability, which can be improved with anti-epileptic drug treatment.

Other studies state that reduction of CE after resection (epilepsy surgery) is an

important predictor of good seizure outcome. Cortical direct electrical stimulation

(DES) studies have indeed confirmed an increased excitability in the seizure onset

zone (Iwasaki et al. 2010; Enatsu et al 2012). Cortical excitability may therefore be

a feasible biomarker for epilepsy.

Molecular Biomarkers

Notable advance has been made recently concerning biomarkers of epilepsy.

Analysis on the genomic, proteomic and mRNA levels were made from samples

of brain tissue or cerebrospinal fluid, blood, plasma, or serum. The purpose is to

discover specific molecular biomarkers. Similar to the role of molecular biomarkers

for brain tumors, a temporary dysfunction of the blood–brain barrier may contribute

to epileptogenesis. Combining molecular analysis with other procedures, such as

imaging and electrophysiological biomarkers could be beneficial for understanding

and treatment of epileptic patients (Lukasiuk and Becker 2014).

15.5.2 Control of Epilepsy

Device controlled epilepsy is an option that has been developed recently to help

patients with drug resistant epilepsy. Among the emerging applications are anti-
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epilepsy neural implants and the nanostructures such as carbon nanowire/nanotubes

that allow the drug to reach the critical location in the brain (Opris 2013).

15.5.2.1 Anti-epilepsy Neural Implants

An anti-seizure neural implant should operate on the brain signals that cause the

epileptic seizures in order to maintain its proper functioning. Anderson et al. (2013)

has shown high-frequency spectral changes in the prefrontal cortex of primates with

potential use in neuoroprosthetics. In another study (Johnson et al. 2012), 5 human

subjects were implanted with electrocorticography (ECoG) arrays for long-term

epilepsy monitoring. Subjects were trained on a brain-computer interface to control

a cursor on a computer screen by modulating the spindle activity involved in

learning. The fact that the pattern of increased spindle activity was locally modu-

lated by training on a brain-computer interface, supports the idea of future neural

implants to control epilepsy.

15.5.2.2 Nanotechnological Applications to Control Epilepsy

The nanomaterials play a critical role in controlling the multitude of events that

determine the composition and structure of the elements for brain machine inter-

face. A number of approaches that allow the control at the nano-level (metals,

carbon nanowires/nanotubes and organic conducting polymers) have revealed a

critical relationship between nanostructure features and cellular behavior (Wallace

et al. 2012). In this regard, epilepsy related drugs, delivery systems and devices,

seem to operate successfully based on nanotechnology (Bennewitz and Saltzman

2009; Pathan et al. 2010). Thus, the nanotechnology for delivery of drugs to the

brain for epilepsy treatment use drug loaded nanoparticles with improved

efficiency.

15.5.2.3 Nano-devices for Epilepsy Control

The possibility to use small scale, monolithic integrated circuits, allows the easy

and efficient implantation of a whole energy efficient system. Neuroprosthetics for

Parkinson’s patients send electrical pulses to the deep brain structures, with the aim
of reducing or eliminating symptoms. Still, to have a more complete system, one

could take into consideration the feedback-loop design. In such a case, the device

would pick up the signals related to the intention of the user and format them back

to the brain in such a way that the effects of neurodegenerative diseases are reduced.

The implementation of such as device should be as minimally invasive and

precise as possible. Battery supply of such devices can be either long-term,

depending on energy consumption or rechargeable using induction coils. One

major obstacle for Brain-Machine Interfaces (BMI) today represents the lack of
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upgrade-ability of the hardware of a device, once implanted. For each physical

change, the patient must be operated again. A proposed solution to this question is

the “Neural Dust” (Seo et al. 2013), based on micrometre size, ultra-low power

CMOS “node” sensors used for detection and reporting of extracellular data and a

central control unit. The device aims to replace the electrode implantation that is in

use today. The free-floating sensors are powered ultrasonically by the transmitters

and use backscatter communication. In detail, the main control unit is powered by a

standalone radio frequency (RF) transmitter on the skin of the skull, completely

wireless. This type of power and communication transmission reduces significantly

the risk of infection associated with standard wire implants.

Ultrasound EM (electromagnetic waves) frequency was chosen for power and

communication transfer because the tissue attenuation is far less when compared to

standard micro-wave frequencies used for wireless today. The sensors are using

piezo-electric transducers, since they seem to be best suited for the application. The

software of the system is based on the function of the device: feedback-loops will

allow the control of Parkinson’s Disease and Epilepsy. Currently solutions are

employed with varying success on breaking down the neural electrical code.

Sending the right electrical signals to the epileptic tissue should stop its propaga-

tion. But being able to recognise the beginning of an ictal phase is possible only

using learning algorithms such as support vector machines, since the patients

signals are different. The algorithm itself is used as an early-warning system,

based on the analysis of electroencephalogram recordings (EEG) that enables the

controlling part of the device to enable suppressing signals to the affected tissue.

Current best-performing algorithms allow around 70 % accuracy. Improvement in

this field will produce an automated stimulator for the patients (Wang 2013).

In conclusion, as recent results point out, the pattern of amplified firing in neural

avalanches betrays a modular signature in the spread of activation across cortical

minicolumns. According to such modular approach of epilepsy, it is likely that the

excessive amplification of neural firing in a cortical minicolum results from a defect

within the “inhibitory curtain” surrounding the pyramidal cells (Opris and Casa-

nova 2014). The functional basis of this approach provides valuable insights into

potential clinical interventions.
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