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Preface

A seizure is the manifestation of an abnormal, hypersynchronous discharge of a
population of cortical neurons that may produce subjective symptoms or objective
signs, in which case it is a clinical seizure.

Clinical seizures are usually classified according to the International Classification
of Epileptic Seizures proposed by the International League Against Epilepsy
(ILAE), which is the best one currently available. This classification introduces
different levels of classification with respect to the semiological mode of onset
(focal, generalized, or unknown), physical manifestations (motor, non-motor,

or unknown), etiologies (structural, genetic, infectious, metabolic, immune,
unknown), state of consciousness, and possible evolution to a bilateral tonic-clonic
seizure.

The incidence of new-onset seizures in the general population is approximately 80
per 100,000 per year; approximately 60 percent of these patients will have epilepsy.

The diagnosis of a particular seizure type, and of a specific type of epileptic syn-
drome, directs the clinical diagnosis of these patients and their initial therapy.

Some types of epilepsy are more common in children, such as Self-limited Epilepsy
with Centro Temporal Spikes (SECTS) also known as Rolandic epilepsy. SECTS

is quite common in children: 15%-25% of all epileptic syndromes are diagnosed
between the ages of 5 and 15 years, with a peak around 6 years. In children, it is
common to find an association between epilepsy and neurodevelopmental disorders
such as autism. Autistic disorders are common in children with genetic anomalies
including Rett syndrome, fragile X syndrome, tuberous sclerosis, Potocki-Lupski
syndrome, Smith-Lemli-Opitz syndrome, and cortical dysplasia. About 30 percent
of autistic patients have epileptic anomalies in electroencephalography (EEG) regis-
trations. The relation between autism and epilepsy can probably be explained by the
existence of common neural networks characterized with alterations in subcortical
systems or basal ganglia-substantia nigra connectivity. Other studies show evidence
of dysfunction in cerebral neuroreceptors such as glutamate receptors, serotonin
receptor 2A, and GABA-A receptors; for example, excessive glutamatergic activity is
associated with epileptiform activity.

In adults, secondary forms of epilepsy are frequent after cerebrovascular insults
such as cerebral infarction, intracerebral hemorrhage, and subarachnoid hemor-
rhage. In this case it is especially important to distinguish between early seizures
and late seizures, since the former are more indicative of symptomatic seizures,
while the latter could be a signal of post-stroke epilepsy and thus should be treated
with specific antiepileptic drugs.

In the last two decades, enormous advances have occurred in the understanding of
epilepsy. Techniques such as EEG, neuroimaging, neurosurgery, and neuropsychol-
ogy are giving us a better understanding of the mechanisms of the pathogenesis of

epilepsy.



EEG is the gold standard for diagnosis of epilepsy and a useful examination,
especially when epileptic abnormalities emerge as paroxysmal activities or typi-
cal epileptic grapho-elements. EEG is an instrument for monitoring the course of
the disease and the efficacy of treatment. EEG is useful for investigating epilepsy
especially in combination with rating scales and clinical examination.

Recent EEG techniques have allowed automatic detection of epileptic seizures, clas-
sification of EEG signals, and distinguishing seizures and pre-seizures. Techniques
consisting of quantitative analysis of EEG have been potentially used in spike detec-
tion, localization of epileptic focus, and determination of the type of epilepsy. EEG
evaluation can determine antiepileptic drug efficacy in the management of epileptic
children.

Additionally, major developments are taking place in the laboratories of scientists
studying genetics, embryogenesis, neuropathology, neurochemistry, and phar-
macology. These advances provide a much better understanding of why patients
develop epilepsy, improving the way in which epileptic patients are cared for.

This book discusses the pharmacological treatment of epilepsy with older antiepi-
leptic drugs (e.g., phenobarbital, carbamazepine, phenytoin, valproate) as well as
newer drugs (e.g., topiramate, zonisamide, levetiracetam, lamotrigine, lacosamide,
perampanel), neurosurgical treatments, and treatments based on the use of stem
cells. Pharmacological approaches sometimes cause side effects such as dizzi-

ness, nausea, headache, and diplopia. Antiepileptic drugs (AEDs) can potentially
interfere with other drugs in the treatment of special groups of patients such as
children or women (increased risk of teratogenicity). One of the most common side
effects of AEDs are cognitive disorders that adversely affect information processing,
reaction times, and levels of concentration. Cognitive side effects are more common
with older drugs and can be identified via neuropsychological examinations by
experienced neuropsychologists. Strategies to reduce cognitive side effects include
using monotherapies, slowly increasing medication dose, and considering the qual-
ity of life and performances of patients.

The surgical approach to epilepsy can be proposed in patients with drug-resistant
epilepsy, a condition that affects about 30 percent of patients. When treating these
patients, it is important to consider the potential cause of drug resistance as an
inappropriate choice of AEDs or problems of poor compliance, often considered

as “pseudoresistence.” Surgical candidates must be evaluated by neurophysiology
techniques (interictal EEG, video EEG), structural imaging (MRI protocols, dif-
fusion tensor imaging, PET, SPECT, fMRI, MEG), neuropsychological assessment
(eventually associated with WADA test of fMRI), psychiatric assessment, and
invasive studies (invasive EEG monitoring, use of subdural electrodes, intracere-
bral electrodes, epidural electrodes, foramen ovale electrodes). A neurosurgical
approach may involve curative surgery (e.g., callosotomy, hemispherectomy) or
modulatory surgery (deep brain stimulation, vague nerve stimulation, gamma
knife radiosurgery). Stem cell therapies are promising for epilepsy. Mesenchymal
stem cell (MSC) therapy was discovered for the first time in 1966, but only in 2007
was it suggested for use in epilepsy, after evidence that cytokines and other factors
secreted by MSCs could stimulate endogenous protection and recovery response.
Approaches based on stem cell transplantation can use different sites of administra-
tion (endovenous, intraperitoneally, intra-hippocampal transplantation) and with
different measures of investigation (electrophysiological, behavioral task, the study
of GABA levels, histopathological investigations, immunohistochemically essay).

XIvV



Neural stem cells or neural progenitor cells have the potential for use in temporal
lobe epilepsy, which accounts for approximately 40 percent of all epilepsy cases.
Models of stem cell transplantation using different sites of administration (intrave-
nous, intraperitoneal) seem to show positive effects such as anticonvulsant effects,
changes in the anatomy of the epileptic hippocampus, and micro-changes in neural
circuitry.

Sandro Misciagna
Neurology Department,
Belcolle Hospital,
Viterbo, Italy
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Chapter1

Definition, Classification, and
Burden of Epilepsy

Joseph Nelson Siewe Fodjo

Abstract

Epilepsy is one of the most common neurological diseases in the world, and is
characterized by recurrent unprovoked seizures (fits) that can occur at all ages.
The causes of epilepsy are multiple, ranging from perinatal problems, traumatic
brain insults, metabolic abnormalities, to infections of the central nervous system;
sometimes, the causes are not known. Consensual international norms have been
established for the proper diagnosis and management of epilepsy, including speci-
ficities for vulnerable populations such as children and pregnant women. Specific
emphasis must be laid on low and middle income countries, where about 80% of all
persons with epilepsy reside. In such resource-limited settings, epilepsy patients are
often confronted with sub-optimal care, reduced access to treatment, and frequent
epilepsy complications. Early epilepsy diagnosis and proper anti-epileptic treat-
ment usually result in satisfactory seizure control, and enable persons with epilepsy
to lead a normal life. Besides the usual medications, psychosocial support and
stigma reducing interventions are crucial to improve the quality of life of affected
persons and their families.

Keywords: epilepsy, seizure, epidemiology, etiology, management

1. Introduction

Epilepsy is a chronic disease of the brain estimated to affect 50 million people
worldwide according to World Health Organization (WHO) [1]. It is character-
ized by repetitive, unprovoked epileptic seizures which vary widely in their clini-
cal presentations. Although a meticulous patient history complemented by sound
clinical/paraclinical investigations often unveil the underlying cause of epilepsy,
the exact etiology remains unknown in about half of cases [2]. Proper diagnosis
and treatment of epilepsy are paramount to achieve seizure control and ensure an
optimal quality of life for affected individuals.

1.1 Definition of epilepsy

In 2005, the International League Against Epilepsy (ILAE) defined epilepsy as
“a disorder of the brain characterized by an enduring predisposition to generate
epileptic seizures, and by the neurobiologic, cognitive, psychological, and social
consequences of this condition” [3]. An epileptic seizure, on the other hand,
refers to “a transient occurrence of signs and/or symptoms due to abnormal exces-
sive or synchronous neuronal activity in the brain” [3]. While these definitions

3 IntechOpen



Epilepsy - Update on Classification, Etiologies, Instrumental Diagnosis and Treatment

remain very conceptual, they are difficult to apply in a real-life clinical setting.
Therefore, a Task Force was commissioned to formulate an operational definition
of epilepsy; the definition of epilepsy was thus broadened to accommodate three
practical circumstances (Box 1) [4].

Epilepsy is a disease of the brain defined by any of the following conditions:
¢ Atleast two unprovoked (or reflex) seizures occurring >24 h apart

* One unprovoked (or reflex) seizure and a probability of further seizures similar to the general
recurrence risk (at least 60%) after two unprovoked seizures, occurring over the next 10 years
 Diagnosis of an epilepsy syndrome

Epilepsy is considered to be resolved for individuals who had an age-dependent epilepsy syndrome
but are now past the applicable age or those who have remained seizure-free for the last 10 years, with no
seizure medicines for the last 5 years.

Box 1.
Operational (practical) clinical definition of epilepsy [4].

Emphasis must be laid on some points in this operational definition. Firstly, the
seizures must be unprovoked, and not as a result of an acute, punctual event such
as head trauma, substance abuse/withdrawal, metabolic imbalance, infection of the
central nervous system or fever. As concerns the minimal risk of recurrence fixed
at 60%, it is merely approximative of the likelihood of future seizure (mostly based
on paraclinical findings on the electroencephalogram (EEG) or brain imaging [5])
and should not be interpreted as an absolute cut-off [4]. Another point to note is the
minimal time difference of 24 hours between the seizures, but without a maximum
time interval; in practice, the ILAE maintains the lifetime occurrence of two unpro-
voked seizures as a diagnostic criterion for epilepsy. Finally, epilepsy syndromes
have been elaborately documented by the ILAE; each syndrome is characterized by
specific electroclinical and/or genetic features [6].

1.2 Diagnosis of epilepsy

The diagnosis of epilepsy is essentially clinical. Based on the criteria listed in
Box 1, the epilepsy diagnosis can be made if an individual fulfills the ILAE crite-
ria. In a hospital setting, the following paraclinical workups can be performed to
further investigate the epilepsy diagnosis: EEG, brain imaging (by scan or magnetic
resonance), and blood tests (to investigate metabolic or genetic epilepsies).

In field research settings, the ILAE recommends epilepsy assessment using a
door-to-door approach [7]. Several tools have been developed for epilepsy screen-
ing during epilepsy studies [8-11]; for studies conducted in the sub-Saharan setting
in particular, the Institute of Neurological Epidemiology and Tropical Neurology of
Limoges (France) developed a questionnaire with the support of the Pan-African
Association of Neurological Sciences and the ILAE (Commission on Tropical
Diseases, 1993-1997) [11]. This questionnaire was validated in Mauritania (sensitiv-
ity: 95.1%; specificity: 65.6%) and has since then been widely used for epilepsy sur-
veys in Africa [11]. It has the advantages of being brief, usable by non-physicians,
and diagnosing seizure types other than generalized tonic-clonic episodes (for
instance, absences and focal seizures). To ensure accurate outcomes, it is important
that a neurologist or physician trained in epilepsy confirms all suspected epilepsy
cases clinically, following the ILAE diagnostic criteria.
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1.3 Epidemiology and burden of epilepsy

Although epilepsy occurs in a ubiquitous manner, its burden is unevenly spread
in different regions of the world depending on the local distribution of risk factors,
access to treatment, and population demography. A recent meta-analysis found an
overall lifetime prevalence of epilepsy of 7.60 per 1000 population (95% CI 6.17-
9.38); this was higher in low and middle income countries (LMICs) (8.75 per 1000;
95% CI 7.23-10.59) than in high income countries (5.18 per 1000; 95% CI 3.75-7.15)
[12]. A similar pattern was observed regarding epilepsy incidence: it was higher in
LMICs compared to high-income countries, 139.0 per 100,000 person years (95%
CI 69.4-278.2) vs. 48.9 per 100,000 person years (95% CI 39.0-61.1) [12].

These numbers clearly demonstrate that epilepsy poses a greater problem among
populations living in LMICs compared to those in industrialized countries [2].
Indeed, nearly 80% of the global burden of epilepsy occurs in the people living in
LMICs [1]. In sub-Saharan Africa specifically, a median epilepsy prevalence of 14.2
per 1000 (IQR 8-0-33-2) was documented, with over 90% of cases being younger
than 20 years [13]. Annual epilepsy incidence was also high, reaching 81.7 per
100,000. Mortality was greatest in the 18-24 years age group, suggesting a relatively
low life expectancy among persons with epilepsy (PWE) in Africa [13]. Suggested
explanations for this pattern include the epilepsy risk factors that are often reported
in resource-poor settings such as perinatal brain insults, traumatic head injury and
infections of the central nervous system [13]. A variable genetic predisposition to
manifest seizures in different populations may also explain the regional disparities
observed in the occurrence of epilepsy worldwide, as people of different ethnic
origins within a given population were found to have different incidence rates for
epilepsy [14].

According to the 2016 Global Burden of Disease Collaborators, epilepsy
accounted for >13 million Disability Adjusted Life Years (DALYs — a measure of
the number of years of healthy life lost to epilepsy within a given population), and
was responsible for 0.5% of the total disease burden in 2016 [15]. Again, important
geographical differences were noted with epilepsy ranking among the top five
neurological diseases in low-income regions. That study also found significant
reductions in mortality and DALY among PWE between 1990 and 2016, reflecting
some improvement in epilepsy healthcare and treatment.

2. Seizure/epilepsy classification and etiologies

International standards and norms have been adopted to classify seizures and
epilepsies.

2.1 Classification of seizures

In 2017, the ILAE released the most recent guidelines for classifying seizures
and epilepsies [5, 6, 16, 17]. Seizure classification begins with the mode of onset,
whether focal or generalized [16]; the onset may also be unknown if the patient/
caregiver does not recall the details of the initial seizure manifestations. Focal-onset
seizures are further categorized into two depending on the state of consciousness
during any part of the seizure: retained awareness versus impaired awareness
(Figure 1) [16]. Irrespective of whether the onset is focal or generalized, seizures
are grouped based on their physical manifestations as being motor (visible exter-
nal movements) or non-motor (Figure 1). There is also a special group for focal
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Figure 1.
ILAE 2017 classification of seizure types (extended version) [16] (used with permission).

onset seizures which evolve to generalized seizures, known as focal to bilateral
tonic-clonic seizures [16]. Of note, absence seizures are considered as generalized
non-motor seizures [16]. However, in case some seizure descriptions do not appro-
priately fit into any of these categories, they can be considered as “unclassified”.

2.2 Classification of epilepsies

For epilepsies, the classification starts with the seizure type [6], and the certainty
that the nature of the seizure(s) justifies the diagnosis of epilepsy [4]. Patients who
do not meet criteria for epilepsy (for example, a single seizure or repeated provoked
seizures) should be classified as to a seizure type, but classification should stop there
[5]. Once the epilepsy diagnosis is confirmed, the epilepsy type can be deduced as
focal, generalized, combined generalized & focal, or unknown (Figure 2) [6]. The
epilepsy type is decided mainly on clinical grounds, and the diagnosis may be sup-
ported by EEG findings [6]. The final (facultative) level in epilepsy classification is
the epilepsy syndrome diagnosis; an epilepsy syndrome refers to a cluster of features
incorporating seizure types, EEG results, and brain imaging features that tend to
occur together [6]. Each epilepsy syndrome often has specific features such as age
at onset and remission (where applicable), seizure triggers, diurnal variation, and
sometimes prognosis. Distinctive co-morbidities such as intellectual and psychiatric
abnormalities may also be associated with specific epilepsy syndromes, as has been
observed with the nodding syndrome [18]. Other common epilepsy syndromes
include: Childhood Absence Epilepsy, Juvenile Absence Epilepsy, Juvenile Myoclonic
Epilepsy, and Generalized Tonic-Clonic Seizures Alone; these are all forms of
idiopathic generalized epilepsies [6]. Classification of epilepsy into syndromes often
has etiologic, prognostic, and treatment implications [6].

A new feature in the 2017 epilepsy classification is that it integrates an etiology
component as well as co-morbidities in epilepsy (Figure 2). Six etiological axes
were enumerated by the ILAE task force: structural, genetic, infectious, metabolic,
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Figure 2.

ILAE framework for the classification of epilepsies [6] (used with permission).

Co-morbidities

immune, and unknown etiologies. Co-morbidities which should be considered
on a case-by-case basis when diagnosing/classifying epilepsy include: intellectual
decline, psychiatric and behavioral abnormalities, psychosocial problems, sleep
disorders, and motor deficits [6].

2.3 Epilepsy etiologies
2.3.1 Structural etiologies

These are caused by structural brain abnormalities which have been shown to
substantially increase the risk of developing epilepsy. These abnormalities are usu-
ally detectable by neuroimaging and in association with electroclinical assessments,
lead to a reasonable inference that they are responsible for the enduring predisposi-
tion to unprovoked seizures [3, 6]. Structural etiologies could be primitive (for
instance congenital malformations), or acquired (from a stroke, head trauma,
infection, hypoxic-ischemic encephalopathy) [6].

2.3.2 Genetic etiologies

Epilepsy etiology is considered as genetic if there exists a specific disease-causing
variant in a gene or copy number variant, believed to be the explanation for the
observed epileptogenicity [5]. Of note, genetic mutations are not always inherited, as
several epileptogenic de novo mutations have been identified [6]. The genetic altera-
tion often causes a very heterogeneous phenotypic spectrum. A few genetic epilepsies
identified to date include: the syndrome of Benign Familial Neonatal Epilepsy (KCNQ2
or KCNQ3 mutations) [19] and the Dravet syndrome (SCN1A mutations) [20].

2.3.3 Infectious etiologies

These are the most common preventable causes of epilepsy, particularly in sub-
Saharan Africa [13, 21]. The concept of an infectious etiology is that the epilepsy
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directly results from a known infection in which seizures are a core symptom [6];
it is the persistence of these seizures even after resolution of the acute infection
that is referred to as epilepsy of infectious origin. Common examples of infectious
etiologies include neurocysticercosis, tuberculosis, HIV, cerebral malaria, subacute
sclerosing panencephalitis, cerebral toxoplasmosis, and congenital infections

such as Zika virus and cytomegalovirus [6, 22]. A recent cohort study supports

the addition of onchocerciasis to this list, as the more infected participants had an
increased risk of developing epilepsy later in life [23]. These infections sometimes
have a structural correlate to explain the seizure recurrence even after anti-infec-
tious treatment; this results in a substantial overlap with the acquired structural

causes of epilepsy [5].
2.3.4 Metabolic etiologies

In some cases, the core cause of the epilepsy results from a metabolic derange-
ment. Clinical entities such as porphyria, uremia, aminoacidopathies, or pyridox-
ine-dependent seizures all fall within this category. These conditions may also be
associated with a pre-existing genetic defect, although a few can be acquired such as
cerebral folate deficiency [6].

2.3.5 Immune etiologies

There are a rising number of persons in whom the epilepsy is caused by
an autoimmune condition, as evidenced by an autoimmune-mediated central
nervous system inflammation [6]. Examples include anti-NMDA (N-methyl-
D-aspartate) receptor encephalitis and anti-LGI1 encephalitis [24]. The anti-
leimodin antibodies hypothesis for central nervous system damage would equally
place Nodding syndrome in this category [25].

2.3.6 Unknown etiology

For many PWE, the exact etiology may not be known. In such cases, diagnosis
and management are solely based on electroclinical findings [6]. Nevertheless in
some settings, epidemiological observations may provide clues as to a possible
epilepsy etiology within a given vicinity. For instance, a pooled analysis of 37 stud-
ies showed that the etiologic fraction of epilepsy was estimated to be 63.0% (95%
CI: 61.4 + 64.5) in persons exposed to cysticercosis [26]. Therefore, in cysticercosis-
endemic settings, it would be reasonable to assume that a considerable number of
epilepsy cases are due to neurological complications of Taenia solium infection even
without laboratory confirmation. Similarly, in onchocerciasis-endemic villages
of Cameroon, the contribution of infection with O. volvulus to epilepsy was very
high (population-attributable fraction: 91.7%, 95% CI 56.7-98.4; p = 0.0021) [23].
Hence in communities with proven high ongoing transmission of O. volvulus, many
epilepsies of “unknown” etiology could as well be caused by onchocerciasis.

3. Epilepsy management in specific settings

About four fifth of PWE currently reside in LMICs where epilepsy care is
often sub-optimal, resulting in a 75% treatment gap (proportion of PWE needing
treatment who do not receive the necessary anti-epileptic drugs) [1]. It is therefore
important to discuss epilepsy in these contexts, and propose ways to improve PWE
management in such settings. Another special population worth looking into is the
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women of reproductive age suffering from epilepsy. The risk with these women is
the teratogenic effects of anti-epileptic drugs, which renders their management
before, during, and after pregnancy quite delicate.

3.1 Managing epilepsy in resource-limited settings

Improved management of PWE in resource-limited settings may be achieved
by decentralizing epilepsy care. Approaches to diagnose and manage epilepsy and
related complications can be simplified and taught to non-physicians, who will be
in charge of running local epilepsy clinics under the supervision of physicians or
specialists [27, 28]. Setting up a community-based epilepsy surveillance system will
enable early diagnosis and treatment of PWE thereby preventing complications.
To reduce the treatment gap, a regular supply of subsidized anti-epileptic drugs
(AEDs) appropriate for different seizure types should be instituted. Daily intake
of the adequate AEDs would eventually achieve seizure control in at least 70% of
PWE [1]. The first-line AEDs that are routinely used in sub-Saharan Africa include
phenobarbital, carbamazepine, phenytoin, and valproate [29]. Their indications
and prescribed dosages as recommended by the WHO are detailed in Table 1 [30].
AED treatment must be initiated as monotherapy with progressive dose increase
based on the response to the treatment and seizure control. Phenobarbital, the most
available and affordable AED (annual cost per PWE: 5 US dollars [29]), is used as
first-line treatment for most seizure types but is not recommended for absences.

It is usually initiated at 2-3 mg/kg/day and could be increased every 2-3 weeks by
15 mg if seizures continue, without going above the maximal recommended dose.
When switching to another AED, phenobarbital should be tapered progressively
(15 mg reduction every 2 weeks) while starting the newly prescribed AED as soon
as the tapering begins. This approach minimizes the risk of rebound seizures upon
stopping phenobarbital [31].

Besides the AEDs in Table 1 which are commonly used in resource-limited
settings, newer AEDs have been developed and are widely used in high-income
countries; these include: gabapentin (GBP), topiramate (TPM), lamotrigine
(LTG), levetiracetam (LEV), rufinamide (RFN), vigabatrin (VGB), oxcarbazepine
(OXC), perampanel (PER), lacosamide (LCM) and eslicarbazepine acetate [36].
Although these are more expensive and less available in LMICs compared to the
routine first-line AEDs, they are superior in achieving seizure control with rela-
tively less side effects and fewer drug interactions.

Another essential component of epilepsy care in resource-limited settings is
stigma reduction. In rural communities of Africa, PWE and their families are often
stigmatized as a result of misconceptions regarding the origin and transmissibility
of epilepsy [37]. Therefore, it is important that community awareness programs on
epilepsy, as well as other interventions should be implemented to reduce stigma and
facilitate the social rehabilitation of PWE [38].

3.2 Epilepsy in women of child-bearing age

In addition to seizures and related complications experienced by all PWE,
women with epilepsy (WWE) require a more comprehensive management strat-
egy that takes into account reproductive health needs [39]. Indeed, optimal sei-
zure control is recommended to ensure positive health and gestational outcomes
for these women. However, most of the first-line AED routinely used in Africa
(Table 1) may reduce the efficacy of hormonal contraceptives [40] or increase
the risk for foetal malformations if taken during pregnancy [41]. Therefore, a
tailored management approach is recommended for WWE and should include
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Drug Indication and Required dosage Remark
frequency of use Children Adults
Phenobarbital Recommended Given once or Given once Steady state
by WHO as first twice daily daily reached after
line AED for Starting dose: Starting dose: 14-21 days. Possible
most seizure 2-3 mg/kg/day 60 mg/day side effects:
types, except Drowsiness, skin
absences; cheap Maintenance: Maintenance: rash, lethargy and
and readily 3-6 mg/kg/day ~ 60-180 mg/day ~ hyperactivity in
available [30, 32]. children, hepatic
Used by 74.6% of failure, Stevens
PWE [33]. Johnson syndrome
Carbamazepine Indicated for Given twice Given twice Steady state
focal seizures, daily daily reached in 8 days.
and could Starting dose: Starting dose: Possible side
be used in 5 mg/kg/day 100-200 mg/ effects: allergic
generalized day skin reactions,
convulsive bone marrow
seizures [31]. Maintenance: Maintenance: suppression
Used by 27.4% of 10-30 mg/kg/ 400-1400 mg/ with long-term
PWE [33] day day use, blurred
vision, diplopia,
ataxia, nausea.
Contraindicated
in absences and
myoclonus [31]
Phenytoin Indicated for Given once/ Given once or Possible side
treating some twice daily twice daily effects: drowsiness,
generalized Starting dose: Starting dose: ataxia, slurred
seizures 3-4 mg/kg/day 150-200 mg/ speech, motor
and status day twitching and
epilepticus [34]. Maintenance: . mental confusion,
Used by 22.2% 38 mo/ke/ d. Maintenance: coarsening of facial
of PWE [33] grigiday 200-400 mg/ features, hepatitis,
(max 300 mg da h Lasi
daily) y g1.1m }rperp 2.15121,
hirsutism, skin
reaction including
Stevens Johnson
syndrome
Valproate Broad spectrum Given twice Given twice Possible side effects:
anticonvulsant daily daily sedation, tremor,
that can be used Starting dose: Starting dose: transient hair loss,
for both focal 5-10 mg/kg/ 400 mg/day increase in body
and generalized day weight, impaired
onset seizures. hepatic function.
Specifically Maintenance: Maintenance: Use in women of
indicated for 15-30 mg/kg/ 400-2000 mg/ childbearing age is
absence, atonic day day discouraged
and myoclonic
seizures [34].
Preferred drug
for nodding
seizures [35].
Used by 14.7%
of PWE [33]
Table 1.

Description of common first-line AEDs in resource-limited settings.

10



Definition, Classification, and Burden of Epilepsy
DOI: http://dx.doi.org/10.5772/intechopen.93599

the following components: regular evaluation of the treatment regimen/dose and
adjustments if needed; contraception and pre-conceptual counseling; psychoso-
cial support and stigma-reducing interventions to improve their self-esteem and
quality of life [42].

4. Public health interventions for epilepsy

The high epilepsy burden, unequaled treatment gap, and low quality of life of
PWE in low-income settings have been a global health concern during the pass
decades. Following the launching of the Global Campaign Against Epilepsy in the
early 2000s by the International League Against Epilepsy (ILAE) and International
Bureau for Epilepsy (IBE), a number of epilepsy demonstration projects which used
a primary healthcare approach were launched in five developing countries: China,
Senegal, Zimbabwe, Brazil, and Argentina [43, 44]. In 2015, epilepsy was acknowl-
edged as a major public health problem during the 68th World Health Assembly,
and participating countries engaged to step care up epilepsy care [45]. Eventually,
the Mental Health Gap Action Programme (mhGAP) enabled the development of
evidence-based guidelines for managing neurological conditions including epilepsy
in resource-limited settings [30].

Outcomes from the various demonstration projects [46] as well as more recent
studies in Guinea [28] and South Africa [47] are in favor of a community-based
approach whereby local non-specialized staff and community health workers cater
for the PWE. Phenobarbital, a cheap and available first-line AED, is the WHO’s
recommended molecule of choice for large scale epilepsy treatment [48]. Another
important public health component in epilepsy is education and information
campaigns, aimed at reducing the epilepsy-related stigma and its consequences on
the quality of life of the PWE [32, 46].

5. Conclusion

Epilepsy remains a common neurological disorder with a wide clinical
spectrum and a panoply of etiologies. Consensual diagnostic and therapeutic
approaches have been established for epilepsy and they constantly evolve as more
aspects of this condition are being uncovered by science. LMICs are the most
affected by epilepsy, and should therefore be prioritized for interventions aimed
at reducing the epilepsy burden.
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Chapter 2

Epileptic EEG Classification by
Using Advanced Signal
Decomposition Methods

Ozlem Karabiber Cura and Aydin Akan

Abstract

Electroencephalography (EEG) signals are frequently used for the detection of
epileptic seizures. In this chapter, advanced signal analysis methods such as Empir-
ical Mode Decomposition (EMD), Ensembe (EMD), Dynamic mode decomposition
(DMD), and Synchrosqueezing Transform (SST) are utilized to classify epileptic
EEG signals. EMD and its derivative, EEMD are recently developed methods used to
decompose nonstationary and nonlinear signals such as EEG into a finite number of
oscillations called intrinsic mode functions (IMFs). In this study multichannel EEG
signals collected from epilepsy patients are decomposed into IMFs, and then essen-
tial IMFs are selected. Finally, time- and spectral-domain, and nonlinear features
are extracted from selected IMFs and classified. DMD is a new matrix decomposi-
tion method proposed as an iterative solution to problems in fluid flow analysis. We
present single-channel, and multi-channel EEG based DMD approaches for the
analysis of epileptic EEG signals. As a third method, we use the SST representations
of seizure and pre-seizure EEG data. Various features are calculated and classified
by Support Vector Machine (SVM), k-Nearest Neighbor (kNN), Naive Bayes (NB),
Logistic Regression (LR), Boosted Trees (BT), and Subspace kNN (S-kNN) to
detect pre-seizure and seizure signals. Simulation results demonstrate that the
proposed approaches achieve outstanding validation accuracy rates.

Keywords: epileptic EEG classification, empirical mode decomposition (EMD)),
dynamic mode decomposition (DMD), synchrosqueezing transform (SST),
machine learning

1. Introduction

Epilepsy, affecting approximately 4 and 10 per 1000 people of the world’s
population, is one of the most common acute neurological diseases. EEG is the most
frequently used technique for the diagnosis of epilepsy, prediction, detection, and
classification of epileptic seizures owing to cost, safety, and easy applicability [1, 2].
In order to detect or monitor epilepsy patients, long-term electroencephalogram
(EEG) signals, which are records of the electrical activity generated by the brain,
should be inspected visually by expert neurologists. However, this examination
method is very time-consuming, bothersome, not efficient, and subjective process.
Therefore, utilizing signal processing, machine learning, and artificial intelligence
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methods for automatic seizure prediction and detection from epileptic EEG signals
has become an active research field [2-5].

In the literature, seizure prediction and detection studies have been carried out
using successful signal processing approaches in which many spectral, temporal,
nonlinear, and statistical properties are calculated.

Automatic seizure detection and prediction studies have been conducted based
on time-domain features such as energy, mean value, skewness, and kurtosis values
[6-8], exponential energy [6] and, and frequency domain features such as Power
spectral density features [9].

Also, entropy-based features such as fuzzy entropy (FuzzyEn), and sample
entropy (SampEn) [10], sigmoid entropy [11], approximate entropy (ApEn) [12],
weighted Permutation Entropy (WPE) [13], have also been commonly utilized to
detect and predict epileptic seizures.

Additionally, in several epileptic seizure detections and prediction study, non-
linear features such as cross-bispectrum [4], fractal dimension, detrended fluctua-
tion analysis (DFA), Hurst’s exponent [3, 12] have been utilized and promising
results have been provided.

On the other hand, various Time-Frequency (FT) analysis approaches have been
also performed for epileptic seizure distinguish. The wavelet transform and its
derivative [5, 14], Discrete WT (DWT) and Wavelet Packed Decomposition
(WPD) [7] based approaches were successfully utilized in the seizure classification
studies. Another TF analysis approaches such as The Hilbert Vibration Decomposi-
tion (HVD) [15], Variational Mode Decomposition (VMD), Hilbert transforms
(HT) [16], the smoothed pseudo-Wigner-Ville distribution (SPWVD) [17], Hil-
bert-Huang transform (HHT) [18], short-time Fourier transform (STFT) [14, 19],
the analytic time-frequency flexible wavelet transform (ATFFWT) [20], The Wig-
ner-Ville distribution (WVD) [21] have been frequently used in seizure detection
and prediction studies.

EMD [7, 8, 22] and its derivative approaches such as bivariate empirical mode
decomposition (BEMD) [23], multivariate empirical Mode Decomposition
(MEMD) [24], ensemble Empirical Mode Decomposition (EEMD) [25] that
decompose a given signal into a limited number of zero-mean oscillations called
Intrinsic Mode Functions (IMFs) have been developed for the analysis of nonlinear
and non-stationary signals and have been successfully used in many seizure detec-
tion or prediction studies.

Generally, traditional Fourier-based methods such as CWT or STFT are not very
effective in the TF analysis of non-stationary biosignals like EEG [26-28]. Success-
ful seizure classification studies have been carried out using the Synchrosqueezing
Transform (SST) method [28], which has been developed based on CWT and STFT
[26-29], in order to achieve better TF representations (TFRs) in recent years.

The dynamic mode decomposition (DMD) and derivative approaches, a new
matrix decomposition method, that introduced as a solution to problems encoun-
tered in fluid flow analysis by Schmidt [30], has recently been used to analyze
epileptic EEG signals [31, 32].

In this chapter, three different advanced signal analysis methods are utilized for
the classification of seizure and seizure-free EEG signals. The pre-seizure and sei-
zure EEG segments were investigated using (i) EMD and its derivative EEMD
methods, (i7) DMD method, and finally, (4i7) SST and traditional STFT methods to
achieve high classification performances. The rest of this chapter is organized as
follows. In Section 2, EEG data set used in this study and employed signal analysis
methods are described. Computer simulation results and discussion on the results of
three different approaches are presented in Section 3. Conclusions of the study are
drawn in Section 4.
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2. Classification of epileptic EEG signals

In this study, three different approaches are presented to distinguish seizure and
seizure-free EEG segments. In the first method, various temporal, spectral, and
non-linear features are extracted from the IMFs obtained using EMD and EEMD
approaches. In the second method we present, epileptic EEG segments are analyzed
using a simple matrix decomposition method, namely the DMD approach. Finally,
in the third approach the SST method with high TF resolution is utilized to extract
features and achieve high classification performance in distinguishing seizure and
seizure-free EEG segments. The results of these three approaches are compared in
line with the classification performances of various machine learning algorithms
used in our study.

2.1 Data set (IKCU EEG data set)

In our study, EEG data recorded using the Neurofax EEG device from 16 differ-
ent epilepsy patients (5 Female; 11 Male, the average age is 37.3%7) in the Depart-
ment of Neurology, Faculty of Medicine, {zmir Katip Celebi University are used.
These EEG recordings are collected with a sampling frequency of 100 Hz using
surface electrodes from 18 different EEG channels (Fp1-F7, F7-T1, T1-T3, T3-T5,
T5-01, Fp1-F3, F3-C3, C3-P3, P3-01, Fp2-F8, F8-T2, T2-T4, T4-T6, T6-02, Fp2-
F4 F4-C4, C4-P4, P4-02). It was informed by expert neurologists that the attacks in
the used EEG data set are Frontal and Temporal lobes focused. Hence, 10 EEG
channels (Fp1-F7, F7-T1, T1-T3, T3-T5, Fp1-F3, Fp2-F8, F8-T2, T2-T4, T4-T6, Fp2-
F4) with a predominance of temporal and frontal lobes are used in our study. These
EEG data are used in our study by obtaining the Ethical Approval of [zmir Katip
Celebi University Non-Invasive Clinical Research Ethics Committee dated
08.08.2019 and numbered 296.

2.2 Empirical mode decomposition and its variant

EMD approach in which signals decomposed into Intrinsic Mode Functions
(IMF) with zero-mean oscillations, is the adaptive time-frequency analysis method
for the non-linear and non-stationary processes. The sum of these obtained IMFs
must be equal to the original signal [22, 24].

x[n] = (ZIMFAn]) + Ry [n] (1)
=1

where x[n] is the original analyzed signal, L denotes the number of IMFs and
Ry [n] indicates the residue.

Despite the successful results of the traditional EMD approach to analyze the
non-stationary process, the problem named “mode mixing” is encountered where
similar oscillations occur in different modes or different oscillations are observed in
the same mode. In the EEMD method, by adding Gaussian white noise to the
analyzed signal, the continuity of the signal in different frequency regions is
ensured, and the mode mixing problem has been tried to be overcome. Then, the
noisy signals obtained by adding white noises with different statistical properties
were decomposed into IMFs by the EMD method. As a result of the EEMD method,
the average IMFs value is obtained by taking the average of the IMFs group
obtained as much as the number of white noise added [25].
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x'[n] = x[n) +g'M), i=12 ..,K. ()

Here, ensemble number is denoted by K value, g‘[n] is indicates the added
Gaussian noise at i iteration.
By using EMD approach, IMFs (IMF? [n],j =1, ...,J') of noisy signal x*[n] is

obtained for the i” iteration. IMFs are calculated for the EEMD approach by taking
the average of the IMFs obtained after the number of ensembles (K) iterations.

IMF [n] = Z IMF’ Q3)

The first 3 IMFs obtained for an example pre-seizure and seizure EEG segments
using EMD and EEMD methods are shown in Figure 1.

In our proposed EMD and EEMD based approach, IMFs of pre-seizure and
seizure EEG segments are obtained. Following, the IMF selection process is
performed using energy-based, correlation-based, power spectral density-distance
based and statistical p-value based metrics, as described in [8]. Time (Energy, Mean
value, Skewness, and Kurtosis values) [6, 7], spectral (Total power, Spectral
Entropy, 1st, 2nd, and 3rd spectral moments) [9], and non-linear (Hurst Exponent
and Higuchi Fractal Dimension) [3, 12] features are calculated using 3 highly voted
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Pre-seizure EEG signal and it’s first three IMF obtained using (a) EMD, and (c) EEMD approaches; seizure
EEG signal and it’s first three IMF obtained using (b) EMD and (d) EEMD approaches.
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IMFs (IMF1, IMF3, and IMF2) determined in the IMF selection process [8]. Thus, 4
time domain, 5 spectral, and 2 non-linear features are calculated for each pre-
seizure and seizure EEG segment. For comparison, the same features are calculated
from the EEG segment itself, without using the EMD or EEMD method. In addition,
the same features are calculated from the sub-bands of the DWT approach, which is
a conventional analysis method and compared with the results of the EMD and
EEMD approach. In our experiments, Daubechies4 (db4) mother wavelet and 3
level subband decomposition are used [7, 33].

2.3 Dynamic mode decomposition

In fluid flow analysis studies, generally, computationally expensive Global sta-
bility analysis method where classical approaches are used, is performed. Proper
Orthogonal Decomposition (POD) method based on snapshots of flow and achiev-
ing the most active modes is used in these methods. DMD approach based on matrix
decomposition has been proffered as a solution to computationally cost of these
previous approaches. Systems are analyzed in space using the DMD method in
which temporal orthogonality is used. However, using the POD method utilizing
spatial orthogonality, systems could be analyzed in time [30]. The behavior of non-
linear and dynamic systems such as biological signals cannot be completely revealed
by classical time-frequency analysis methods. By evaluating the measurements
collected over a certain period of time with the DMD method, both the system can
be expressed with a function, and information about the future behavior of the
system can be predicted. The basic idea of the DMD method is to obtain the
dynamic modes that best represent the system by achieving the eigenvalues and
eigenvectors of the system that linearized with the Least-Squares Approximation
(LSA) method [31, 34].

In literature, previously, K x T— sized multi-channel EEG signals are evaluated
using the DMD approach. Here, T is the sample size of a single EEG channel, and N
is the number of channels. Using this data matrix, K x L— sized X data matrices in
which L denotes the time samples named “snapshot” is obtained, and the DMD
algorithm is applied to this obtained data matrices [31]. In our study, both the
multi-channel DMD approach used in the literature is performed and the single-
channel DMD approach is proposed, unlike the literature, and K x L— sized X data
matrices are constructed using this two different approaches.

In the single-channel DMD approach (SC-DMD), the single-channel EEG
signals with T— samples long are divided into non-overlapping, L samples long EEG
segments. The (K x L) EEG data matrices are constructed using K of these obtained
segments. For our epileptic seizure classification experiment, L = 140 and K = 5are
chosen.

Additionally, in the multi-channel DMD approach (MC-DMD), (K x L) EEG
data matrices with no overlap are generated using L = 140 samples of K = 5
different EEG channels. In our experiment, these data matrices are obtained using
the K = 5—EEG channel in the left hemisphere (Fp1-F7, F7-T1, T1-T3, T3-T5, Fp1-
F3) and the K = 5—EEG channel in the right hemisphere (Fp2-F8, F8-T2, T2-T4,
T4-T6, Fp2-F4). Also (10 x 120) EEG data matrices are constructed using the K =
10—EEG channel with L = 120 sample long in both hemispheres.

In order to achieve a sufficient number of modes to demonstrate the dynamics
of neurological activity efficiently, the number of (K) measurements must be at
least twice the number of L time points named snapshots [16]. Therefore, the data
augmentation process is applied to the data matrix X based on the Hankel matrix
creation principle as detailed in [34] and the N x M, (N >2M) dimensional aug-
mented data matrix X, is obtained.
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!
Xu: X1 X2 e XM-—1 Xa: X2 X3 e XM (4)

X =AX, (5)

Transition matrix A that denoted in Eq. (5) should be obtained to achieve
relation based on the high-dimensional linear regression between Xa matrix and its
time-shifted version X/, matrix (given in Eq. (4)). This transition matrix can be
calculated using the pseudo-inverse of the X, matrix (A = X/, X;}), but for higher-
dimensional data such as biosignal, this can cause computational complexity. Using
the DMD algorithm;

Singular value decomposition (SVD) of augmented data matrix X, = UXV ™ is
calculated, and formulation of transition matrix rewrite again using the Left singu-
lar vectors U, the inverse of the singular values £7%, and the Right singular vectors
VA=X X=X VE'U*. The low-rank approximation value A of the transition
matrix A can be obtained using Eq. (6)

A=U*X vz (6)

The Eigen decomposition of A matrix is calculated (AW = WQ) and the matrix
of eigenvectors W, the diagonal matrix Q of eigenvalues are achieved. Finally, DMD
modes of augmented data matrix X, are calculated using Eq. (7) where each column
of ¢ includes the DMD mode ¢,, related to eigenvalues 4,, [31, 34].

¢ =X Vi'w (7)

In our DMD based epileptic seizure classification experiment, using the DMD
spectrum, various features based on DMD subband powers and Higher-order DMD
spectral moments (DMD-HOS) are calculated and classification performances of
approaches are compared.

The real part, of DMD modes associated with the complex eigenvalues 4,,, indi-
cates the decay frequency of the dynamic modes, while the imaginary part of these
modes shows the oscillation frequencies of the dynamic modes. To obtain the DMD
spectrum of pre-seizure and seizure EEG segments, oscillation frequencies, and pow-
ers, of the dynamic modes, should be calculated. The oscillation frequencies f,, (Hz)
are calculated using At = 0.01s time difference between sequential snapshots, and the
complex eigenvalues 4,, of DMD modes; f,, = |imag (%2)|, wm = l”g '1’” (the imagi-
nary part of a complex number is calculated using imag(.) operatlon) The frequency
set Fpmp = { f,, } is obtained by aligning the oscillation frequencies containing
different mode frequencies. Additionally, power P,, = ||,,]|* of these modes are
calculated using the Euclidian norm [34]. The total DMD mode power { f,,} € Fpmp
(given in Eq. (8)) for the f, frequency is calculated by summing the power value of
L, DMD modes at the f,, frequency. This process is repeated for all frequencies in the
Fpump set and a single DMD power corresponding to each frequency is calculated. In
order to obtain the DMD spectrum, the obtained DMD power set Ppup,

V{PDMD ( f m) } € Ppup is plotted according to the oscillation frequency set Fpup.

Ppump ( f ZPZ v{ f,.} €Fpmp. (8)
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To reveal the advantages of the DMD approach, the traditional Power Spectral
Density is estimated using the Welch method [5, 35] where the Hamming window
and 50% overlapping are chosen, for each seizure, and pre-seizure EEG segments
(140 samples long = 1.4 sec). Examples of the proposed Single-Channel EEG based
DMD spectra and traditional Welch PSD estimates for pre-seizure and seizure
epileptic EEG data are demonstrated in Figure 2. The similarity between the aver-
age PSD values of the 5 EEG segments (shown with bold black lines in Figure 2(c)
and (f)) whose PSDs are calculated separately by the Welch method and the DMD
spectrum, given in Figure 2(b) and (e), is remarkable.

In DMD based epileptic seizure detection approach, sub-band powers based and
DMD-HOS moments based features are introduced using the DMD spectrum. In
computer-aided epileptic seizure detection and prediction studies, EEG subband
powers of different frequency bands like delta (0-4 Hz), theta (4-8 Hz), alpha
(8-12 Hz), beta (12-30 Hz), and gamma (30-60 Hz), and DMD-HOS moments are
calculated using conventional Power Spectral Density [17, 40]. Using the estimated
DMD spectrum, similar to the classical PSD approach, Delta (Ps), Theta (Py), Alpha
(P,), Beta (Ps), and Gamma (P,)) subband powers are calculated as

Py, = Z Povp( f,,), sb=1{50,a,p,7} PT:ZPDMD(fm) 9)
fm€fo S

We propose another set of features called DMD-HOS moments
Mypsj = 1,2,3, -+ defined by

M{)MD = Z (fm)jPDMD(fm)’ ] =1,2,3, (10)

fm€Fpmp

In Egs. (9) and (10), f, is a subset of oscillation frequencies in Fpyp = { fm} of
extracted DMD modes corresponding to sub-band frequencies { fofofolpf 7}
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Figure 2.

First 5 DMD modes of 5 pre-seizure EEG segments (a) and its DMD spectrum (b) obtained using Single
Channel EEG based dynamic mode decomposition, PSD of these 5 pre-seizure EEG segments together (c); first 5
DMD modes of 5 seizure EEG segments (d) and its DMD spectrum (e) obtained using Single Channel EEG
based dynamic mode decomposition, PSD of these 5 seizure EEG segments together (f). Bold black lines denote
the average of 5 PSD in (c) and (f).
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of EEG, Pr denotes the total power of DMD spectrum, and M{)MD indicates the jth
order DMD spectral moment. In our computations, we extract 6 DMD subband
power-based features, and 3 DMD-HOS moments features for each seizure and
pre-seizure EEG segment.

2.4 Synchrosqueezing transform

Synchrosqueezing Transform is a member of TF reassignment methods (RM)
family which developed to improve the localization properties of TFRs. In RM
methods, using the reassignment process, TF coefficients X(¢, w) that computed
utilizing classical TF analysis method, are reassigned into the instantaneous fre-
quency (IF) trajectory close to the ideal TFR which have high frequency and time
resolution (¢, ) ~ (7o(t, @), wo (¢, w)). On the other hand, using the squeezing pro-
cess, this TF coefficients X (¢, ) are squeezed into the IF trajectory close to the ideal
TFR which have high-resolution in only frequency (¢, ) ~ (¢, o (t, w)). Although
lower TF resolution is achieved using the SST method, signal reconstruction may be
performed [29, 36].

SST method based on STFT or CWT can be performed to obtain high-resolution
TFRs of signals. Hence, the TF coefficients of the studied signals are obtained by
STFT or CWT, and by using these coefficients with the SST approach,
high-resolution TFR is obtained.

In the STFT method, the signal is divided into short-time, and usually
overlapping segments and the Fourier transforms of these short-term segments are
calculated. In our computations, STFT of 1-second EEG segment x(t), are calculated
as, X(t,w) = [ x(r)w(r — t)e 7"dr where w(r) denotes the used window function.
Using the Fourier transforms of analyzed segment X(w) and used window function
W(w), STFT may be rewritten again as given in Eq. (11).

X(t,w) = % r X(OW(w — &)éde. (11)

—o0

In the SST approach, computing the derivative of STFT X (¢, w) according to
time, the instantaneous frequency wo (¢, w) = —j o;?ig’a? is obtained. By using

synchrosqueezing operator [~_§(7 — wo(t — ®))dw of SST and IF wy (t, ®), SST
T'(¢,n) with high-resolution is obtained by collecting the STFT coefficients which
have the same frequency where they should appear.

oo

T(t,n) = J X(t, 0)6(n — wo(t — w))dw (12)

—o0

An example TF representations of 1-sec pre-seizure and seizure EEG segments
achieved utilizing SST and STFT approaches are shown in Figure 3. We observe in
Figures 3(b), (c), (e) and (f) that the SST approach is able to represent pre-seizure
and seizure EEG segments better in the TF plane than the STFT method. Although
the window size, which is the most important parameter of STFT [19], is chosen to
give the best time and frequency resolution, the SST approach provided better TF
resolution.

In our SST based epileptic seizure detection study, high-resolution joint TF
distributions of pre-seizure and seizure EEG segments are calculated. Two different
feature extraction approaches are presented to achieve efficient features from the
magnitude square of the SST matrix S(n, oy ):
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a. Log-normalized higher-order joint TF (HOJ-TF) moments,
<ni @l >;ij=1,2, ... [37],

N-1x-N-1 ;
— S(n,
<n' w]> = log (Zno k:(;!j!wk (n wk)) s =1, .. (13)

where N is the length of the EEG segments, and ), = %V—”k,k =0,..,N—-1

b. TFR obtained by SST is used as image and Gray Level Co-occurrence
Matrix (GLCM) texture descriptors are obtained from this TFR image.

GLCM is a prediction of the joint probability distribution of two neighboring
gray-level image pixel pairs with a certain position that consists of distance (d)
and direction () information. The GLCM of this image can be expressed as given
in Eq. (14) using image pixel pair position information (A = (6,4d)).

Ga(irj)  (,j=0,1,..,N;—1) (14)

where, 7 and j indicate the intensity values of two pixels, and Nj is the number of
gray levels in the image [28, 38]. Second-order statistical features such as contrast,
correlation, energy, and homogeneity [39] are calculated as features from the
GLCM matrix of TF images corresponding to pre-seizure and seizure EEG seg-
ments. In order to evaluate the performance of the SST approach, same features are
calculated using the magnitude square of STFT, i.e., the spectrogram |X(t, w)|?,
which is a classical TF approach and is also used in the SST algorithm [19]. In our
experiments, 3 HOJ-TF moments based features, and 4 GLCM based features are
calculated for each pre-seizure and seizure EEG segment using both SST and STFT
approaches.
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(a) 1-sec pre-seizure EEG segment, its (b) magnitude SST, and (c) magnitude STFT; (d) 1-sec seizure EEG
segment, its (¢) magnitude SST, and (f) magnitude STFT.
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2.4.1. Classification and performance evaluation

In the proposed study, features extracted utilizing the three different approaches
are classified using six different classifiers such as SVM, kNN, NB to distinguish
seizure and pre-seizure EEG segments.

In SVM, one of the well-known supervised learning algorithms, decision
boundaries, called hyper-planes’, is determined to categorize data. While there are
many possible hyper-planes that may be constructed, it is essential to determine the
hyper-plane where the best classification performance is obtained. The optimal
hyper-plane is achieved by maximizing the margin, which is the distance between
different classes’ support vectors. Once the optimum hyper-plane is determined, the
data falling on different sides of the hyper-plane are assigned as elements of differ-
ent classes. While this process used for the only linearly separable datasets, using
the kernel functions SVM is performed to distinguish linearly non-separable
datasets. In our proposed study, linear kernel function is performed [10, 13].

The basic and efficient machine learning method kNN is one of the most widely
used supervised learning approaches. The distance between each sample xq to be
classified in the test data and the training data is calculated for all data set which is
randomly divided into tests and trains. By determining the k neighbors that have
the minimum distance, the most common class among these k neighbors is assigned
as the class of this sample. Although there are various distance calculation metrics
such as Euclidean, Manhattan, Minkowski, and Hamming, the Euclidean distance
metric, which is the most commonly used in the literature, is used in our study. In
addition, the value of k is chosen as 10 for the proposed study [39, 40].

The NB classifier is one of the probabilistic classifiers in which the classification
is performed according to Bayes’ theorem. Membership probabilities P(M;/x)

(M; indicates the class, ¢ denotes the number of class) to “c” classes of sample xq to
be classified are calculated, separately. This sample is assigned as a member of

the class in which the highest probability of membership among the “c” class is
calculated [39, 40].

To achieve a stable classification accuracy, 10—fold cross-validation is employed
in our experiment. Using Accuracy (ACC), and F1-score metrics, performance
evaluation of proposed methods and utilized classifiers are investigated.

TP+ TN PRE « REC

ACC = Fseore = 2% ppE T REC

TP+ FN 4+ FP+ TN’ (15)

where true-positive (TP) is the number of samples of class_1 classified in the
same class, and true-negative (TN) denotes the number of samples of class_0
classified in class_0. While false-positive (FP) is the number of samples not in
class_1but classified in class_1, false-negative (FN) indicates the number of samples
in class_1 but classified in class_0. Recall and Precision metrics are formulated

respectively as, REC = Tl};ﬁ, and PRE = FPZ% [18].

3. Experiments and results

In the following, we give the performance evaluation of seizure and pre-seizure
EEG classification by using three different advanced signal representation methods
presented in Section 2. The classification process is performed using SVM, kNN,
and NB classifiers and compared the performance of each approach and classifier.
In the Tables 1-5, highest classification performances are indicated with boldface
numbers for each approach and component.
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SVM kNN NB

Approach Components ACC F-Score ACC F-Score ACC F-Score

EMD IMF1 94.31 94.16 94.38 94.31 94.31 94.03
IMF2 94.12 93.85 92.62 92.48 93.13 92.79

IMF3 93.38 93.36 94.63 94.45 95.63 95.48

IMF1-IMF2 94.56 94.40 93.81 93.70 94.56 94.33

IMF1-IMF3 92.06 92.38 95.63 95.53 96.88 96.77

IMF2-IMF3 94.50 94.35 94.81 94.66 95.88 95.74

IMF1-3 90 90.99 94.88 94.81 96.19 96.07

EEMD IMF1 96.06 96.04 94.44 94.43 93.75 93.60
IMF2 92.44 92.19 91.81 91.69 93.50 93.12

IMF3 94.50 94.42 94.06 94.02 95.44 95.27

IMF1-IMF2 94.94 94.86 94.81 94.76 94.12 93.91

IMF1-IMF3 81.69 80.29 95.94 95.90 97 96.91

IMF2-IMF3 94.44 94.32 94.25 94.21 95.38 95.18

IMF1-3 94.19 94.39 97 96.97 95.75 95.62

DWT AC + DC1-3 80.81 76.83 93.44 93.38 94.56 94.43
EEG all EEG 59.75 66.33 93.25 93.35 78.94 74.41

Table 1.

Performance vesults (%) of EMD and EEMD based seizure detection approach.

SVM kNN NB
Approach Components ACC F-Score ACC F-Score ACC F-Score
SC-DMD Right Hems. 90.3 91.9 90.8 92.9 89.4 912
Left Hems. 93.7 95.1 94.1 95.5 93.4 94.6
Two Hems. 917 93.4 923 93.9 91.3 92.8
MC-DMD Right Hems. 90.6 91.9 89.3 90.9 89.5 91.7
Left Hems. 92.9 94.8 93.9 95.5 927 93.8
Two Hems. 94.7 95.9 94.5 95.9 93.5 94.4
PSD Right Hems. 86.1 88.7 87.2 89.9 86.7 86.2
Left Hems. 92.1 93.4 92.2 93.9 91.3 93.4
Two Hems. 89.1 91.3 89.5 915 88.3 90.7

Table 2.
Performance results (%) for seizure detection using the subband power based feature set of DMD based
approach.

3.1 Results of EMD methods

In EMD and EEMD based seizure detection approaches, various features in the
time-domain, spectral-domain, and non-linear are calculated to separate the seizure
and pre-seizure EEG segments. To compare the performances of EMD based
approaches, DWT approach is implemented to the pre-seizure and seizure EEG

27



Epilepsy - Update on Classification, Etiologies, Instrumental Diagnosis and Treatment

SVM kNN NB
Approach Components ACC F-Score ACC F-Score ACC F-Score
SC-DMD Right Hems. 87.3 89.4 88.4 90.5 83.1 85.8
Left Hems. 92.2 93.9 91.2 93.9 90.1 92.9
Two Hems. 89.7 92.4 90.2 925 87 89.3
MC-DMD Right Hems. 88.9 90.9 85.9 89.4 81.2 84.4
Left Hems. 92.9 93.4 92 93.9 87.6 89.7
Two Hems. 92.8 94.4 92.2 93.5 88.8 90.4
PSD Right Hems. 85.6 87.6 88.1 90.9 86.8 88.2
Left Hems. 92.5 93.9 91.6 93.5 92.5 93.9
Two Hems. 88.6 90.3 89.4 915 89.2 913

Table 3.
Performance vesults (%) for seizure detection using the DMD-HOS moment based feature set of DMD based
approach.

SVM kNN NB
Approach Components ACC F-Score ACC F-Score ACC F-Score
SST Right Hems. 88.4 911 88.5 91.1 83.6 86.2
Left Hems. 93.1 94.6 92.5 94.2 921 93.7
Two Hems. 90.5 92.6 90.1 923 88 90.2
STFT Right Hems. 87.2 90.1 86.6 89.5 79.1 81.7
Left Hems. 92.1 93.8 91.6 93.5 85.3 87.7
Two Hems. 89.5 91.7 89.1 91.4 82.2 84.8

Table 4.
Performance vesults (%) for seizure detection using the HOJ-TF moment based feature set of SST and STFT
based approaches.

SVM kNN NB
Approach Components ACC F-Score ACC F-Score ACC F-Score
SST Right Hems. 88.6 91.2 88.4 91 88.1 90.6
Left Hems. 92.5 94.1 92.6 94.2 92.2 93.9
Two Hems. 90.4 92.4 90 92.2 90.1 922
STFT Right Hems. 85.4 88.6 85 88.2 83.8 87.3
Left Hems. 90.3 92.4 90.4 92.4 88.7 91.1
Two Hems. 87.5 90.2 87.4 90 86.2 89.1

Table 5.
Performance results (%) for seizure detection using the GLCM based feature set of SST and STFT based
approaches.

segments, and same features are calculated from the Approximation Coefficient
(AC) and 3 Detail Coefficients (DC) of DWT. Additionally, without using any
signal processing approach the same features are extracted from the EEG signals
itself.
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The performance evaluation results for different IMF combinations are demon-
strated in Table 1. In all tables, we indicate the highest classification performance
with boldface numbers for each case. In Table 1, the components column shows
that the features for classifications are calculated by using the corresponding com-
ponent. For example, the classification results of the features calculated using IMF1
are given in the first row, and the classification results of the features calculated
from the EEG signal itself are given in the last row. NB classifier provides the
highest classification successes for both EMD (96.88% ACC, 96.77% F1-score) and
EEMD (97% ACC, 96.91% F1-score) approaches by using features calculated from
IMF1-IMF3 (the first two IMFs decided by the IMF selection process) of the
corresponding approach. While, the maximum (94.56% ACC, 94.43% F1-score)
classification successes are achieved using the NB classifier for the DWT approach;
using the kNN classifier and EEG signals itself, maximum (93.25% ACC, 93.35% F1-
score) values are obtained.

3.2 Results of DMD methods

Performance evaluation results of SC-DMD and MC-DMD based and PSD based
epileptic seizure detection approaches are summarized in Tables 2-3. For the SC-
DMD and PSD approaches, the classification results of the feature set created by
combining the features obtained from the Left Hemisphere (Fp1-F7, F7-T1, T1-T3,
T3-T5, Fp1-F3), Right hemisphere (Fp2-F8, F8-T2, T2-T4, T4-T6, Fp2-F4), and
both hemisphere (Fp1-F7, F7-T1, T1-T3, T3-T5, Fp1-F3, Fp2-F8, F8-T2, T2-T4, T4-
T6, Fp2-F4) channels separately are denoted with “Left Hems®, “Right Hems “and
“Two Hems“, while the same components show the classification results of DMD
features obtained from the EEG data matrix created using the respective hemi-
sphere channels in the MC-DMD approach.

For all three approaches, the highest classification performance for both the
subband based feature set and the moment based feature set is obtained from the
Left Hems. While the kNN classifier is yield to highest classification accuracy 94.1%
and F1-score 95.5% for subband power-based feature set obtained from the Left
Hems of SC-DMD approach, the maximum 92.2% ACC and 93.9% F1-score values
are achieved with the SVM classifier using the moment-based feature set of the SC-
DMD approach. On the other hand, in the MC-DMD approach, the classification
performances of subband power-based (kNN: 93.9% ACC, 95.5% F1-score) and
moment-based (SVM: 92.9% ACC, 93.4% F1-score) feature sets are close to each
other for Left Hems and Two Hems. Additionally, using the PSD approach, a
maximum of 92.2%, and 92.5% classification accuracies are achieved using the KNN
and SVM classifiers for the subband power-based and moment-based feature sets of
Left Hems, respectively. The results show that both SC-DMD and MC-DMD
approaches are more successful than the classical PSD approach.

3.3 Results of SST and STFT methods

Performance evaluation results of the SST based approach are given in Tables 4
and 5. Analyzes for SST and STFT approaches are carried out separately for each
channel. The classification result of the feature set created by combining the features
obtained from the left hemisphere channels is given with the “Left Hems” compo-
nent. Similarly, while the classification result of the feature set obtained for the right
hemisphere is given with “Right Hems”, the classification result of the feature set
created by combining the features obtained from all channels is given with the “Two
Hems” component.

Classification performance of HOJ-TF based feature set is higher than that of
GLCM based feature set for each component of SST and STFT approaches. In both
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approaches, the classification success of both the HOJ-TF moment based feature set
and the GLCM based feature set is higher in Left Hems than in Right Hems. While
the highest 93.1% ACC and 94.6% F1-score are provided with SVM classifier by
using the HOJ-TF moment-based feature set for Left Hems of SST, the maximum
92.6% ACC and 94.2% F1-score are obtained with the kNN classifier using the
GLCM based feature set. On the other hand, in the STFT approach, 92.1% ACC and
93.8% F1-score values are achieved with the SVM using the HOJ-TF moment-based
feature set, while the classification performance of GLCM based feature set is
90.4% ACC, and 92.4% F1-score for kNN classifier.

F1-scores obtained by the proposed methods, and by the classical approaches are
calculated for comparison and given in Figure 4. The F1-scores of the proposed
EMD and EEMD-based approaches, in Figure 4a, are higher than those of DWT
and EEG-based approaches, except for the kNN classifier. In the DMD-based sei-
zure detection approach, higher F1-score values are obtained in all classifiers than
that of the traditional PSD approach for the subband power-based feature set, while
the DMD approach provided higher F1-score values in the moment-based feature
set, except for the NB classifier, shown in Figure 4b. Finally, in the SST-based
epileptic seizure detection approach, higher F1-score values are obtained for each
feature set and classifier compared to the STFT approach as shown in Figure 4c.

Channel-based classification performances of the proposed SC-DMD, SST,
EMD, and EEMD approaches are given with a topographic maps in Figure 5. The
topographic map is created by averaging the ACC values obtained with all classifiers
for each method. It was stated by the expert neurologists that epileptic attacks in the
used data set are left hemisphere-focused. It is noteworthy that the channel-based
classification success of the EEG-based seizure detection approach (shown in
Figure 5a) is very low, while is very high for the EEMD-based seizure detection
approach (given in Figure 5¢). It is also remarkable that in all proposed methods,
the channels in the left hemisphere yielded successful results of seizure detection
(given in Figure 5b-5e).
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Figure 4.
Changing of F1-score values of (a) EMD and EEMD based, (b) DMD based, and (c) SST and STFT based
epileptic seizure detection approaches.
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Figure 5.
Topographic map of channel based classification accuracies of (a) EEG based (b) EMD based (c) EEMD based
(d) SC-DMD based, and (e) SST based approaches.

4, Conclusions

In our study, epileptic seizure detection is performed using EMD and derivative
approaches, the DMD approach, which is a matrix decomposition method, and the
SST approach, a new TF method. Pre-seizure and seizure EEG segments are
decomposed into IMFs using the EMD and EEMD method, and time, spectral and
non-linear features are calculated using the first 3 IMFs (IMF1, IMF3, IMF2) after
the IMF selection process which detailed in our previous study [18]. In order to
compare the success of EMD and EEMD methods, the same features are obtained
using the approximation and detail coefficient of the DWT approach and directly
from the EEG signal itself. While the EEMD method gives more successful results
than the EMD approach for all conditions and classifiers, the most unsuccessful
classification results are obtained by using features calculated from the EEG signal
itself.

DMD spectra are obtained for pre-seizure and seizure EEG segments using the
DMD approach, which is a simple matrix decomposition method. Although the
DMD spectrum has been defined in the literature [31, 34], different features other
than DMD powers have not been calculated using this spectrum. In our study, it is
proposed to calculate DMD subband powers and DMD-HOS moments as features.
In addition, although the multi-channel DMD approach has been used in the litera-
ture, the single-channel DMD approach has been proposed in our study. The suc-
cess of the DMD approach is compared with the classical PSD obtained using the
Welch method. The classification performance of both MC-DMD and SC-DMD
approaches is higher than that of the PSD approach. In addition, the proposed
SC-DMD based approach has been at least as successful as the MC-DMD based
approach.

Another seizure detection study is carried out using the high TF resolution SST
approach which proposed to overcome the disadvantages of classical TF
approaches. HOJ-TF moment-based and GLCM-based features are calculated as
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features using the magnitude square of SST. The same features are computed using
the STFT method that is the classical TF analysis method to compare the success of
SST. The SST approach provided higher classification accuracy than STFT for each
condition and classifier.

EMD and EEMD approaches with high computational complexity [18], yielded
more successful results than the other two approaches. As a result of these evalua-
tions, it may be concluded that the suggested DMD and SST-based approaches that
have lower computational complexity [28, 41] can successfully be used in the
detection of epileptic EEG signals.
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Abstract

Childhood epilepsy with centrotemporal spikes, had been previously
considered as benign childhood epilepsy. According to the new classification
proposed by Sheffer I. and colleagues the term “benign” has been changed to “self-
limited”. Many studies reported that BECTS may cause transient or long lasting
cognitive and behavioral disturbances. Rolandic epilepsy is the most frequent
among the childhood focal epilepsy and may account for about 15-25% of all epi-
leptic syndromes diagnosed between the ages of 5 to 15 years. The incidence range
changes between 7.1-21 per 100000 in population younger than 15 years with male
predominance. The age of onset in 90% of cases between 1 and 10 years with peak
around 6-7 years. Seizures mainly occur during a night sleep, whereas the probabil-
ity of awake seizures are less than 10%. The characteristic clinical features are: (1)
focal motor seizure with unilateral orofacial tonic or clonic contractions; (2) speech
arrest; (3) hypersalivation; (4) sensory symptoms represented by unilateral numb-
ness or paresthesia of tongue, lips, gum and inner part of the check; (5) unilateral
clonic jerk in leg and arm with postictal paresis; (6) generalized seizures. The EEG
picture is distinctive in Rolandic epilepsy. The background activity is almost always
preserved in awake state and during a sleep. The typical interictal EEG pattern is
high voltage, diphasic spikes or sharp waves frequently with slow activity on cen-
tral-midtemporal region. The centrotemporal spikes or rolandic spikes come from
the lower rolandic region created a horizontal dipole with maximal electronegativ-
ity in the centrotemporal region and electropositivity in the frontal region usually
seen unilateral or bilateral. In most cases children with RE have a good prognosis
regarding both seizures and neurodevelopment. The remission of seizures usually
occurs before the age of 18 years. The cognitive and behavior problem may happen
in active period of disease which are reversable in most of patients.

Keywords: rolandic epilepsy, EEG, BECTS, epilepsy, atypical rolandic epilepsy,
centrotemporal spikes, seizures, cognitive outcome
1. Introduction

Self-limited epilepsy with centrotemporal spikes (SECTS), well-known as

Rolandic epilepsy is the most frequent among the childhood focal epilepsies and
may account for about 15-25% of all epileptic syndromes diagnosed between the
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ages of 5 to 15 years [1]. It is termed ‘rolandic’ epilepsy because the focal seizures are
originated from the region around the lower part of the central gyrus of Rolando.
The incidence range changes between 7.1-21 per 100000 in a population younger
than 15 years with male predominance [2]. The age of onset in 90% of cases
between 1 and 10 years with a peak around 6-7 years and recovery occurs before the
age of 15-16 years [2-4].

Self-limited epilepsy with centrotemporal spikes is a syndrome of brief hemi-
facial motor seizures, frequently having associated somatosensory symptoms,
usually without impairment of consciousness which tend to evolve into GTCS
[3-6]. Seizures are often related to sleep [7]. Genetic predisposition is frequent,
and there is male predominance [3, 5, 8, 9]. An interictal EEG has normal back-
ground activity with biphasic high-voltage centrotemporal spikes, often followed
by slow waves that are activated by sleep and tend to spread or shift from side to
side [10]. Neurological and mental status before the debut of epilepsy is normal.
There are no specific abnormalities on brain MRI or CT. Many studies reported
that RE may cause transient or long-lasting cognitive and behavioral disturbances
[4, 5, 11-40].

2. Terminology and classification

Panayiotopoulos described a concept of benign childhood susceptibility
syndrome (BCSSS) to unify RE, Panayiotopoulos syndrome (PS) and childhood
occipital epilepsy of Gastaut (ICOE-G) outlined the common features, course of
diseases, prognosis, and the possible genetic predisposition in this group of associ-
ated syndromes [5].

1989 ILAE classification recognized three “age-related and localization-related
epilepsies and syndromes™: (1) benign childhood epilepsy with centrotemporal
spikes (BCECTS); (2) childhood epilepsy with occipital paroxysms; (3) primary
reading epilepsy [10].

ILAE Commission on Classification and Terminology lists three childhood
idiopathic focal epilepsy syndromes: (1) benign childhood epilepsy with centro-
temporal spikes (BCECTS); (2) Panayiotopoulos syndrome, and (3) late-onset
childhood occipital epilepsy (Gastaut type) [13].

Rolandic epilepsy had undergone significant terminological and classifica-
tion changes. RE had been previously considered as benign childhood epilepsy.
Frequently reported cognitive and language impairments and behavioral dis-
turbances in children with RE led to the replacement of the terms “benign” and
“idiopathic” by the “self-limited” in the new classification proposed by Sheffer I.
and colleagues [41].

3. Etiology

The role of genetic factors in RE has been presumed since the first high inci-
dence of centrotemporal spikes in family members of patients with RE was reported
in 1964 [42]. RE and related syndromes with atypical features do not follow a
Mendelian inheritance mode [43]. The clinical and genetic studies have shown
complex inheritance [43-51].

The genetics of CTS is not the same as the clinical genetics of RE [52]. Although
CTS is the primary EEG characteristics of RE or ARE, they are also observed in healthy
children [53] or the children with autistic spectrum disorders without seizures [54].
Only 10% of EEG trait carriers had seizures [55, 56]. An autosomal dominant mode of
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inheritance of CTS on EEG has been reported by several authors [42, 55, 56] but it is
still debated [52]. The linkage of CTS to ELP4-PAX6 region on 11p13 and chromosome
15q13 [57], 16p12-11.2 [58], and 15q14 [59] have been identified.

Doose et al. investigated the broad spectrum clinical and EEG manifestation
of 147 children with RE and their 1266 family members revealed a high incidence
of febrile convulsion and afebrile GTCS in patients and their relatives suggested
multifactorial inheritance. EEG recordings of probands and their siblings showed a
high rate of generalized EEG traits [43].

A multicentral twin study of eighteen twin pairs (10 MZ, 8 DZ) based on a twin
database done by Vadlamudi and colleagues demonstrated that the etiology of RE
and its inheritance mode is much more complicated than considered before [44].
No twin pairs were concordant for RE. Only one monozygotic twin pair has shown
centrotemporal spikes on EEG without seizures. Another intriguing finding from
this twin data was that all twin pairs with atypical features RE, had a co-twin with
seizures although discordant for RE, which emphasized that genetic factors may be
more important in atypical cases of RE.

Mutations Protein function Special features Reports
KCNQ2/KCNQ3 Voltage-gated potassium BFNS plus RE Maihara et al. [62]
channel BFNS CTS trait Coppolaetal. [63]
BFNS plus RE, RE, Neubauer et al. [64]
CTS trait
SRPX2 E2A/HLF fusion RS, oral and speech Roll et al. [65]
dyspraxia, MR
ELP4 Elongator subunit CTS trait, speech Strug et al. [57]
disorder, behavior
disturbances,
ADHD
GRIN2A NMDAR subunit Atypical RE (LKS/ Lembke et al. [66]
CSWS), intellectual
disability, various
dysmorphic features
RBFX01/3 ATAXIN 2-BINDING RE, atypical RE, Lal etal. [67]
PROTEIN 1/ CTS trait
HEXARIBONUCLEOTIDE-
BINDING PROTEIN 3
DEPDC5 GATOR complex RE, atypical RE Lal etal. [50]
GABRG2 GABA receptors RE, atypical RE Reinthaler et al. [68]
CAMK2A Subunit of calcium/ Atypical RE, Rudolf etal. [45]
calmodulin-dependent intellectual
protein kinase II disability and
autism
GRIN2B NMDAR subunit Atypical RE, Rudolf et al. [45]
epileptic
encephalopathy,
intellectual
disability
CHRNA4 Neuronal nicotinic RE (familial case) Neng et al. [69]
acetylcholine receptor a4
subunits
Table 1.

Genetic mutations associated with RE/ARE spectrum.
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The genetic basis of RE/ARE is polygenic and complex, the interaction of
environmental factors or other genes should be considered in etiology of RE
spectrum epilepsy syndromes [60, 61]. A number of genes were found to follow the
Mendelian inheritance and be associated with RE/ARE (Table1).

Lembke et al., have identified GRIN2A mutations in 20% of patients with ARE
associated with neurocognitive disturbances [66].

Although mutations in PRRT2, KCNQ2, KCNQ3, RBFOX1, and DEPDCS5 genes
with an autosomal dominant transmission reported in patients with RE spectrum
epilepsy syndromes, they have not been confirmed by the studies based on large
case series [70].

With the exception of GRIN2A and ELP4, many genes currently associated with
RE/ARE, including KCNQ2, KCNQ3, CHRNA4, DEPDC5, RBFOX1/3, BDNF, and
GABAA-R, were initially linked to other neurogenetic conditions, and later their
phenotypes were expanded to RE/ARE.

4, Clinical features

The main seizure type in RE according to the ILAE 2017 seizure classification
is focal aware seizure consisting of motor-hemifacial tonic or clonic contractions,
oro-pharyngo-laryngeal symptoms, sensory symptoms represented by unilateral
numbness or paresthesia of tongue, lips, gum, and inner part of the check, and
associated with speech arrest, hypersalivation, and focal to bilateral seizures
[2-4, 41, 71]. Hemiconvulsions and bilateral tonic—clonic seizures are less frequently
observed ictal features, mainly seen in younger children due to rapid distribution of
focal onset seizures [2-4, 6]. Hemiconvulsions may be followed by post-ictal Todd’s
hemiparesis in 10% of cases [8, 72].

Seizures are brief, usually last from 30 sec to 2-3 minutes or longer if turn into
bilateral tonic—clonic seizures [6, 18, 72]. Seizures mainly occur during night sleep
or drowsiness, whereas the probability of awake seizures is less than 10% [73, 74].
Seizure frequency is low, most patients have less than 10 seizures, 10%-20% of
patients have a single seizure [75]. Consciousness is completely preserved in around
60% of patients with RE [5].

Focal motor seizures in approximately one-third of cases manifest as unilateral
oral-facial tonic or clonic contractions. These are brief (few seconds —1 min), a
sudden burst of clonic contractions of the face, which may be entirely localized in
the lower lip or spread to the ipsilateral upper and very rare to the lower
extremities [1-5, 71, 76].

Tonic deviation of the mouth is frequently observed ictal motor manifestation [5].

Oro-pharyngo-laryngeal symptoms are mostly motor ictal phenomena with the
involvement of the (epi-) glottis and pharynx (> 50%) produce guttural bizarre
sounds, resembling gargling, grunting, wheezing [72]. These may be accompanied
by contractions of the respiratory and abdominal muscles (vomiting like contrac-
tions) which appear in more than half of seizures [77]. They consist of unilateral
sensory and motor manifestations inside the mouth, tongue, inner cheek, gums,
teeth, and pharyngolaryngeal regions [3].

Speech arrest occurs in >40% of seizures with dys - or anarthria [3, 72]. The child
usually is aware, with preserved receptive language, attempts to communicate with
gestures, but unable to produce a single intelligible word [3, 5]. Speech arrest is
considered more as a motor ictal manifestation associated with the loss of the power
and coordination for the articulation of words [3]. There is no impairment of the
cortical language mechanisms [4, 5].

Focal non-motor seizures commonly observed in RE.

42



Rolandic Epilepsy: Self-Limited Epilepsy with Centrotemporal Spikes
DOI: http://dx.doi.org/10.5772/intechopen.96148

Sensory symptoms may manifest as unilateral numbness or paraesthesias like
tingling, prickling, freezing and their variations in the parts (rarely involve the
whole area) of oral-facial-pharyngeal area, usually tongue, inner cheek, gum, teeth,
lips [3, 4, 6]. Sensory seizures often occur in combination with motor seizures and
hypersalivation [3, 5, 72].

Hypersalivation is one of the most characteristic autonomic ictal symptoms of
RE, occurs in one-third of cases [2-5, 71]. It is frequently associated with hemifacial
motor symptoms. As well as the awareness is not disturbed in most of the cases,
children usually are able to describe their sensations as sudden filling of the mouth
with saliva and air, difficulty in pronouncing words, a lot of saliva flowing from the
mouth [5].

Other autonomic ictal manifestations as ictal emesis and ictal syncope may
observe rarely in RE. Although autonomic seizures are the cardinal symptom of
Panayiotopoulos syndrome, they are reported in RE [74, 78-82]. The overlap of
the clinical and EEG features of PS and RE has been widely investigated by several
authors [5, 74, 79, 80]. The cases where two different types of childhood focal
seizures presented at the same time or one form of epilepsy progressed to another
have been thoroughly reported by different investigators [74, 79-85].

Focal to bilateral tonic—clonic seizures are a frequent seizure type present in one
to two-thirds of children with RE. FBTCSs mostly appear during night sleep [86].

Status epilepticus is seen rarely and usually associated with an atypical course of
the disease [87].

Focal motor SE occurs more often than generalized convulsive SE [3]. This
state consists of unilateral or bilateral hemifacial contraction, subtle perioral
myoclonus, speech arrest, dysarthria, excessive drooling, swallowing

difficulties [88-93].

5. EEG patterns
5.1 Interictal EEG

The EEG picture is distinctive in Rolandic epilepsy. The background activity is
almost always preserved in an awake state and during sleep [91]. The character-
istic interictal EEG pattern- centrotemporal spikes (CTS) or rolandic spikes are
regarded as the neurobiological markers of RE. CTS is high-amplitude (usually >
than 150 mkV) biphasic spikes or sharp waves of ~ 70-80 milliseconds duration
frequently followed by a slow activity on the central-mid temporal region
(C3/C4, T3/T4) [2-4]. More posterior localization of CTS is often observed in
the youngest patients [94]. The spikes may occur isolated or in clusters, in one
or both hemispheres [95, 96] (Figure 1A and B). A focal rhythmic slow activity
over the centrotemporal region is occasionally observed [2]. The most typical
finding of the rolandic spikes is their significant increase in frequency during
NREM sleep [74] (Figure 1C-E). The spikes appear only in sleep in about a third
of children [97].

EEG and magnetoencephalography (MEG) studies show a stable horizontal
dipole coming from the lower rolandic region with maximal electronegativity in
the centrotemporal region and electropositivity in the frontal region, usually seen
unilateral or bilateral [98-100]. Spikes may often appear in the central, parietal,
midline, or even occipital regions which do not exclude a diagnosis of RE [98].

Somatosensory stimulation by the tapping of hands or feet or electrical stimu-
lation of fingers at 1 Hz may activate CTS and somatosensory evoked potentials
(SEPs) on the contralateral hemisphere [101].
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Figure 1.

7y.%llld boy with rolandic epilepsy. (A) Interictal awake EEG. Left centrotemporal spikes with rapid spreading
to the right frontal-anterior temporal region. with maximum negativity over the C3T3,F7 and maximum
positivity on the right-midline frontal-parietal region F4Fp2FzPzCz(AV montage, sensitivity 20Mkv/mm,
paper speed 30mm/sec, LFF 70 Hz, HFF 0.5 Hz, Rejector 50 Hz). (B) Increased paper speed clearly demonstrates
propagation of left centrotemporal spikes to the right frontal-anterior temporal vegion (AV montage, sensitivity
20 Mkv/mm, paper speed 120 mm/sec, LFF 70 Hz, HFF 0.5 Hz, Rejector 50 Hz). (C and D) Interictal iNREM
sleep EEG. The frequency of CTS of the same distribution is increased. (E) The same EEG sample in bipolar
longitudinal montage demonstrates phase reversal on both right and left centrotemporal region (C3C4T3T4).

Brief interictal generalized bursts of 3-5 Hz slow waves with intermixed small
spikes distinctive than a pattern 3 Hz spike-wave seen in CAE may observe in about
4% of patients with RE [85, 102].

Many studies have tried to identify the source of rolandic discharges using
topographic analysis, source modeling techniques, dipole tracing method, magne-
toencephalography (MEG), and functional MRI (fMRI) investigations
[99-101, 103-106]. The functional MRI (fMRI) triggered by EEG of the rolandic
spikes as well as MEG showed activation of the sensorimotor area [104], mainly
in the orofacial division of the primary sensorimotor cortex [105]. However, it
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is challenging to distinguish the precentral or postcentral origin of CTS [103].
Ishitobi et al., suggested the precentral origin of rolandic spikes explained this
theory by the continuity of cortical surface polarity from negative gyral cortex
to the surface positive interhemispheric fissure based on the combination of
scalp EEG and MEG [103]. Gregory and Wong analyzed 12 independent foci in
10 patients with RE assumed that the generator of a dipole discharge was located
halfway between the maximum negative and positive poles, and was most likely
situated at the depth of the lower rolandic fissure or Sylvian fissure [107]. The
propagation pattern of rolandic spikes first studied by Jung et al., suggests that
spike propagation was caused by intracortical spreading a single dipole across the
central sulcus [108].

CTS are diagnostic markers of RE only in a suggestive clinical presentation [74].
It has been widely reported that 1.2 to 3.5% of normal healthy children population
between 5 and 12 years old [109, 110], 6-34% of siblings and relatives of patients
affected by RE [9, 111, 112], children with migraine, behavior disturbances, ADHD,
variety of organic brain diseases with or without seizures, such as cerebral tumors,
Rett syndrome, fragile X syndrome and focal cortical dysplasia [84, 113] also show
CTS in routine EEG recording.

5.2 Ictal EEG

The first described ictal patterns are characterized by a quite monomorphic
sequence of rhythmic sharp waves or spikes without significant post-ictal slowing
[91, 114]. In 1990, Gutierrez et al. described an ictal event with speech arrest only
characterized by a short train of ictal alpha activity, and then two multiple spikes
and wave complexes originated from the left centrotemporal region followed by
marked attenuation of the left hemispheric background [115]. Subclinical rhythmic
discharges of spike and wave in the centrotemporal region have been documented
by several authors in RE [116, 117]. Saint-Martin et al. in 2001 described a series of
patients presenting with typical and also atypical ictal manifestations such as falls,
negative myoclonus and observed that positive motor phenomenon correlated to
the spike component preceding a negative motor phenomenon, correlated with the
slow-wave component of the spike and wave complex [118].

Capovilla et al. recorded 34 seizures in 30 patients with RE and described four
electrographic seizure patterns thus emphasizing that ictal pattern for RE is not
unique [116]:

* low-voltage activity of fast rhythmic spikes, increasing in amplitude and
decreasing in frequency observed in the majority of patients,

* adischarge of spikes intermixed with sharp waves increasing in frequency and
amplitude,

* monomorphic theta which progressively formed a discharge increasing in
amplitude and decreasing in frequency,

* initial focal depression of the electrical activity, followed by one of the three
above described patterns.

Ictal EEG source analysis of 3 patients with RE demonstrated the activation

of the opercula-insular area, time-locked to the contralateral focal myoclonic
jerks [119].
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6. Prognosis

In most cases, children with RE have a good prognosis regarding both seizures
and neurodevelopment [120, 121]. The remission of seizures usually occurs before
the age of 18 years [11, 98]. The cognitive and behavior problem may happen in an
active period of disease which is reversible in most patients [11, 12].

Rolandic seizures occur in a period of significant brain maturation. The dys-
function of neuronal network activities such as focal discharges may be associated
with neuropsychological problems, including, linguistic, cognitive, and behavioral
impairment [28-30, 122]. The frequent spike discharges in sleep may boost lan-
guage and attention processing problems [120, 123-125].

Mood and behavioral disorders were present in nearly a third of children
(30.9%) with RE [126-128]. Retrospective studies have proposed that early age at
onset pretends a more aggressive seizure course [18, 129-131].

Functional MRI study revealed CTS density caused hemodynamic changes even
during wakefulness can interfere with the normal brain-language network and the
bilateral insular cortex [132].

The neuropsychological tests such as Wechsler Intelligence Scale for
Children-IIT (WISC-3rd), verbal fluency test, Wisconsin card sorting test,
attention deficit diagnostic scale, and child behavior checklist scale are usually
administered to measure a wide range of skills and cognitive functions of RE
patients [35-38, 133].

Many researchers showed a variety of neuropsychological deficits, behavioral
and emotional difficulties in a limited cohort of patients with RE range from 19
to 67% [22-40, 134, 135]. The series of reported children with uncomplicated RE
were described lower average results on neuropsychological tests involving visuo-
motor coordination, some executive functions, sustained attention, and language
issues like spelling, reading aloud, reading comprehension, memory, and learning
of auditory—verbal material, delayed recall, and verbal fluency, compared with
controls. However, the Full-Scale Intelligence Quotient (FSIQ ) was not signifi-
cantly low in most of them.

D’Alessandro et al. investigated the neuropsychological data of 44 children
with RE who did not have a seizure for more than 6 months without treatment.
Attention, language, and visuomotor coordination tasks problems were more severe
in children with a bilateral epileptiform discharge. However, in a follow-up assess-
ment for 4 years, a re-examination of 11 children had revealed the normalization of
cognitive functions in all [21].

Several studies reported that cognitive abnormalities and behavioral impair-
ments are associated with a high interictal spike frequency [24, 25, 35, 120], the
number of interictal abnormalities in wake or sleep [136], activation of inter-
ictal spikes during sleep [118, 137], and the presence of non-tangential dipole
spikes [73].

Piccinelli et al. [138], investigated the frequency of specific learning disabilities
such as reading, writing, and calculation in patients with typical RE and possible
related electroclinical findings. They reported children with RE who developed
seizures before age 8 years and had epileptiform discharges more than 50% of
the sleep EEG recording in several tracings over more than a year were at risk of
developing academic difficulties [138].

EEG may predict educational and behavioral impairments in children with RE.
The presence of an intermittent slow-wave focus during wakefulness, a high num-
ber of spikes in the first hour of sleep (and during whole night sleep), and multiple
asynchronous bilateral spike-wave foci in the first hour of sleep are associated with
learning problems in children with RE [16, 139].
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7. Atypical rolandic epilepsy

RE can present or evolve to an atypical form, characterized by atypical ictal
semiology, different EEG findings, and poor neuropsychological outcomes
[19, 140, 141].

Massa et al. described 5 interictal EEG patterns that significantly correlated
with atypical evolutions of RE: [41] intermittent slow-wave focus; [2] multiple
asynchronous spike-wave foci; [3] long spike-wave clusters; [4] generalized 3-c/s
“absence-like” spike-wave discharges; [1] conjunction of interictal paroxysms with
negative or positive myoclonia, and abundance of interictal abnormalities during
wakefulness and sleep [136].

Several studies have shown an association between atypical rolandic epilepsy
and known genes (Table 1). The identification of de novo or inherited mutations
of N-methyl-D-aspartate (NMDA) receptor subunit-encoding genes (GRIN2A and
GRIN2B) linked to speech and language, cognitive impairment, and behavioral dif-
ficulties have been a significant breakthrough in the understanding of the nature of
atypical RE [142-145]. Another relevant gene is elongation factor protein 4 (ELP4),
which is associated with language impairment, autism spectrum disorder, mental
retardation, and epilepsy with centrotemporal spikes on EEG [146].

Atypical volandic epilepsy (ARE) is a severe epileptic condition especially with
regards to cognitive consequences. The first description of atypical features of RE
was published by Aicardi & Chevrie in 1982 showed rolandic epilepsy presenting
periods with new types of seizures, mainly atonic and myoclonic, associated with
continuous spike-and-waves in slow-sleep EEG (CSWS/ESES), and transitory
learning difficulties [147]. Doose and Baier described similar patients with atonic
fits leading to daily falls which is the hallmark seizure type for Lennox—Gastaut syn-
drome and termed the condition “pseudo-Lennox syndrome” to differentiate this
two distinct conditions [148]. Patients with ARE have significantly lower full-scale
and verbal IQ than the patients with typical RE [149]. Neuropsychological impair-
ment, which may sometimes be present before the onset of the disease, is constantly
present during the clinical course, but in contrast to ESES and LKS, the cognitive
outcome is always favorable [92, 150]. Clinical semiology consists of typical for
RE focal seizures, generalized tonic—clonic seizures, atypical absences, myoclonic
seizures, and atonic seizures. The atonic attacks may involve the whole axial muscu-
lature or be localized, causing repeated brief (0.5-2.0 s) atonic episodes in the head
or alimb (epileptic negative myoclonus) that usually occur for periods lasting one
to several weeks, separated by seizure-free intervals of weeks or months [6, 90, 92].
Such atonic attacks are associated with the slow-wave component of spike and wave
complexes, and the location of the EEG discharges corresponds to that of the atonic
episodes [151, 152]. Interictal awake EEG shows bilateral sharp and sharp-slow wave
complexes with higher amplitude in the rolandic area, which increases during sleep
with bilateral synchronization [90, 92, 116, 153].

Using carbamazepine may promote the diffusion of spike-wave activity
from the rolandic focus to induce atonic seizures, atypical absences in patients
with RE [154].

Rolandic status epilepticus refers to status epilepticus that can be convulsive or
non-convulsive, and either generalized or focal lasting days or weeks including motor
facial seizures, oromotor dyspraxia, anarthria with persistent drooling and swallow-
ing problems [155]. The interictal EEG usually shows focally or bilaterally synchro-
nous sharp waves or sharp and slow wave complexes predominant in the rolandic area
with a tendency to become continuous during sleep [146, 155]. The condition can
be resolved with a good neurocognitive outcome with appropriate treatment [146].
These seizures can persist for more than 1 month without treatment [156, 157].
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8. Treatment

The decision whether to treat children with RE or not requires a particularly
careful risk-benefit analysis [2, 158-163]. Many authors suggest that drug treatment
is not necessary for typical RE because of its good prognosis, and usually infrequent
nocturnal seizures [114, 154]. Moreover, in 40-50% of cases, the seizures are dif-
ficult to control with drugs [148]. Besides, the treatment with AED usually does not
influence the duration of active epilepsy [163].

However, treatment may be indicated in patients with frequently recurring day-
time seizures, generalized tonic—clonic seizures, young age at onset [164], or when
the ictal events are disruptive to the patient or family [161, 163]. Furthermore, the
presence of cognitive and behavioral disturbances, either transitory or persistent
has to be considered [2, 5, 91, 92]. There is no single solution supported by defini-
tive evidence which AED is more effective in the treatment of RE.

Internationally, carbamazepine (CBZ 20-40 mg/kg/d [165]) and valproate
(VPA 20-30 mg/kg/d [166]) are the most often prescribed AED for children
newly diagnosed RE [167]. However, the possible worsening of EEG in rolandic
epilepsy by some drugs and particularly by CBZ, increasing epileptiform abnor-
malities during sleep, and inducing epileptic negative myoclonus have been
reported [154].

Sulthiame, levetiracetam, and gabapentin were studied in a randomized con-
trolled trial [158, 159, 167-169]. Sulthiame administered varied between 3.1 and
5.7 mg/kg/day was effective in controlling seizures in children with RE [159].

A prospective, open-label, pilot trial evaluating the efficacy and tolerability of
levetiracetam (LVT 20-30 mg/kg/d) or oxcarbazepine (OXC 20-35 mg/kg/d) as
monotherapy in two parallel groups of newly diagnosed RE patients demonstrated
effectiveness in controlling seizures a follow-up period up to 2 years [162].

A randomized controlled multicenter trial comparing the effects of either
Levetiracetam or Sulthiame on EEG in RE showed a reduction of epileptiform
discharges after 12 weeks of treatment [158]. Persistent epileptiform discharges
after 12 weeks of treatment are associated with recurrent seizures [158].

When the presence of ESES associated or not with negative myoclonus,
clinical status, or acquired aphasia is detected in children with RE, a change of
antiepileptic drugs should be considered. Class IV studies suggest that sulthiame,
benzodiazepines, ethosuximide, and, in most severe cases, corticosteroids might
be useful [91, 92].

Duration of treatment in RE should not exceed 1 year following the last seizure,
regardless of EEG changes [2].
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Chapter 4

Review in Autism and Epilepsy
Mashael AlKhateeb and Hesham AlDhalaan

Abstract

Autism is a neurodevelopmental disorder of undefined etiology characterized
by social, communication deficits, and restricted interests/repetitive or isolated
behaviors. The determination of autism is made in early life as the patients create
unusual or decreased social interaction and communication, together with stereo-
typic movement. In most patients, a delay in verbal and nonverbal communication
is watched, whereas a few patients never accomplish valuable language. Patients
with autism and epilepsy may develop any type of seizure and maybe all type of
seizures. Interestingly, not absolutely understood relationship between each and
alot of research in progress concerning these relations. In patients with autism,
some they do not develop seizures; however, abnormal paroxysmal electroen-
cephalographic “EEG” activity can be seen in up to 30%. For that reason, impor-
tant investigation of patients with autistic spectrum disorders, and any kids with
language regression, should always include sleep recording EEG in order to exclude
acquired epileptic aphasia (Landau-Kleffner syndrome). The complex relationship
between autism and epilepsy provides a bridge to further knowledge of shared
neuronal networks for both the autisms and the epilepsies We review the literature
to elucidate the relationships between epilepsy and autism.

Keywords: epilepsy, autism, EEG, seizure, syndromes, autistic spectrum disorders

1. Epilepsy and autism

Epilepsy is a neurological disorder not uncommon in children especially with
Autism Spectrum Disorder (ASD) [1-4] but little is known about how seizures
impact the autism phenotype and the co-occurrence of both conditions leads to opens
a lot of windows to speculate that [5]. The etiology of this co-morbidity (autism and
epilepsy) is in most cases unclear. In some cases both conditions may be entirely
independent and acquired together by chance. In other cases, autistic phenotype
and epilepsy are associated with genetic disorder (e.g., fragile-X syndrome, Rett
syndrome) or the same acquired early cerebral insult (e.g., congenital rubella).

2. What is the prevalence of autism?

The most recent estimate from the Autism and Developmental Disabilities
Monitoring (ADDM) ASD prevalence (1.46%) in 2012, with increase from 0.67% in
2000 to 1.47% in 2010. In a large, nationwide population-based study, the estimated
ASD prevalence was 2.47% among US children and adolescents in 2014-2016, with
no statistically significant increase over the 3 years [6].
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3. What is the rate of epilepsy in ASD?

The rate of epilepsy in ASD has long been reported, but prevalence estimates
vary from as little as 5% to as much as 46% [1].

4. Is there any connection between autism and epilepsy?

The complex relationship between autism and epilepsy, as reflected in the
autism—epilepsy phenotype, provides a bridge to further knowledge of shared
neuronal networks for both the autisms and the epilepsies.

The autisms and epilepsies are heterogeneous disorders that have diverse
etiologies and pathologies. Some epilepsy syndromes and specific genetic factors
involved in those syndromes are associated with a high risk of ASD. For example,
patients with tuberous sclerosis, especially TSC2 mutations, Dravet syndrome,
caused by mutations in SCN1A, and epilepsy in females mentally challenged or
EFMR, found to be auxiliary to PCDH19 mutations that increase the chance to have
autistic like features [7].

The increased prevalence of epilepsy and/or epileptiform discharges in
individuals with ASD may be an important sign for an underlying neurological
abnormality. Until recently, reported rates of interictal epileptiform discharges
varied from 6 to 30% of ASD patients. But higher rates of isolated epileptifom
EEGs have been reported recently and one study of children referred for video
EEG monitoring to evaluate possible seizures found interictal epileptiform
abnormalities in 59% [1].

The correlation between ASD and epilepsy suggests an underlying encepha-
lopathy presenting with a combination of neurologic abnormalities.

5. Conceptual framework between autism and epilepsy

Autism includes heterogeneous conditions that affect the developmental trajectory
of social cognition and verbal and non-verbal communication. Repetitive behaviors
and narrow interests are characteristic of individuals with autism.

The commonly used terms Autism spectrum disorders (ASD) or pervasive
developmental disorder (PDD) to incorporate children with autistic disorder,
pervasive developmental disorders not otherwise specified (PDD-NOS) and those
with Asperger disorder (AS). Children with disintegrative disorder (DD) and Rett
disorder (RS) are too included beneath the umbrella term of PDD but have features,
particularly when examining the relationship of epilepsy to autism, that recognize
them from children with AD, PDD-NOS, and AS. With the exemption of RS, these
disorders are all behaviorally characterized and most recent studies utilize the term
autism interchangeably with that of ASD to incorporate children with AD, PDD-
NOS, AS, and DD, but not RS [8].

There’s no single no single etiology for autism or for epilepsy. Both are associated
with change in behavior, cognitive, and variable outcomes.

6. Genetics of autism

Autism is not a disease but a syndrome with multiple non-genetic and genetic
causes.
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According to the Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition, Text Revision (DSMIV-TR)7 and International Classification of Diseases,
Tenth Revision (ICD-10).

(The autistic spectrum disorders [ASDs]), characterized by impairments in
3 behavioral domains:

1. Social interaction.
2.Language, communication, and imaginative play and
3.Range of interests and activities [9].

A number of approaches are being used to elucidate the association between
specific genes and autism.

7. Cytogenetics and chromosomes 15q and 7q

Cytogenetic assays used for decades to explore chromosomal defects in patients
with autism, and a number of cytogenetic abnormalities besides fragile X have been
described [9].

Less than 10% of cases of autism are associated with clear chromosomal abnor-
malities, Cytogenetic abnormalities found at the 15q11-q13 locus are reported most
frequently in patients with autism, up to 1-4%.

Analysts have started to look at the glutamatergic framework within the patho-
genesis of autism. A few lines of prove recommend the inclusion of glutamate recep-
tors: (1) Indications of hypoglutamatergia mirror the behavioral phenotypes of autism.
(2) Serotonin receptor 2A (5-HT2A) agonists cause behavior comparative to autism,
maybe through expression of SHT2A on glutamatergic-inhibiting GABAergic neurons.
(3) Association studies have involved the inclusion of GABAA receptors on 15q11-q13
that in turn balance glutamatergic function. (4) Excessive glutamatergic activity is
associated with epileptiform activity, which is highly associated with autism.

The inotropic glutamate receptor 6 (GluR6) gene on chromosome 6q21 was
associated significantly with autism. Also, the metabotropic glutamate receptor
GRMS8 in the chromosome 7q31-q33 autism susceptibility locus has exhibited linkage
disequilibrium LD with autism. These data highlight the need for additional investi-
gations into the relationship between the glutamate system and autism.

The neuromodulator oxytocin (OT) is also potentially relevant to the impaired
sociability of autism [9].

Autism genes have been troublesome to recognize, in spite of the fact that well
known the high heritability of autism disorders. Up to 10% of autism cases may be due
to uncommon sequence and gene dosage variations, for example, mutations in NRXN1,
NLGN3/4X, SHANK3, and copy number variants at 15q11-q13 and 16p11.2 [10].

A number of illnesses of known etiology, including Rett disorder, fragile X disorder,
neurofibromatosis, tuberous sclerosis, Potocki-Lupski syndrome and Smith-Lemli-Opitz
syndrome, are also related with autism. The remaining 90% of autism spectrum disor-
ders, whereas exceedingly familial, have unknown hereditary etiology [10].

8. Genes implicated in autism and epilepsy

The genetic abnormalities in autism and epilepsy not completely identified.
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Cytogenetic studies have identified recurrent, maternally inherited duplica-
tions of chromosome 15q11-13 along with other rare chromosomal abnormalities is
considered to be an important cause of ASD [8].

Some genes, such as NLGN4, NRXN1, and SHANK3, have been identified by
array-based methods. Although they collectively account for an estimated 15% of
cases, variants at these and other loci are detected in no more than 1-2% of children
with an ASD [8].

In addition to that copy number variants (CNVs; e.g., microdeletions, micro-
duplications, insertions) and single gene disorders have been found to be associ-
ated to ASD.

Many disease genes have been described as related to ASD, for example: SCN
1A, SCN2A, KCNMA1, NLGN4X, NRXN1, SYNGAP1, ARX, SHANK3, CNTNAP2,
NLGN4X, and play important role in epilepsy [11].

9. Genetic syndromes with ASD and epilepsy

Gene disorders known to be associated with ASD, such as Rett Syndrome
(MECP2Fragile X Syndrome (FMR1), 22q13 Deletion Syndrome/Phelan-
McDermid Syndrome, ), and Tuberous Sclerosis (TSC1, TSC2), and cortical
dysplasia focal epilepsy syndrome (CDFE) a recessive nonsense mutation in
CNTNAP2 are associated with epilepsy [12].

CNTNAP2 (also known as CASPR2) encodes a neuronal transmembrane protein
member of the neurexin superfamily involved in neuron-glia interactions and
clustering of K+ channels in myelinated axons. This is supported by the imaging
and pathology data in patients with CDFE, in whom nearly half manifest presumed
neuronal migration abnormalities on MRI, confirmed by histological analysis of
brain tissue resected from patients who underwent surgery for epilepsy.

It is rare disorder resulting in epileptic seizures, language regression, intel-
lectual disability, hyperactivity, and, in nearly two-thirds of the patients,
autism [13].

The Continuous Spikes and Waves during Slow-wave Sleep syndrome (CSWSS)
and Landau-Kleffner (LKS) syndrome are two epileptic encephalopathies that share
common clinical features, including seizures and regression with autistic features.
Both LKS and Regressive ASD patients experience an onset of regression. In LKS,
the regression is specific to language skills but in Regressive ASD, it is a global.

The important difference between both, the age of onset of regression for LKS is
between the ages of 3 and 9 years, whereas for Regressive ASD the onset is before
2 years of age.

10. The autism-epilepsy phenotype

The characteristics of the autism-epilepsy phenotype propose that there are fun-
damental etiologies and pathologies dependable for both the seizures and the socio-
cognitive and communicative behaviors that characterize autism. Understanding of
neuronal systems and the part of cellular dysfunction, and molecular derangements
common to both autism and epilepsy.

10.1 Neural networks in epilepsy and autism

Both epilepsy and autism may be consequences of disorders of large-scale neural
networks with alterations in cortical-subcortical systems connectivity.
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Alterations in subcortical systems such as basal ganglia-substantia nigra con-
nectivity, may lower the seizure threshold, contribute to cognitive impairments and
to the motor stereotypies commonly found in autism.

A disorder in which abnormalities of interneurons are hypothesized and in
which both autism and epilepsy commonly coexist is infantile spasm [14].

Malformations of cortical development (MCD), due to focal disruption of
normal cortical organization are commonly lead to epilepsy, which also can lead
to autism, as is highlighted in tuberous sclerosis in which both autism and epilepsy
co-exist [14].

10.2 Biomarker for autism gives hope for future autism treatment

The clinical heterogeneity and molecular complexities of autism spectrum
disorders have increasing interest into biomarkers and endophenotypes, measurable
quantitative parameters able to facilitate more reliable diagnoses and may help in
the treatment of ASD.

‘Biomarkers’ can be defined as biological variable or cellular alteration associated
with the disease and measurable directly using sensitive and reliable quantitative
procedures [15].

Elevated blood serotonin (5-HT) levels, and serotonin transporter (SERT)
consistently recorded in individuals with ASD [16].

11. Conclusions

The progression of biomarker research in autism mirrors that of other neuro-
logic disorders in that it is still in its infancy and marked largely by discovery rather
than validation.

The search for biomarkers for autism will proceed, given the profundity and
extend of their potential benefits for individuals with autism and their families. If
effective, biomarkers for autism may one day demonstrate important for finding out
chance, helping with determination and/or recognizing therapeutic interventions.

Finally, Biomarker research has great heuristic potential in targeting autism
diagnosis and treatment.
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Chapter 5

Cerebrovascular Disease;
A Leading Cause of Epilepsy

Kaoru Obata, Kazuaki Sato, Hiroya Ohara
and Masako Kinoshita

Abstract

Various types of cerebrovascular diseases can result in epilepsy in any age,
especially in the elderly. Besides well-known cause of epilepsy as large cerebral
infarction involving cerebral cortex and intracerebral hemorrhage, there are
growing evidences of roles of subcortical infarction, chronic subdural hematoma,
and superficial siderosis of the central nervous system in the pathogenesis of
epilepsy. We review here the epidemiology and possible predictors of epilepsy in
each type of cerebrovascular lesions and summarize the characteristics of semiol-
ogy and electroencephalography findings in order to take early treatment strategy.
Additionally, relevance of acute-symptomatic seizures and status epilepticus to
epilepsy is discussed.

Keywords: epilepsy, cerebrovascular diseases, cerebral infarction, intracranial
hemorrhage, stroke, provoked seizures, acute symptomatic seizures, early seizures,
late seizures

1. Introduction

Various kinds of brain insults are associated with an increased risk for develop-
ment of seizures and epilepsy. In adults, a probable etiology of approximately 50%
of new-onset seizures can be determined. Cerebrovascular diseases are the most
common risk factors of epilepsy (21%), followed by tumors (11%) and traumatic
brain injury (7%) [1]. In children and adolescents of 0-19 years of age, the leading
epilepsy etiologies are static encephalopathies (38.2%), stroke (12.1%), traumatic
brain injury (11.4%), and infection (8.6%) [2].

The traditional definition of stroke is based on clinical characteristics of the
sudden onset of loss of focal neurological dysfunction due to infarction or hemor-
rhage in the relevant part of the brain, retina, or spinal cord, lasting longer than
24 hours [3]. Stroke is classified into cerebral infarction, intracerebral hemorrhage,
and subarachnoid hemorrhage (SAH).

Post-stroke seizures have been classified as either early seizures or late seizures,
depending on the interval from stroke onset to seizure onset. In the field of stroke,
the latent period of two weeks has been most commonly used to distinguish
between early seizures and late seizures [4]. Approximately 5-10% of patients
with stroke present early seizures within the first two weeks and about half of
them occur during the first day after the stroke [5, 6]. In the field of epilepsy, the
International League Against Epilepsy (ILAE) proposes a recommendation to define

69 IntechOpen



Epilepsy - Update on Classification, Etiologies, Instrumental Diagnosis and Treatment

acute symptomatic seizures as seizures occurring within one week subsequent to
acute damage to the brain, caused by such as stroke, traumatic brain injury, anoxic
encephalopathy, and intracranial surgery [7]. Seizures occurring at least two weeks
after stroke are called late or remote symptomatic seizures [4, 8]. Epilepsy is a brain
disorder with an enduring preposition to generate epileptic seizures, usually appli-
cable to patients having two or more unprovoked seizures occurring at least 24 hours
apart. In addition, ILAE updated the practical definition of epilepsy in 2014 to apply
also to a condition of one unprovoked (or reflex) seizure and a probability of further
seizures similar to the general recurrence risk (at least 60%) after two unpro-

voked seizures, occurring over the next 10 years [9]. Therefore, occurrence of an
unprovoked late seizure is necessary and sufficient for the diagnosis of post-stroke
epilepsy (PSE) because of a high risk of recurrence; such patients are recommended
to be treated with antiepileptic medication under the diagnosis of epilepsy [9].

Depending on the type of underlying cerebrovascular disease, 3-30% of patients
who experience stroke may develop PSE [10]. The risk to develop epilepsy after
stroke is the highest during the first two years, but still elevated even 10 years after
stroke [11].

Status epilepticus is a medical emergency that has high mortality rate (approxi-
mately 20%) [12]. Classically status epilepticus was defined as a condition char-
acterized by an epileptic seizure sufficiently prolonged or repeated at sufficiently
brief intervals so as to produce an unvarying and enduring epileptic condition.

In 2015, ILAE proposed the new definition of status epilepticus as follows. Status
epilepticus is a condition resulting either from the failure of the mechanisms
responsible for seizure termination or from the initiation of mechanisms, which
lead to abnormally, prolonged seizures (after time point t1). It is a condition, which
can have long-term consequences (after time point t2), including neuronal death,
neuronal injury, and alteration of neuronal networks, depending on the type and
duration of seizures. Because of incomplete evidence, each time point should be
considered as the best estimates currently available. In the case of convulsive status
epilepticus, t1 at 5 minute and t2 at 30 minutes are suggested based on animal
experiments and clinical research [13]. Patients with status epilepticus rarely
recover spontaneously; therefore they should be treated with antiepileptic drugs as
soon as possible.

Status epilepticus occurs in 1.5-2.8% of stroke patients [14, 15]. In the older
adults (265 years of age), 52.3% of status epilepticus are caused by stroke [16].

In the older adults (260 years of age), semiology of status epilepticus is less fre-
quently generalized tonic—clonic seizures compared to younger adults (33% vs.
63%, p = 0.001); on the other side, non-convulsive status epilepticus with coma are
exclusively seen in older patients (10.3% vs. 0%, p = 0.02) [17]. In this chapter, we
reviewed the epidemiology and possible predictors of epilepsy in each type of cere-
brovascular diseases. The characteristics of semiology and electroencephalography
(EEG) findings which enable us to take early treatment strategy are summarized.
Relevance of acute-symptomatic seizures and status epilepticus to epilepsy is also
discussed.

2. What kinds of vascular lesions can cause epilepsy?
2.1 General risk factors of poststroke seizures and epilepsy

Cerebrovascular disease is the most common etiology of acute symptomatic
seizures and secondary epilepsy in adults, accounting for approximately 11% of

epilepsy diagnosis [18].
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All types of cerebrovascular diseases can cause early or late seizures. Among them,
the common causes of epilepsy are cerebral infarction, intracerebral hemorrhage, and
SAH (Table1). As a genetic risk factor of PSE, the relationship between PSE and the
ALDH?2 (aldehyde dehydrogenase 2) rs671 polymorphism is known [48].

The risk factors for early seizures after stroke include intracerebral hemor-
rhage, cerebral infarction with hemorrhagic transformation, stroke severity, and
alcoholism [49].

The risk factors for PSE include cortical involvement (visual neglect, dyspha-
gia, field defect, and so on), stroke severity indies at presentation, including low
Glasgow Coma Scale, incontinence, or poor Barthel Index, hemorrhagic lesions,
young age (< 65 years), and stroke subtype, particularly total anterior circulation
infarcts [11]. Abraira et al. pointed that NIHSS score more than 4 at the stroke
presentation and post-stroke status epilepticus duration more than 16 hours might
predict of PSE in patients with early-onset post-stroke status epilepticus [50].

2.2 Cerebral infarction

Cerebral infarction can occur at any age, with the greatest risk being during
the first week after birth. In adults, about 70-85% of cerebrovascular diseases are
ischemic. Etiological subtypes of cerebral infarction are classified according to the
TOAST classification (Table 2) [51], the ASCOD phenotyping system [52], and the
Causative Classification System [53]. Most cases of PSE are due to arterial ischemic
stroke [54], accounting for up to 9% of incident cases of epilepsy [55].

In ASCOD, every patient should be graded using 5 categories: A (atheroscle-
rosis); S (small-vessel disease); C (cardiac pathology); O (other cause), and
D (dissection) [52]. With the Causative Classification System classification of
ischemic stroke etiology, ischemic stroke is classified as the following; large artery
atherosclerosis, cardio-aortic embolism, small artery occlusion, other causes, and
undetermined causes [53].

Early seizure Late seizure Epilepsy
Cerebral infarction 4.8% [6] 3.8% [6] 2.0-4.0% [5, 19-21]
Intracerebral hemorrhage 31% [22] 4.0-11.8% [23, 24] 8.1-13.5% [4, 25]
Subarachnoid hemorrhage Up to 20% [26] 2.0-5.5% [27] 3.1-25% [28-30],
Acute subdural hematoma® 24-36% [31-33] 42-44% [31-33] 58.3% [34]
Chronic subdural hematoma 3.6-42% [33] 1.6-30.7% [33, 35, 36] 4.3-6.9% [37, 38]
Acute epidural hematoma® 41% [39] 0% [39] 71.4% [34]
Cerebral venous thrombosis 34.0-46.7% 11% [43] 5.2% [42]

[40-42]

Arteriovenous malformation 26.2%" [44] 26-35% [44] 67-72% [44]
Arteriovenous fistula NA NA 2.7%° [45]
Cavernous angioma NA NA 32.1% [46]
Moyamoya disease NA NA 7.7% [47]

NA: not available.

“Post-traumatic seizure/epileps).

bSeizures with hemorrhage at presentation.
‘Ratio of convulsion.

“Ratio of seizures.

Table 1.
Prevalence of early seizure, late seizure, and epilepsy in each cerebrovascular disease.
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Large-artery atherosclerosis (embolus/thrombosis)”

Cardioembolism

Small-vessel occlusion (lacune)’

Stroke of other determined etiology

Stroke of undetermined etiology

a. Two or more causes identified
b. Negative evaluation

c. Incomplete evaluation

"Possible or probable depending on results of ancillary studies.

Table 2.
The TOAST classification of subtypes of acute ischemic stroke [51].

Early seizure occurrence is associated with hemorrhagic transformation and
stroke severity. Late seizure is associated with cortical involvement and stroke
severity [56]. The SeLECT score is proposed to predict the risk of late seizures after
ischemic stroke, using only five well-defined parameters (Severity of stroke, Large-
artery atherosclerotic etiology, Early seizures, Cortical involvement, and Territory
of middle cerebral artery involvement) [57]. The overall risk of late seizures was 4%
at1year and 8% at 5 years after stroke. Based on the estimation, patients with the
SeLECT value of 7 points or more have more than 60% risk of seizures within 5 years
after stroke, which is higher than the practical definition of epilepsy by ILAE (at
least 60% over the next 10 years) [9], even though the patients have no unprovoked
seizures. The risk factors for epilepsy after ischemic stroke include early seizures,
stroke severity, stroke subtype, stroke location (anterior circulation infarct and cor-
tical involvement), stroke recurrence, artery dissection and established coronary dis-
ease [56, 58]. Patients receiving thrombolytic or intra-arterial reperfusion therapies
for acute ischemic stroke are at higher risk of epilepsy [59]. Post-stroke seizures can
be sometimes associated with small vessel disease. The risk of developing seizures
is more strongly related to the localization of lacunar infarctions in the hemispheric
white matter (leukoaraiosis) than in the basal ganglia or in the brain stem [60].
Branch atheromatous disease could also have an association with late seizures [61].

2.3 Intracerebral hemorrhage

Early seizures were seen in 31% of patients with spontaneous intracerebral
hemorrhage who were evaluated with continuous electroencephalographic moni-
toring and over half had purely electrographic seizures only [22]. The incidence
of PSE after intracerebral hemorrhage is between 8.1 and 13.5% [4, 25]. Seizures
secondary to intracerebral hemorrhage are relatively common like this and likely
underdiagnosed event that may have little impact on in-hospital mortality and
morbidity [62]. Nonconvulsive electrographic seizures may be associated with
hematoma expansion [22].

The risk factors for seizures following intracerebral hemorrhage are associated
with hemorrhage volume, hemorrhage location within the cerebrum, cortical
involvement and the severity of neurological deficits [10]. Surgery for an intracere-
bral hemorrhage is an additional risk for the development of late seizures [63].

For patients with spontaneous intracerebral hemorrhage, clinical early seizures
should be treated with antiepileptic drugs [64]. When the patients have a change in
mental status, the evaluation with EEG is recommended. If the patients have elec-
trographic seizures on EEG, they should be treated with antiepileptic drugs [64].
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Current clinical guidelines do not recommend the routine use of prophylactic
antiepileptic drugs for spontaneous intracerebral hemorrhage [64] because there is
no evidence to improve neurological function [65].

Periodic discharges on EEG could be associated with cortical intracerebral
hemorrhage and poor outcome [22].

2.4 Subarachnoid hemorrhage

Early seizures may be seen in up to 20% of patients after aneurysmal SAH, and
more commonly in association with intracerebral hemorrhage, hypertension, and mid-
dle cerebral and anterior communicating artery aneurysms [26]. Early seizures after
SAH occur most commonly in the first 24 hours [26]. The actuarial risk of epilepsy
after SAH was 18% by the first year, 23% by the second year, and 25% by the fifth year
in the survivors of SAH [28]. Aneurysm location most associated with the development
of SAH-related epilepsy is middle cerebral artery at the M1 branch and artery bifurca-
tion [66]. The risk factors for epilepsy after aneurysmal SAH include the rupture of
aneurysms in the anterior circulation, a young age, intracerebral hemorrhage, a poor
neurological outcome, and hemosiderosis [29, 66]. Severe Hunt and Hess score as well
as intraventricular hemorrhage elevate the risk of having a seizure after SAH [67]. The
degree of neurological impairment and presence of an early seizure soon after the time
of SAH have been identified as a risk factor for post-SAH epilepsy [68].

Nonconvulsive seizures following SAH cause transient brain hypoxia, increased
intracranial pressure, and increased blood pressure [69]. Although evidence is not
sufficient yet, guidelines recommend to consider the prophylactic use of antiepileptic
medication except phenytoin (PHT) in the immediate post-hemorrhagic period and
to consider the routine use of antiepileptic medication for patients with known risk
factors for late seizures such as prior seizure, intracerebral hematoma, intractable
hypertension, infarction, or aneurysm at the middle cerebral artery, though long-
term use is not recommended [26]. Importantly, PHT should be avoided for the
prophylaxis of early seizure following aneurysmal SAH because of known association
with vasospasm, worsening of cognitive outcomes, and infarctions [70]. Recently,
levetiracetam (LEV) is increasingly used for the prophylaxis of early seizures [26, 70].

2.5 Cerebral venous thrombosis

In patients with cerebral venous thrombosis (CVT), early seizures were seen in
6.9-76% [71], status epilepticus in 6% [40], late seizures in 11% [43], and post-CVT
epilepsy in 4-16% [71]. Risk factors for early seizures following cerebral sinus
thrombosis include brain parenchymal lesions, focal neurological deficits, supra-
tentorial parenchymal lesions, intracerebral hemorrhage, focal edema/ischemic
infarction, superior sagittal sinus thrombosis, cortical venous thrombosis, and
pregnancy/puerperium [72-77]. Known risk factors for late seizures after CVT are
early seizures, baseline intracerebral hemorrhage, decompressive hemicraniec-
tomy, sigmoid sinus thrombosis, loss of consciousness at presentation, and genetic
thrombophilia [43, 75, 78].

In the absence of previous early seizure following cerebral venous thrombosis,
there is no evidence to prescribe prophylactic antiepileptic drugs during acute phase
[40]. European and American guidelines recommend antiepileptic drug treat-
ment on CVT for patients with early seizures and supratentorial lesions in order to
prevent further seizures [79, 80].

Due to the high recurrence risk of late seizures, epilepsy diagnosis and com-
mencement of antiepileptic drugs following a first late seizure after CVT is
reasonable [43].
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3. How vascular lesions acquire epileptogenicity?
3.1 Epileptogenicity

Epileptogenicity is the development and extension of tissue capable of generat-
ing spontaneous seizures, resulting in the development of an epileptic disorder or
progression after the disorder is established [81]. In general, there are three phases
to acquire epileptogenicity. First, brain-damaging insult (stroke, traumatic brain
injury and central nervous system infections etc.) occurs (acute phase). Second,
brain acquires epileptogenicity during a certain period of time (latent period), and
third, as a result spontaneous recurrent seizures occur (chronic phase). In order to
elucidate the mechanism of acquiring epileptogenicity, it is very important to study
what occurs in the brain during latent period.

Risk factors, especially relevant to clinical practice, for acquiring epileptogenic-
ity and subsequent development of PSE are summarized in Table 3.

PSE: post-stroke epilepsy, PET: positron emission tomography.

Animal experiment of stroke model is very helpful to elucidate epileptogenicity.
Several studies directly evaluate neuronal and glial activities after stroke by using
electrophysiological and histological measures. Early seizures evoked by traumatic
brain injury and stroke can be suppressed by short-term prophylactic administra-
tion of antiepileptic drugs but it doesn’t alter the incidence of PSE [83]. Therefore,
targeting only neurons may be insufficient to prevent epileptogenicity; the glial
involvement in the process of epileptogenesis after experimental stroke should be
reviewed. Changes in neuro-glial syncytium during the course of acquiring epilep-
togenesis are shown in Figure 1.

Astrocytes form extensive gap junctions composed of connexin (Cx) 43 with
other astrocytes and play a central role of neuron-glia syncytium [84]. Astrocyte
regulates neural activities by removing excessive extracellular potassium at syn-
apses and transports them into regions of low potassium concentration via gap
junction [85]. Cx 43 also forms hemichannels in the astrocyte. Hemichannels
allow the exchange of ions and molecules between the cytoplasm and the

Symptom Clinical stroke severity is a major factor in the development of PSE
severity
Lesion size Post-stroke seizures were more likely to develop in patients with larger lesions involving

multiple lobes of the brain than in those with single lobar involvement
Total anterior circulation infarct is a particularly strong risk factor for PSE compared with
other ischemic stroke subtypes

Lesion Extent of cortical involvement is a significant risk factor for PSE
location Involvement of the parieto-temporal cortex, supramarginal gyrus, and superior temporal
gyrus associates with post-stroke epileptogenesis

Stroke PSE occurred more frequently with hemorrhagic stroke than with ischemic stroke, with

subtype about 10-20% of patients developing PSE after hemorrhagic stroke compared with 2-14%
after ischemic stroke

Cortical A PET study revealed reduced cortical blood flow and oxygen consumption are related to

blood flow late-onset epilepsy in patients with leukoaraiosis

Vascular risk Vascular risk factors including history of myocardial infarction, peripheral vascular

factors disease, hypertension, total serum cholesterol, and left ventricular hypertrophy, are

associated with PSE

Other factors Genetic factors, peri-injury exposome, etc.

Table 3.
Risk factors for acquiring epileptogenicity after stroke [7, 10, 25, 31, 32, 82].
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Figure 1.

Neg,wo-glial syncytium in the course of acquiring epileptogenesis. (A) Physiological state. A neuron generates
physiological action potentials in neuro-glial syncytium. As a vesult of neural firing, extracellular potassium
concentration is elevated. Kir 4.1 channels in the astrocyte mediate spatial potassium burring and regulates
neural activities by transporting them into regions of low potassium concentration such as blood vessels. (B)
Acute phase. In the acute phase of ischemic stroke, ischemic changes of neuron and glia gradually appear in

the ischemic lesion. Neurons and astrocyte/microglia cells in the peri-ischemic lesion ave activated. Activated
microglia called M1 secretes cytokines (e.g. TNF-o, IL-1PB), which in turn inhibit gap junctional communication
and increase hemichannel activity in astrocytes. The release of molecules, such as ATP and glutamate, damages
adjacent neurons and glia cells. Inhibition of gap junction leads to dysfunction of spatial potassium buffering,
which further provokes neural fiving. Electrophysiologically, neuronal activities lead to increase of spatial
potassium, and DC shifts appear as a vesult of exceeding the capacity of buffering. (C) Latent period. Necrotic
region in the ischemic lesion is cleaned by microglia and gliosis occurs in per-ischemic lesion. Inflammation,
mainly caused by M1 phenotype, continues in this period and further damages neurons and astrocytes. (D)
Chronic phase. In the chronic phase of ischemic stroke, inflammation subsides, and epileptogenicity is acquired.
Ischemic lesion is veplaced by fibrillary astrocyte and peri-ischemic lesion is occupied by gliosis. Dysfunction

of neuro-glial syncytium reaches the pathological state which generates spontaneous epileptic activities.
Electrophysiologically, DC shifts precede neural firing. N: neuron, A: astrocyte, M: microglia, TNF-o: tumor
necrosis factor-alpha, IL-1p: interleukin 1 beta, ATP: adenosine triphosphate, DC: direct current, Cx43:
conmexin 43.

extracellular medium, which physiologically regulate neuronal activity as well
as synaptic strength and plasticity [86] and also pathologically be activated by
inflammation [87].

3.2 Acute phase

Epileptiform activities after middle cerebral artery (MCA) occlusion were first
recorded using surface conventional EEG in the rat experiment by Hartings et al.
[88]. 55-90% of animals had epileptiform activities 33-50 minutes after stroke
which exacerbated brain injury [89-91]. High frequency oscillations (HFOs) are
involved with epileptogenic region in intractable epileptic patients (e.g. focal
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cortical dysplasia) and rat pilocarpine model of temporal lobe epilepsy [92]. In rat
stroke model, HFOs were also observed 5-15 seconds before run of theta activities
consisted of sharp positive spikes followed by longer negative waves and terminated
at the onset of the discharge after ischemia [93]. Direct current (DC) shifts are
associated with a steady increase of the extracellular potassium concentration,
which matches to the intracellular voltage variations of glial cells [94]. In rat MCA
occlusion model, a highly significant linear correlation is reported between the
number of depolarization and the infarct size at peri-infarct region, and DC shifts
are also recorded [95], which may indicate exceeding of potassium concentration to
the buffering capacity of astrocyte.

Histological changes immediately after stroke are reported by Ramirez-Sanchez
et al. [96]. When rats were subjected to 90 minutes MCA occlusion followed by
23 hours of reperfusion, neuronal cells in the peri-infart cortex, cornu ammonis
(CA) 1, and dentate gyrus (DG) areas were decreased, and widespread reactive
astrogliosis in both of the cortex and the hippocampus (CA1, CA3, and DG areas)
was observed 24 hours after ischemia.

Therefore, in acute phase of epileptogenesis, stroke immediately damages
neurons and glia cells, and provokes neuronal epileptic activity. Furthermore, asa
result of destruction of cells and excessive neural firing, the extracellular potassium
concentration increases beyond glial potassium buffering capacity, which may lead
to a vicious circle of further neural firing.

3.3 Latent period and chronic phase

Chronic phase of the aged rat post-stroke brain is reported by Titova et al. [97].
They evaluated ischemic lesions at 28 days induced by 50 minutes right MCA occlu-
sion in aged rat (18 month-old). In ischemic lesion, extensive glial scar and apop-
totic neurons were found and phagocytic macrophages/microglia cells were seen
in the peri-lesional rim. The brain irradiation possibly affects normal post-stroke
microglia signaling and prevents following activation of inflammatory cascade
mechanisms [98]. When proton irradiation was performed at the heads of aged
rat ten days prior to right MCA occlusion, chronic phagocytosis and T-lymphocyte
infiltration in the brain were reduced, and formation of glio-vascular complexes,
neuronal viability, neovascularization were improved in the peri-lesional zone, and
neurological severity scoring were improved [97]. These data clearly demonstrated
that, in addition to direct damage to brain by stroke itself, subsequent inflammation
also damages neuron, astrocyte, vessel and neural function.

In the central nervous system, microglia is a major player in the brain inflam-
mation. Stroke activates microglia which is called M1 phenotype, which secretes
inflammatory cytokine like interleukin (IL) and tumor necrosis factor (TNF)-«
[99]. Astrocyte also secretes inflammatory cytokines (e.g. TNF-a, IL-1p) via
Cx43-hemichannel in the MCA occlusion model [100], whereas Gapl9, a selective
Cx43-hemichannel inhibitor, exhibits neuroprotective effects on cerebral ischemia/
reperfusion via suppression of the expression of Cx43 and toll-like receptor 4
pathway-relevant proteins, and prevention of the overexpression of TNF-o and
IL-1p in astrocyte. An obvious improvement in neurological scores and infarct vol-
ume reduction were observed in Gapl9-treated mice after brain ischemia induced
by MCA occlusion [100].

Inflammatory cytokines, specifically IL-1p and TNF-a, are involved in inhibition
of gap junctional communication and increase of hemichannel activity in astrocytes
[87]. Inhibition of gap junction communication impedes potassium buffering
which promotes neural firing. Increased hemichannel activity allows the release
of molecules such as adenosine triphosphate, glutamate, nicotinamide adenine
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dinucleotide, glutathione, and prostaglangin E2 [101-105]. These molecules are
toxic to adjacent cells and finally lead to neuronal and glial death [106, 107]. These
insults to the central nervous system tissue trigger a range of molecular, morpho-
logical, and functional changes of astrocytes called reactive gliosis [108], which is
one of the most important pathogenic steps of spontaneous seizure [92].

As for electrophysiological study of PSE model, few data are available because
only 10-20% of post-stroke rats develop spontaneous seizure [109]. Brain dam-
age induced by brain injury, axotomy, or toxic substance in addition to stroke also
activates microglia [99], therefore, electrophysiological pathology induced by
inflammation of other causes is probably plausible as that is induced by stroke.
The mechanism of epileptogenesis after status epilepticus model is well studied.
Pilocarpine, a muscarinic acetylcholine agonist, induces status epilepticus, and
after a certain latent period surviving rats acquire epileptogenesis [110]. This rat
model also shows HFOs and DC shifts during seizure at acute phase [92]. Gliosis
occurs in 8-12 weeks after pilocarpine injection [111], and spatial potassium buffer-
ing function at hippocampus is impaired [112]. EEG recording during epileptic
seizures at chronic phase of this model rat showed DC shifts preceding HFOs and
conventional ictal EEG patterns, which may be the result of dysfunction of astro-
cyte extracellular potassium buffering [92]. Minocycline is a second-generation
tetracycline and has potent anti-inflammatory effects independent of its antimi-
crobial action. Minocycline attenuates spontaneous recurrent seizures following
pilocarpine-induced status epilepticus, and inhibits the status epilepticus-induced
microglial activation and overproduction of IL-1p and TNF-a in the hippocampal
CA1 and the adjacent cortex, without affecting astrocyte activation. In addition,
minocycline prevents the status epilepticus-induced neuronal loss [113].

4. Neurological examination, electroencephalography, and imaging

findings
4.1 Neurological examination

Post-stroke epilepsy is common among the elderly. Nonconvulsive seizures
are common in elderly patient with epilepsy, and clinical presentation of elderly
patients with epilepsy differs considerably from younger patients; less common and
nonspecific auras (e.g. dizziness); less frequent automatisms; prolonged post-ictal
confusion; common complaints with altered mental status, confusion, and memory
disturbance [114].

These characteristics hinder and delay the diagnosis of epilepsy in the elderly.
Co-morbid diseases such as hypertension, dementia, transient ischemic attack
(TIA), and cardiac diseases can mislead to attribute these symptoms as one of the
manifestations of pre-existing conditions in an elderly patient with new-onset
epilepsy [114]. It is necessary and important, for example, to evaluate stroke or
TIA immediately for patient with new-onset motor aphasia with brain imaging
examinations; however, the symptom can be of aphasic seizures per se or in associa-
tion with various neurological emergencies, especially if the duration of aphasia is
brief, severity of aphasia is fluctuating, or other concomitant neurological findings
exist. Clinical presentation of elderly patients with new-onset epilepsy is commonly
nonspecific, and thus, EEG should be utilized for the diagnosis of epilepsy in the
elderly.

Status epilepticus occurs in 9-19% of patients with post-stroke seizures, while
status epilepticus following stroke accounted for 14-27% of all status epilepticus
in adults [115]. Tomari et al. reported that 24% of post-stroke seizures with status

77



Epilepsy - Update on Classification, Etiologies, Instrumental Diagnosis and Treatment

epilepticus are nonconvulsive status epilepticus [115]. The initiation of treat-

ments for nonconvulsive status epilepticus is commonly delayed compared with
convulsive status epilepticus because the diagnosis is often difficult without EEG.
The evaluation with EEG is mandatory for patients with nonspecific symptoms
such as depressed level of consciousness. Subtle neurological manifestations (e.g.
myoclonus, rigidity/spasticity, saccadic eye movement, eye/head turning, abnormal
reflexes), their fluctuation, and repetitions of their combination (e.g. myoclonus - >
rigidity/spasticity - > paresis - > hyperreflexia, tachypnea - > eyelid twitch - >

eye open - > pupil dilation - > eye/head turning) are worthwhile to further evalua-
tion for status epilepticus.

4.2 Electroencephalography

Epileptiform discharges (spikes and sharp waves) in conventional EEG are
highly specific to seizure recurrence but not sensitive enough in adult patients (sen-
sitivity 17.3%, specificity 94.7%) [116]. Therefore, lack of epileptiform discharges
does not simply exclude the possibility of epileptic seizures. Other nonspecific find-
ings represent both neuronal damage and epileptic activities; amplitude decrease of
background activities (e.g. posterior dominant rhythm, fast waves, sleep spindles)
and presence of focal slow activities should be serially evaluated.

Recently, long-term, continuous EEG monitoring with video record is increas-
ingly utilized in intensive care unit for early diagnosis of nonconvulsive status
epilepticus. Besides conventional EEG seizure patterns (i.e. rhythmic activities with
evolution in frequency and amplitude), lateralized periodic discharges, evolving/
fluctuating activities, and abnormal rhythmic fast activities superimposed to rhyth-
mic/periodic activities should be evaluated [117-119]. The Salzburg EEG criteria
for diagnosis of nonconvulsive status epilepticus include improvement of EEG after
intravenous antiepileptic drugs [120].

4.3 Brain imaging

Brain computer tomography is a well-established measure to evaluate intracra-
nial hemorrhage, edema, and mass lesions, and has been utilized for deciding the
indication of thrombolytic therapy in acute ischemic stroke.

Initial use of brain magnetic resonance imaging is useful not only to detect
cerebrovascular disorders and other neurological conditions but also to evaluate
seizure foci and spread of seizures via neural network. Hyperintensity of diffusion-
weighted imaging especially in the cortex and hyperperfusion of arterial spin label-
ing can help early diagnosis of nonconvulsive status epilepticus [118, 119, 121, 122].

5. Treatment strategy: adults in general, and in elderly
5.1 Prevention of post-stroke seizures and epilepsy

The prevalence of post-stroke early seizure is high; 4.8% for ischemic stroke and

7.9% for hemorrhagic stroke [5]. Current clinical guidelines recommend against

the routine use of prophylactic antiepileptic drugs for spontaneous intracerebral
hemorrhage [64], because primary prevention of seizures with antiepileptic drugs
does not improve neurological function during follow up (up to 90 days) [65]. For
SAH, guidelines state that a short course (3 to 7 days) of prophylaxis with antiepi-
leptic drugs may be started in the immediate post-bleeding period, although this
prophylaxis has a low level of evidence [70]. PHT, which can cause worse cognitive
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outcomes, vasospasm, and infarctions, should be avoided to use for prophylaxis
after SAH, and LEV is increasingly being used [70].

The prevalence of post-stroke late seizure is 3.8% for ischemic stroke and 2.6%
for hemorrhagic stroke [5]. As the risk of recurrence after a first unprovoked late
seizure can be as high as 71.5% over the next 10 years, the occurrence of a single late
post-stroke seizure is consistent with a diagnosis of epilepsy. The risk factors for
seizures after ischemic stroke were cortical involvement of infarction and stroke
disability. For hemorrhagic stroke, the risk factor of seizures was cortical location.
The risk factors in general for post-stroke early seizures during the first 48 hours
include advanced age, confusional syndrome, hemorrhagic stroke, large lesions,
involvement of parietal and temporal lobes, and occurrence of neurologic and
medical complications [6].

None of the currently available antiepileptic medication has been shown to
prevent PSE [123-125]. Immediate initiation of continuous antiepileptic medication
treatment of the first early seizure after cerebral infarctions decreased the risk of
recurrent seizure during the first 2 years but has no influence on the development of
recurrent seizures after discontinuing antiepileptic medication in 2 years [124].

As mentioned in Chapter 4, anti-inflammatory therapy is the most expected
strategy in order to prevent epileptogenesis. Statins, 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitors, which are approved for cholesterol
reduction, may also be beneficial in the treatment of inflammatory diseases. In
animal experiment, atorvastatin reverses paralysis in central nervous system auto-
immune disease via suppressing secretion of type 1 helper T cell (Th1) cytokines
(IL-2, IL-12, interferon-I', and TNF-«) and promoting secretion of Th2 cytokines
(IL-4, IL-5 and IL-10) and transform of growth factor-p, in Thl-mediated central
nervous system demyelinating disease model of multiple sclerosis [126]. In patients
with epilepsy, statin use, especially in the acute phase of ischemic stroke, may
reduce the risk of post-stroke early-onset seizures [127]. Adequate statin treatment
after ischemic stroke may lower the risk of PSE [128].

In the future, periodic measurement of inflammatory biomarker in the stroke
patients having the risk factors as mentioned above and evaluation of the effect of
anti-inflammatory agents such as statin to epileptogenicity are warranted.

5.2 Treatment of post-stroke seizures and epilepsy

The decision to initiate antiepileptic medication treatment after a first unpro-
voked seizure should be individualized and based on age, preference of a patient,
and clinical, legal, and socio-cultural factors [129]. Upon commencement of treat-
ment with antiepileptic medication, monotherapy is recommended, among various
kinds of antiepileptic medication available. For patients with PSE especially with
cerebral infarction, possible adverse event of lipid abnormalities should be avoided
to prevent recurrent stroke. High tolerability, which is associated with minimum
side effects such as sleepiness or dizziness, is important in elderly patients in terms
of safety against falling as well as adherence improvement. In addition, drug inter-
action is a matter of concern in patients undergoing polypharmacy.

Patients who are treated with enzyme-inducing antiepileptic drugs such as
carbamazepine (CBZ), PHT, and phenobarbital (PB) show higher levels of total
cholesterol, triglycerides and LDL-cholesterol, although the effects of valproate
(VPA) on lipid profiles remain unclear [130]. On the other hand, patients who are
treated with enzyme-inhibiting antiepileptic drugs and non-enzyme-inducing
antiepileptic drugs are not significantly affected their lipid profile, whereas several
reports showed LEV could be associated with higher LDL-cholesterol levels [130].
Due to the side effects of antiepileptic drugs, treatment with non-enzyme-inducing
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antiepileptic drugs such as lamotrigine (LTG) and LEV is a reasonable treatment
strategy in terms of lipid control [130]. In post-stroke seizures and epilepsy, LEV
and LTG show higher tolerability than controlled-release CBZ [131].

Weight gain and obesity are associated with hypertension and atherosclerosis.

It is well known that VPA, CBZ, PHT, gabapentin, vigabatrin, and pregabalin are
associated with weight gain [132-134] while LTG and LEV are not [135, 136], and
felbamate, topiramate (TPM), and zonisamide cause weight loss [137, 138].

Carotid-artery intima media thickness (CA-IMT) is an early marker of cerebral
atherosclerosis [139]. The old-generation antiepileptic drugs such as CBZ, PHT
and VPA are associated with significant increase of CA-IMT in adult patients with
epilepsy [139, 140]. On the other hand, the new-generation antiepileptic drugs such
as LTG and oxcarbazepine (OXC) have no effects on CA-IMT in adults and children
[140, 141].

Hyperhomocysteinemia is an independent risk factor for stroke [142]. OXC,
TPM, CBZ, and PB are associated with higher plasma total homocysteine level;
adult epilepsy patients treated with LTG and LEV as monotherapy had normal total
homocysteine level [143].

Currently, patients with PSE are rarely underwent pre-surgical evaluation even
though their seizures are intractable. Good seizure outcome is reported in young
generation under 50 years old whose epilepsy onset is at age 20 years or younger,
who underwent tailored hemispherectomy based on the findings of stereoelectro-
encephalography recordings [144]. Approximately 3% of patients with cerebral
dural arteriovenous fistula experience seizures [45]. Although status epilepticus
is not common among patients with cerebral dural arteriovenous fistula, thereis a
case report that endovascular intervention improved the seizure control of patients
with cerebral dural arteriovenous fistula who present with status epilepticus [145].
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Chapter 6

Clinical Applications of Brain
Mapping in Epilepsy

Sandro Misciagna

Abstract

EEG brain mapping is a neurophysiological technique based on
computer-assisted analysis of conventional EEG. This technique, generally con-
sisting in quantitative analysis of EEG (QEEG), includes topographic displays of
frequency or voltage, statistical comparison to normal values and discriminant
analysis. QEEG assessment still remains controversy about its clinical role. QEEG
topographic analysis could be useful in many neurological diseases: in cerebrovas-
cular disease EEG analysis is useful since EEG parameters are highly correlates with
regional blood and metabolism; in degenerative disease (as dementia or encepha-
lopathies) quantitative EEG frequency analysis could suggest an organic base of
the disorder even if it is not able to distinguish between the types of dementia.
QEEG techniques are also potentially useful in identifying anomalies in patients
with cerebral trauma or in children with cognitive disorders. In the field of epilepsy
EEG brain mapping could help clinics to detect spikes, locate an epileptic focus and
suggest the type of epilepsy. In this chapter author describes principles of EEG brain
mapping and its potential applications in particular in the epileptic field.

Keywords: brain mapping, epilepsy, quantitative EEG, QEEG, brain maps, digital
EEG, EEG spatial analysis, spike detection, spike analysis, seizure detection,
epileptic focus, focus localization

1. Introduction

EEG was first described as a promise to provide a “window into the brain”
in 1929 by Hans Berger [1]. In spite of recent advances, the analytic potential of
EEG has not been fully employed. On the other hand, brain function studies and
neuroimaging methods have been deeply improved, severely discrediting EEG use.
However, it is important to insist that EEG can give relevant information about
topography of cerebral activity, even if it is difficult to have topographic informa-
tion with a conventional EEG recording.

EEG recording is based on two-dimensional representation of potential differ-
ences between two electrodes in function of time and topographic information is
based on integration of information across different channels [2].

Introduction of digital EEG techniques not only displays the EEG tracing but can
provide additional measurement with quantitative EEG (QEEG), also called “EEG
brain mapping”.

The use of EEG brain mapping is based on visualisation of coloured brain maps
generated by digital analysis of cerebral electrical activity. These maps display many
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features that can be instantaneous of an averaged period of time. The cerebral maps
include topographic displays of voltage, frequencies, power and statistical analysis
with comparison with a normal reference population.

Still nowadays the clinical utility of QEEG techniques remains a controversial
matter so that it could be considered as a useful tool, but also as a dangerous toy.

2. Short history of EEG spatial analysis

EEG is traditionally analysed in terms of temporal waveforms at different chan-
nels, looking at power of rhythms in terms of frequency, latency of peaks or pres-
ence of particular grapho-elements. This type of traditional EEG analysis provides
important insights about brain functioning in health subjects and diseases that
interfere with electric brain activity, even if it cannot be considered as an imaging
method.

Numerical analysis of cerebral activity was started as early as the 1930s by
Dietsch [3], followed by Grass and Gibbs [4] and Drohocki [5] who applied Fourier
analysis to disassemble EEG signal. Successively, in 1943, Walter [6] described an
automatic analogue frequency analyser and later in 1951 Walter and Shipton [7]
developed an automated topographic display called “toposcope”™

With the development of microcomputers with colour graphic Duffy [8, 9] and
many other researchers improved techniques for brain electrical activity mapping,
EEG quantification and topographic analysis. Researchers as Lehmann directed
their studies to the analysis of specific EEG spike-wave patterns, analysis of topog-
raphy of a particular EEG feature at an instant time or the average of a recurring
event [10].

3. General principles of EEG brain maps

EEG brain maps are produced using from 16 to 32 electrodes arranged in a
grid pattern of human scalp, giving a spatial resolution of about 6 cm [11] (see
Figure1).

Brain maps are sensitive to the quality of data acquisition of the EEG in terms
of montages, references, control settings or biological factors (such as medications,
clinical problems or level of awareness), which must be considered in every cases
before interpreting the data.

In fact, as Duffy himself has written “brain map without the EEG is blind” [12].

Cerebral maps are produced by a process of interpolation between the electrode
sites. There are several methods of interpolation and still nowadays it is an object of
controversy.

The use of EEG quantification, for example by spectral analysis, gives the
possibility to reduce data and describe a long record by few numerical data. These
data may be subjected to statistical analyses including visual EEG interpretation or
clinical decision-making.

Recent development in the quantitative analysis of complex networks by using
computer graphics has increased the availability of brain mapping, contributing to a
renewed interest in quantitative investigations of EEG and it has been rapidly trans-
lated to studies of brain network organisation [13]. This is a welcome development,
but the problem of mapping lies not so much in the method itself, particularly by
uninformed users who can see cerebral maps as a neuroimaging technique.

But, instead, mapping systems must be operated by EEG certified neurologist
expertise in the use of brain mapping [14].
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Figure 1.
Example of brain mapping in a traditional EEG showing absence of anomalies.

4. Problems related to use of EEG mapping

One of the major problems of the brain maps is that similarity of brain mapping
to classical neuroimaging techniques (CT, MRI or PET scans) is illusory. In classi-
cal neuroimaging techniques there is a direct and close correspondence between
the image and the affected structure. On the contrary, in the case of topographic
changes in electrical activity, there is a more complex relationship to function and
cerebral pathology.

Cerebral maps could be easily misinterpreted. In fact, the selection of what to
map is at the discretion of the user, there aren’t clear standards and interpretation is
strongly subjective.

Maps do not distinguish between cerebral potentials and artefacts or between
the feature of interest and a superimposed activity with different topography.
Consequently, it is essential that users analyse with attention the trace recorded
before plotting cerebral maps.

Another problem of quantitative EEG analysis is to determine the best method
of deriving the signal to be analysed. Common reference derivation seems be the
obvious choice. However asymmetrical activity involving ears reference is particu-
larly open to misinterpretation so that asymmetries in alpha activity may be shown
as reversed [15]. A paradox of EEG mapping is that when a focal activity occurs at
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or near the reference, the deflections produced are greatest on channels recording
from the most distant electrodes [16]. This effect is particularly liable to misinter-
pretation in spectral maps: thus focal temporal delta activity may be misallocated to
the contralateral central region [17].

5. General applications of EEG mapping

EEG topographic analysis could be useful in many neurological diseases as
cerebrovascular diseases, degenerative encephalopathies, demyelinating diseases,
head injuries, headache and study of different cognitive disorders (such as learning
and attention disorders) or psychiatric pathologies.

In cerebrovascular disease EEG quantitative parameters are highly correlated
with regional blood flow and regional cerebral metabolism. When used by neurolo-
gist expertise in EEG interpretation, EEG mapping could be used for detection of
focal ischemia related to a cerebral impairment [18]. However, EEG anatomical
localization is inferior to that found with conventional neuroradiological techniques
as CT or MRI that remain the examinations of choice. Moreover, EEG quantita-
tive changes are unable to differentiate a cerebral infarction from an haemor-
rhage, a tumour or another focal cerebral lesion [19]. Conventional EEG remains
indicated in patients with cerebrovascular problems as possible seizures or coma.
Intraoperative EEG quantitative analysis, as frequency analysis, could be used in
patients who undergo carotid endarterectomy, during surgical procedure to identify
or better measure changes in electrical brain activity [20].

In neurological degenerative pathologies as dementia, EEG quantitative analysis
is useful in detecting focal or generalised slowing that strongly suggest an organic
basis rather than a depressive condition [21]. EEG frequency analysis cannot distin-
guish between the types of dementias, but EEG waves patterns are highly suggestive
of certain dementing disorders. The degree of EEG frequency analysis abnormality
corresponds to the degree of dementia and disease progression so that it has been
experimentally used to separate normal controls from patients with mild-moderate
Alzheimer disease [22]. EEG spatial analysis conducted on patients with Alzheimer
disease has showed decreased duration and increased number of microstates [23].
Quantitative EEG in expert hands could also be useful in evaluation of certain
patients with dementia whose neuroimaging and routine EEG studies are not
conclusive.

In patients with demyelinating disease as multiple sclerosis, studies of topo-
graphic analysis of multichannel recording of evoked potentials have been directly
compared in sensitivity and specificity of values obtained from canonical analysis
of individual evoked potentials waveforms [24].

Some studies, reports and retrospective observations have addressed EEG brain
mapping techniques in patients with head injury [25]. In a small group of patients
with post-concussion syndrome it has been reported an increase in 8 to 10 hz of
alpha rhythm [26]. Other reports have confirmed alpha reduction in a much larger
group of patients after head injury so that it has been proposed as a prognostic
element [27]. In coma patients due to severe head injury, EEG monitoring, with or
without frequency analysis, has been shown to predict outcome and able to detect
non-convulsive seizures or other complications [28]. Even if EEG brain mapping
techniques have reported interesting changes in some studies the results are not suf-
ficient to support its use in diagnosis of patients with minor-moderate head trauma
or post-concussive syndrome.

In a study of patients with headache Pechadre et al. [29] have demonstrated that
migraineurs have specific findings upon EEG mapping during photo-stimulation,

98



Clinical Applications of Brain Mapping in Epilepsy
DOI: http://dx.doi.org/10.5772/intechopen.95121

suggesting that neuronal excitability of visual cortex is altered in migraine
patients [30].

EEG spatial analysis has been applied in the study of different cognitive disor-
ders such as memory disorders, mechanism of memory formation and retrieval
in human patients with amnesia [31] or language disorders such word production
in stroke patients with aphasia [32]. EEG spatial analysis has also been applied to
study the characteristics of brain function difficulties in children with Attention
Deficits and Hyperactivity Disorders (ADHD) to evaluate time processing [33],
to predict reading skills [34] or to evaluate treatment efficacy and predict changes
in use of grammar in children with specific language disorders [35]. EEG specific
patterns have been proposed in children with learning and attention disorders and
researchers have proposed a relationship between EEG patterns and outcomes of
therapy. EEG brain mapping have not been proven useful in establishing diagnosis
or treatment for children with cognitive learning disabilities. Quantitative EEG
is not recommended as an exam for diagnosing learning disabilities or attention
disorders.

Finally, EEG spatial analysis, in the time as well as in the frequency domain, has
been used to characterise different pathological states, particularly related to psy-
chiatric pathologies. EEG analysis can identify slow wave or epileptiform abnormal-
ities, which can occur in intoxication, delirium or other psychiatric disorders [36].
Frequency domain source localization has been used to identify brain regions with
altered rhythms in patients with psychiatric disorders [37]. EEG microstate analysis
has demonstrated that spatial characteristics of microstates are a sensitive measure
of different mental states. For example, schizophrenic patients have a decreased
duration and reduced number of some microstates [38] that could change and be
normalised with medications [39]. Study of resting state in schizophrenic patients
have showed that specific short microstates could be observed during auditory
verbal hallucinations [40]. In depression microstates duration was also reduced or
some microstates were repeated more frequently [41]. Anxiolytic or antipsychotic
drugs as well as meditation or hypnosis can also alter the characteristics of cerebral
microstates [42].

6. Applications of brain mapping in epilepsy

The most studied application of spatial EEG analysis is in the study of epilepsy
in particular as a method to locate an epileptic focus (see Figure 2) and determine
the type of epileptic syndrome [43].

Digital spike and seizure detection can help to identify electric cerebral events
that might be epileptic spikes even if are frequent false-positive detections. In long-
term EEG monitoring records, candidate spikes or seizure events are automatically
selected and saved but there is need of a professional visual review and confirma-
tion, especially in recording lasting several days [44].

Automated seizure detection can also identify non-convulsive seizure occur-
ring in intensive care unit patients at risk for such complication [45] or to monitory
convulsive status epilepticus in patients requiring neuromuscular blockade [46].

Quantitative analysis of spikes characteristic (as spike dipole analysis) can sug-
gest location of cortical generators, existence of multiple separate spike generators
and direction of propagation of spikes especially if this information is combined
with visual review of voltage mapping.

These techniques might be useful in non-invasive evaluation of epileptic patient
candidate for epilepsy surgery, even if the information obtained with dipole analy-
sis is not mathematically and anatomically precise.

99



Epilepsy - Update on Classification, Etiologies, Instrumental Diagnosis and Treatment

Hand: Aipha Meas.: Med F (H1) Band: Thets Meas.: Med F (r) Band: Delta Meas. Med F ()

£l 543 544

34 502 s

ana 460 8.7
Band: Alpha Meas: Amg (V) Bond: Theta Mes: Amp (V) Band: Delta Meas.: Amp (V)

Figure 2.

Exgample of patient in which traditional electroencephalograms shows a right temporo-parietal epileptiform
grapho-elements. TC brain scan shows ipodensity area in right hemisphere, where a cerebral glioma was
surgically removed. EEG brain mapping confirms topography of discharges in right hemisphere with
prevalence of rhythms in theta band.

A large number of studies have demonstrated that EEG mapping is a powerful
tool to non-invasively localise an epileptic focus. The major advantage in the study
of an epileptic focus localization compared to other neuro-functional conventional
studies (such as fMRI or PET) is the high temporal resolution that allows for sepa-
rating initiation from rapid propagation of epileptic activity.

The localization of epileptogenic foci with EEG mapping has been found in
particular in mesial temporal lesions [47].

Sperli et al. [48], after EEG imaging analysis on 30 operated and seizure free
children, reported correct localization of epileptic focus on a lobar level in 90% of
cases. In another study, Michel et al. [49] showed 79% localization precision on a
sublobar level. In a study conducted by Brodbeck et al. [50] were analysed 10 oper-
ated patients with normal MRI in which EEG spatial analysis showed in 8 of them
correct localization within the resect margin. In a study conducted by Zumsteg et al.
[51] in 2005, based on the analysis in 15 patients with mesial temporal lobe epilepsy
the authors compared EEG imaging obtained by cortical electrodes with simultane-
ously recorded data from foramen ovale electrodes. They showed that 14 of the 19
patterns seen by foramen ovale electrodes could be correctly identified with source
imaging, indicating that even mesial temporal sources can be recorded by scalp EEG
as also previously demonstrated by Lantz et al. [52] in simultaneous cortical and

100



Clinical Applications of Brain Mapping in Epilepsy
DOI: http://dx.doi.org/10.5772/intechopen.95121

intracranial EEG recording. Brodbeck et al. [53] were also able to localise correctly
spike activity within the resected zone in 12 of 14 patients with large cerebral lesions.

Regional or focal EEG slowing has long been valued to help to lateralize an
epileptic focus that might be overlooked by a routine visual evaluation [54].

Brain mapping techniques may highlight to characteristics not obvious to the
observer, drawing attention to particular features of a transient event. Clinical
examples of applications in epilepsy include the mid-frontal positivity of typical
Rolandic spike in benign childhood epilepsy [55]. In Benign Rolandic Epilepsy in
Childhood (BREC) quantitative spike voltage analysis has been demonstrated to be
useful in determining field complexity and dipole model stability and differentiat-
ing “typical” from “atypical” forms, a distinction with prognostic and therapeutic
significance [56].

Some quantitative EEG techniques are useful to differentiate primary gener-
alised discharges from secondary bilateral synchrony by looking for interhemi-
spheric small time differences during spike-wave activity and the characteristic
distribution of maximal activity [57]. This analysis could be useful to choose the
best antiepileptic drug as well as pre-surgical localization of epileptic focus. This
potential application has not been clearly demonstrated to be used in general
clinical use.

Data manipulations used to enhance isopotential maps and mapping of averages
have been used to show subtle features and pattern of propagations [55].

In a retrospective study conducted on 152 operated patients Brodbeck et al. [58]
showed that EEG source imaging has a sensitivity of 84% and a specificity of 88%
if the EEG is recorded with a large number of electrodes, 128-256 channels and the
individual MRI is used as head model. The obtained values resulted comparable to
those of structural MRI, PET and ictal-interictal PET. Specificity and sensitivity of
EEG mapping and source imaging decreased significantly with use of a low number
of electrodes (<32) and a template of head model. On the bases of this study authors
concluded that EEG source imaging analysis should be used as standard tool in pre-
surgical evaluation of epileptic patients, especially in consideration of its low costs
and high flexibility if compared to other imaging methods. However, caution must
be exercised since erroneous localizations could occur even for experienced users
for the simplified spherical head model commonly used [59].

On the bases of the promising studies above illustrated, Plummer et al. [60]
realised a comprehensive review proposing EEG source imaging as a routine work-
up of patients with localization-related epilepsy, but concluded that a prospective
validation study conducted on larger patients is still required.

EEG imaging has also been demonstrated to be useful in epileptic focus localiza-
tion in combination with functional MRI. A series of studies conducted to evaluate
spike-related analysis have revealed that the temporal resolution of EEG source
imaging helps to identify spike-related BOLD responses that correspond to start of
epileptic discharge [61-63].

Grouiller et al. [64] conducted a study in which they used EEG topographic
analysis to help to analyse fMRI data of epileptic patients that had no spike in the
scanner or no-related BOLD responses. In this study they used the average spike-
map of EEG recorded during a long-term monitoring and demonstrated that 78% of
the otherwise inconclusive fMRI studies could nonetheless be interpreted.

7. Conclusions

EEG analysis in recent times has moved from the traditional analysis of grapho-
elements to a comprehensive study of brain’s electric fields at the scalp.
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Quantitative EEG provides more information than visual inspection of tradi-
tional EEG used for routine in neurology practice.

Quantitative EEG or other EEG brain mapping techniques cannot diagnose
whether a patient has epilepsy but is useful to give additional information in
epileptic patients for screening of spikes or possible epileptic spikes in long term
EEG monitoring.

EEG spatial analysis is not only a synonymous of source localization but a new
insight in brain functioning obtained just analysing the spatial changes of the scalp
potential maps over time principally based on the quantitative analysis of EEG
waveforms in terms of frequency and amplitude.

Given to the flexibility, non-invasively, easy use and cost-effectiveness EEG
mapping is a powerful and interesting brain imaging device that can be easily
combined with other traditional imaging techniques.

The potential use of this technique has limitations since quality of EEG mapping
depends on the raw data inputs and lack of universally valid normative data due to
inter-individual variability of EEG.

The problem of inter-individual variability is reduced with computer-assisted
analysis of EEG even if more engineering and analysis tools are still needed to better
develop this technique that can be actually used only by physicians highly skilled in
clinical EEG and in conjunction with traditional EEG.
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Chapter7

Is EEG a Useful Examination Tool
for Diagnosis of Epilepsy and
Comorbid Psychiatric Disorders?

Hideki Azuma

Abstract

Diagnosis of epilepsy usually involves interviewing the patients and the
individuals who witnessed the seizure. An electroencephalogram (EEG) adds useful
information for the diagnosis of epilepsy when epileptic abnormalities emerge. EEG
exhibits nonlinearity and weak stationarity. Thus, nonlinear EEG analysis may be
useful for clinical application. We examined only about English language studies of
nonlinear EEG analysis that compared normal EEG and interictal EEG and reported
the accuracy. We identified 60 studies from the public data of Andrzejak 2001 and
two studies that did not use the data of Andrzejak 2001. Comorbid psychiatric
disorders in patients with epilepsy were not reported in nonlinear EEG analysis
except for one case series of comorbid psychotic disorders. Using a variety of fea-
ture extraction methods and classifier methods, we concluded that the studies that
used the data of Andrzejak 2001 played a valuable role in EEG diagnosis of epilepsy.
In the future, according to the evolution of artificial intelligence, deep learning,
new nonlinear analysis methods, and the EEG association with the rating scale of
the quality of life and psychiatric symptoms, we anticipate that EEG diagnosis of
epilepsy, seizures, and comorbid psychiatric disorders in patients with epilepsy will
be possible.

Keywords: epilepsy, EEG, diagnosis, nonlinear analysis, comorbid psychiatric
disorders

1. Introduction
1.1 EEG and epilepsy

Epileptic seizures usually do not emerge during the consultation. The diagnosis
of epilepsy begins with a conversation with the individual and those who witnessed
the seizures. [1] An electroencephalogram (EEG) is also used for the diagnosis of
epilepsy. The gold standard for diagnosis of epilepsy is simultaneous ictal EEG
recording with video, but this method is not applicable for many patients. The
presence of epileptic paroxysmal abnormalities can help with the diagnosis. If a
non-expert makes the diagnosis based on EEG findings alone rather than seizure
symptoms, misinterpretation of the EEG findings may increase the false-positive
diagnosis of epilepsy. Many physicians anticipate that EEG diagnosis for epilepsy
will become possible with technological advances, even when no EEG abnormalities
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are present. EEG is useful not only for diagnosis, but also for monitoring during the
course of treatment. [2] Psychiatric disorders occur more frequently as comorbidi-
ties in patients with epilepsy [3], and they can affect quality of life. [4]

1.2 EEG and nonlinearity

EEG is characterized by its nonlinearity. [5] Nonlinear dynamics is a concept
that includes chaos. Therefore, the adaptation of nonlinear EEG analysis is more
useful than that of linear EEG analysis. [6] In nonlinear dynamics, the time series
data of EEG can be transformed into a reconstructed state space, which is calcu-
lated according to the embedded theorem [7, 8], and the dynamic attractors can
be reconstructed. The reconstruction enables us to estimate nonlinear statistics
such as fractal dimension and bifurcation structure. The attractor here is a set of
trajectories where all of the nearest trajectories converge. [9] CD [9-11], whichisa
kind of fractal dimension, is a dimension that is occupied by the attractor in phase
space. The method of Grassberger et al. is often used. [10] The lyapunov exponent
is the degree of exponential separation between orbits, and measures the extent by
which nearby points on an attractor diverge or converge with respect to each other
while moving along any trajectory of the attractor. [9, 12] If the largest lyapunov
exponent is greater than zero, this shows the presence of deterministic chaos. If the
lyapunov exponent is less than or equal to zero, this shows a periodic or quasiperi-
odic motion, respectively. Furthermore, to show the nonlinearity of EEG, genera-
tion of surrogate data with linear characteristics and demonstration of a significant
difference between them are necessary. In addition, nonlinear analysis is possible
with the assumption that EEG exhibits weak stationarity, that the mean and the
variance are normally distributed in the evaluated interval, and that no noise is
present. [13]

1.3 Epilepsy and nonlinear EEG analysis

Many studies on the nonlinear analysis of EEG and epilepsy have been reported,
including reviews concerning ictal EEG detection and machine leaning approaches.
[14-16] Ideally, interictal EEG with no paroxysmal abnormalities should be used
to diagnose epilepsy and comorbid psychiatric disorders by using computerized
analysis rather than expert observation and interpretation.

1.4 Objectives in this review
Therefore, in the present review, we investigated the reports on the nonlinear

analysis of EEG between normal and epileptic groups, focusing on the diagnosis of
epilepsy and comorbid psychiatric disorders.

2. Methods
2.1 Public data set in Andrzejak 2001

A literature search of Scopus and PubMed was performed. In addition, we iden-
tified other relevant literature. We selected only about English language reports that
compared normal and epilepsy groups. Many reports used data from Andrzejak
2001. [17] They prepared and used five different data sets, A-E, which each contain
100 single channels from EEG segments of 23.6-sec duration. These segments were
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selected and extracted from continuous multichannel EEG recordings after visual
inspection for artifacts, e.g., due to muscle activity or eye movements. Set A and set
B consisted of EEGs from five healthy volunteers with eyes open and closed, respec-
tively. Set C and set D consisted of EEGs from five patients in the epileptogenic
zone (set D) and from the hippocampal formation of the opposite hemisphere of set
D (set C). Set E contains ictal activity. Set A and set B were recorded extracranially,
whereas set C, set D, and set E were recorded intracranially.

2.2 Nonlinearity of the data set

The objective of the study by Andrzejak 2001 was examination of nonlinearity.
They generated 39 surrogate data points from all EEG segments for nonlinear pre-
diction error and CD according to the weak stationarity assumption. Nonlinearity
was found except in set A for nonlinear prediction error, but only in set D and set E
for CD. They discussed that they cannot rule out the possibility that the surrogate
test compared to the surrogate data with linear properties including the weak
stationarity may result in a false-positive rejection of nonstationarity, and that
the surrogate test has neither high sensitivity nor specificity for nonstationarity
in nonlinear dynamics systems. [17] Thuraisingham reexamined the data using
MPR complexity and normalized shanon spectral entropy, taking into account the
probability distribution function. [18] He carried out a surrogate test using the
Amplitude Adjusted Fourier Transform method to generate 1000 surrogate data
points for evaluation of entropy and complexity. The degree of nonlinearity was set
E > set D > set C > set B > set A. However, when adjusted for the effect of noise, all
data showed the same degree of nonlinearity by the above method. Set A showed
more nonlinearity than set B, and Thuraisingham concluded that denoising with a
wavelet was effective for nonlinearity. In light of these results, we considered all five
EEG sets as nonlinear and examined the difference between the normal EEG and
interictal EEG among the five EEG sets. There were many studies on the compari-
son between other sets vs. set E. However, an expert can easily interpret set E as
ictal. The diagnosis of epilepsy from interictal EEG with no paroxysmal abnormali-
ties is meaningful for both specialists and non-specialists. Therefore, in this review,
in the studies with explicit comparisons with the data set of Andrzejak 2001, A vs.
C,Avs.D,ABvs.CDvs.E,Avs.Bvs.Cvs.Dvs.E,Bvs. C,Bvs.D, Avs. Dvs.E,
A vs. Cvs. E, and AB vs. CD, were examined.

3. Results
3.1 Normal vs. epilepsy

The development of feature extraction with nonlinear analysis methods and
machine learning has been reported in studies of various combinations of classifica-
tions on EEG diagnosis of epilepsy. (Table1). [19-79] Table 2 shows the details of
the classification. Sixty studies using the Andrzejak 2001 data set were selected,
and two studies between normal and epileptic groups were selected. Although set
C (the opposite site of the epileptogenic zone) and set D (the site of the epilep-
togenic zone) were interictal and intracranial EEG, the results for B vs. C (99.3%
accuracy) and B vs. D (99.5% accuracy) by Gupta 2018 [29] and the results for A
vs. D (100% accuracy) by Kaya 2015 [45] and 2018 [30] and for A vs. C (99.7% and
99.6% accuracy) by Raghu 2017 [36] and Liu 2020 [21] were reported. The feature
extraction methods and the classifiers were different in each study. Nevertheless,
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Author (year) Feature extraction Classifiers Comparisons [accuracy%)]

[reference number]

Gao (2020) [19] ApEn, RQA CNN, BRBP ABvs. CDE [99.2]

Goshvarpour PP KNN, PNN Avs.Dvs. E[98.3]

(2020) [20]

Liu (2020) [21] WPE, WEE, TEE, AB*,NB, DA, Avs.Dvs. E[99.0], ABvs. CD
PSD, 1D-LBP, KNN, SVM vs. E [98.1], ABvs. CD [99], A
LNDP, 1D-LGP, vs. D [99.5], A vs. C [98.6], B vs.
LSP, SampEn, C [99.6], Bvs. D [99.6], A vs. CD
LSPA, NEO, HSFV* [98.8], Bvs. CD [99.1]

Abedin (2019) [22] Multilevel DWT Nonlinear ANN Avs.Dvs. E [973]

Fasil (2019) [23] ExpEn SVM Avs.Dvs.E[89],Avs.Cvs.E

[91.6]
Ghayab (2019) [24] TQWT KNN*, SVM, BT ABvs. CDvs. E [100], A vs. Bvs.
Cvs. Dvs. E [100]
Kaur (2019) [25] DWT BSVM Avs.C[76],Bvs. C[81.6], Avs.
D [72.8],Bvs. D [711]
Sun (2019) [26] ESN, AR ELM Avs.Dvs. E [98.3]
Torse (2019) [27] RP, RQA SVM*, ANN, ABvs.CDvs. E [91.2]
PNN
Tuncer (2019) [28] LSP LDA-SVM*, Avs.Dvs.E[98.6], Avs.Bvs.C
QDA, KNN vs. D vs. E [93], A vs. D [99.5]
Gupta (2018) [29] DCT, HE, ARMA SVM Avs.C[96.5], Avs.D [984],B
vs. C [99.3], Bvs. D [99.5], AB
vs. CD [977]

Kaya (2018) [30] 1D-TP (1; lower ANN*, RF" FT* 1; Avs.Dvs.E[95.7]%, Avs.D
features, 2; upper SVM, BayesNet [99]*,2; Avs.Dvs.E[94] T, A
features) vs. D [100]™%

Sairamya (2018) [31] LNGP" SWLNGP* ANN*, KNN, Avs.Dvs.E[99.7] T [99.6] ¥, AB

QLDA, SVM vs.CDvs. E [99.5] T[99.3] %, A
vs. D [99.9]  [99.9] *
Zhang (2018) [32] fDistEn, WPD KNN*, Avs.Dvs.E[99.3], Avs.Bvs.C
Kruskal-Wallis, vs. D vs. E [76]
nonparametric
ANOVA
Abdulhay (2017) [33] ApEn, SampEn, KNN, SVM, NB Avs.Dvs. E [98.5]
PE, HE, HFD, HOS

Jaiswal (2017) [34] 1D-LBP" LNDP* ANN*, NN, Avs.Dvs.E[970] T [98.2] % A
1D-LGP SVM, DT vs. D [99.3] T[99.9]

Kalbkhani (2017) [35] ST, KPCA NN Avs.Dvs. E [99.3], ABvs. CD

vs. E [99.5], Avs. Cvs. E [99.9]

Raghu (2017) [36] WPD, LEEn*, NE' REN Avs.C[997]%[993] T

Tiwari (2017) [37] LBP SVM ABvs. CDvs. E [98.8]

Wang (2017) [38] LDWT NSVM Avs.Dvs. E [984]

Wen (2017) [39]

GAFDS, SampEn,
HE, LE, MFDFA

KNN*, LDA, DT,
AB, MLP, NB

Avs.Dvs.E [973]

Zhang (2017) [40]

LMD, RE, HE

GASVM*, BPNN,
KNN, LDA, SVM

ABsCDvs. E [98.4]

Hekim (2016) [41]

DWT, EWD, EFD,
SE

ANFIS

AB vs. CD [96.5]
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Author (year)
[reference number]

Feature extraction

Classifiers

Comparisons [accuracy%]

Murugavel (2016) [42]

LLE, ApEn, DWT

H-MSVM*, ANN

Avs.Dvs. E[96], ABvs. CD
vs. E [95], Avs. Bvs. Cvs. D vs.
E [94]

Peker (2016) [43] DTCWT CVANN Avs.Dvs. E [99.3], ABvs. CD
vs. E [98.2]
Abalsaud (2015) [44] DCT, DWT NSC*, ANN, NB, Avs.Cvs. E [90]
KNN, SVM
Kaya (2015) [45] 1D-LBP GRA A vs. D [100]
Martis (2015) [46] DWT, LLE, HFD, RBFSVM?*, Avs.Dvs. E [98]*
HE, SampEn LSVM, PSVM,
QSVM, DT, KNN
Riaz (2015) [47] EMD SVM*, DT, KNN, Avs.Dvs.E[91], Avs.Bvs.C
ANN vs. D vs. E [94]
Tawfik (2015) [48] WPE, DWT LSVM*, NSVM', Avs.Dvs.E [972]* [975] T, A vs.
ANN Bvs.Cvs.Dvs.E [91.6]* [93.7] T
Kaya (2014) [49] LBP, 1IDLBP BayesNet", SVM, Avs.Dvs.E [95.6], Avs.D

ANN, LR, FT [95.5]
Sivasankari ICA, STFT, CD, LE FFBPNN*, Avs.Dvs. E [100], Avs.Bvs. C
(2014) [50] ANFIS vs. D vs. E [96.2]
Acharya (2013) [51] CWT, HOS, CM, SVM*, ANOVA, ABvs. CDvs. E [96]
RLM, LBP, LME DT, KNN, PNN
Alam (2013) [52] EMD ANN Avs.Dvs. E [100], ABvs. CD
vs. E [80]
Ferndndez-Blanco GP Avs.Dvs. E [98.5], ABvs. CD
(2013) [53] vs. E [97.8]
Hosseini (2013) [54] HE, LLE ANFIS ABvs. CD [974]
Niknazar (2013) [55] RQA, DWT ECOC ABvs. CDvs. E [98.6]
Peker (2013) [56] FCBFA CVANN Avs.Dvs.E [97]
Seng (2013) [57] HE, FD, ApEn, RBFSVM ABvs. CDvs. E [971]
LLE, CD
Wang (2013) [58] BD, FI SVM Avs.Dvs. E [971]
Zhu (2013) [59] SampEn MKM*, KMA, Avs.C[95], Avs.D [96]
SVM
Acharya (2012) [60] ApEn, SampEn, FSC*, DT, GMM, Avs.Dvs.E [99.7]

FD, HOS, HE KNN, RBFSVM,
PNN
Acharya (2012-2) [61] DWT(23.6 sec), RBFSVM*, DT, Avs.Dvs. E [96]
ICA KNN, PNN, FSC,
GMM
Martis (2012) [62] EMD DT*, ANOVA Avs.Dvs. E[95.3]
Acharya (2011) [63] RP, RQA SVM*, GMM, Avs.Dvs. E [94.4]
FSC, KNN, NB,
DT, PNN
Guo (2011) [64] DWT, GP KNN Avs.Dvs. E [93.5]
Mhandoost DWT GARCH*, MRF Avs.Dvs.E [98.8], Avs. Cvs.
(2011) [65] E [98]
Orhan (2011) [66] DWT MLP-NN*, KMC Avs.Dvs. E [96.6]
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Author (year) Feature extraction Classifiers Comparisons [accuracy%)]
[reference number]
Ballli (2010) [67] HOA, TRA, ApEn, SFFS-LDA Avs.Bvs. Cvs.Dvs. E [81.4]
LLE, CD, NPE,
HE, AR
Liang (2010) [68] ApEn, AR, GA, RBFSVM*, LLS, Avs.Dvs.E [98.6], Avs.Bvs.C
PCA LDA, BPNN, vs. D vs. E [85.9]
LISVM
Song (2010) [69] SmpEn ELM*, BPNN Avs.Dvs. E[95.6]
Acharya (2009) [70] CD, HE, ApEn, GMM*, SVM ABvs. CDvs. E [95]
LLE
Ubeyli (2009) [71] DWT MLP + LMA NN Avs. Dvs. E [94.8]
Ubeyli (2008) [72] DWT ME*, EMA, Avs.Dvs.E[931]
MLP-NN
Galer (2007) [73] DWT, LE RBFSVM*, Avs.Bvs. Cvs.Dvs. E[99.2]
MLP-NN, PNN,
MSVM
Tzallas (2007) [74] STFT, PSD FFANN Avs.Dvs. E[100], Avs.Bvs.C
vs. D vs. E [89]
Tzallas (2007-2) [75] SPWVD FFANN, PCA Avs.Dvs. E [99.2], ABvs. CD
vs. E [97.7]
Ubeyli (2007) [76] PM, MUSIC, MN, MME *, ME Avs.Bvs.Cvs.Dvs. E [98.6]

PSD

Sadati (2006) [77] DWT ANFN*, ANFIS, Avs.Dvs. E [85.9]
RBFSVM,
FFBPNN

Giler (2005) [78] LE, LMA RNN Avs.Dvs. E[96.7]

Giler (2005-2) [79] DWT ANFIS*, BP, Avs.Bvs. Cvs.Dvs. E [98.6]
GDM, LLS

Accuracy = (TP+ TN)/(TP + FP+ TN+ FN); TB, TN, FP and FN mean true positive, true negative, false positive

and false negative, respectively.

* " ¥The accuracy corresponds to each feature extraction and classifier with the symbol.

Table 1.
Results for the data of Andrzejak 2001.

Comparisons

Mean(SD) [range]

Number of results

Avs.Dvs. E

96.8(2.9) [85.9-100]

44 results in 40 studies

Avs.Bvs.Cvs.Dvs.E

92.2(6.7) [76-100]

14 results in 13 studies

ABvs.CDvs. E 96.3(4.9) [80-100] 15 results in 14 studies
Avs.Cvs. E 94.8(4.1) [90-99.9] 4 results in 4 studies
ABvs.CD 97.6(0.8) [96.5-99] 4 results in 4 studies
Avs.D 96.7(7.3) [72.8-100] 12 results in 10 studies
Avs.C 94.1(8.2) [76-99.7] 6 results in 5 studies
Bvs.D 90.0(13.4) [71.1-99.6] 3 results in 3 studies
Bvs.C 93.5(8.4) [81.6-99.6] 3 results in 3 studies
Table 2.

The mean (standard deviation) and number of results for each comparison.
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these results were clinically interesting and reasonable. Gruszczynska 2019 (86.8%
accuracy) reported that interictal Fpl EEG and normal Fpl EEG using the feature
extraction of RQA and RP were classified by SVM. [80] No detailed descriptions
were provided for the focal side. Jacob 2016 (100% accuracy) reported the classifi-
cation of interictal EEG and normal EEG. [81] However, no detailed description was
provided of EEGs that were artifact free or with no paroxysmal abnormalities.

3.2 Comorbid psychiatric disorders

No literature on nonlinear EEG analysis for the diagnosis of comorbid psychiat-
ric disorders with epilepsy has been published, and we only found a case series with
nonlinear analysis of comorbid psychiatric symptoms with epilepsy. [82] Azuma
reported that EEG was artifact free and had no paroxysmal abnormalities and that
patients including controls had uncontrolled seizures before and after psychosis.
SampEn may not only decrease in the right frontal and frontal-anterior temporal
regions before psychosis, but it may also increase in the frontal and frontal-tempo-
ral regions during psychosis. Further reports about prodromal periods are needed.
Several studies and reviews about forced normalization have been published
[83, 84], but none have reported nonlinear analysis as well.

4. Discussion
4.1 Normal vs. epilepsy

In studies on Andrzejak 2001 data, comparisons of A or Bvs. C and A or B vs.
D have increased in recent years (Table 1). Set C and set D consist of intracranial
EEG. Usually, intracranial EEG is less noisy, but it provides more localized EEG
information. [85, 86] Thus, in the future, comparisons using interictal surface EEG
data are needed. This review revealed that the studies in Table 1 using nonlinear
feature extraction methods and classifier methods play a valuable role on EEG diag-
nosis for epilepsy (A or B vs. C (93.8% accuracy) and A or B vs. D (93.4% accuracy).
These results can be further examined in future studies. Thus, consideration and
examination with denoising with wavelets [18] and the date of EEG and seizures
[87] in nonlinear EEG analysis may be needed in future studies.

4.2 Comorbid psychiatric disorders

In many studies on the diagnosis of depression and schizophrenia [88-97],
the nonlinear EEG analysis have been reported, but no nonlinear EEG analysis
with accuracy has been reported for comorbid psychotic disorders and depres-
sion in patients with epilepsy. Psychiatric comorbidities are common in patients
with epilepsy [3], and associations for psychosis with the age at onset, duration of
epilepsy, and seizure frequency have been reported. [98, 99] Prodromal symptoms
should also be considered when evaluating the onset of psychiatric symptoms.
[100] Nonlinear EEG analysis of patients with schizophrenia and depression have
been reported, but no nonlinear EEG analysis with accuracy has been reported for
comorbid psychotic disorders and depression in patients with epilepsy. No study on
forced normalization has been reported using nonlinear EEG analysis. Because psy-
chiatric symptoms affect quality of life in patients with epilepsy [4], we expect that
the studies of the association between nonlinear EEG analysis, cognitive function
[101-103] and the psychiatric rating scales [104, 105] in the future.
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5. Conclusion

EEG exhibits nonlinearity and weak stationarity. Thus, nonlinear EEG analysis
is useful to investigate the clinical application for epilepsy, as shown in studies using
the public record of Andrzejak 2001. We reviewed the studies using this data set.
Using a variety of feature extraction methods and classifier methods, we conclude
that these studies played a valuable role in EEG diagnosis for epilepsy. Comorbid
psychiatric disorders in patients with epilepsy have not been reported in nonlinear
EEG analysis except for one case series of comorbid psychotic disorders. In the
future, according to the evolution of artificial intelligence, deep learning, new
nonlinear analysis, and the association with the rating scale of the quality of life and
psychiatric symptoms, we anticipate that EEG diagnosis for epilepsy, seizures, and
comorbid psychiatric disorders in patients with epilepsy will become possible.
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Abbreviations

A

AB; AdaBoost, ANFIS; Adaptive neuro-fuzzy inference system, ANFN;
Adaptive neural fuzzy network, ANN; Artificial Neural Network, ApEn;
Approximate entropy, AR; Autoregressive model, ARMA; Autoregressive moving
average model.

B

BayesNet; Bayes networks; BD; Blancket dimension, BP; Backpropagation,
BPNN; Back propagation neural network, BRBP; Bayesian regularization back-
propagation, BSVM; Bagged support vector machine, BT; Bagging tree.

C

CD; Correlation dimension, CM; Co-occurrence matrix, CNN; Convolutional
neural network, CVANN; Complex-valued neural networks, CWPS; Continuous
wavelet power spectra, CWT; Continuous wavelet transform.

D

DA; Discriminant analysis, DCT; Discrete cosine transform, DT; Decision tree,
DTCWT; Dual-tree complex wavelet transformation, DWPS; Discrete wavelet
power spectra, DWT; Discrete wavelet transform.

E

ECOC; Error-correction output codes, EFD; Equal frequency discretization,
ELM; Extreme learning machine, EMA; Expectation-maximization algorithm,
EMD; Empirical Mode Decomposition, ENSC; Ensemble noise-aware signal
combination; ESN; Echo state network, EWD; Equal width discretization, ExpEn;
Exponential energy.

F

FCBFA; Fast Correlation Based Filter algorithm, FD; Fractal dimension,
fDistEn; Fuzzy distribution entropy, FE; Fuzzy entropy, FFANN; Feed-forward
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artificial neural network, FFBPNN; Feed forward back-propagation neural net-
work, FI; Fractal intercept, FPCA; Functional principal component analysis, FSC;
Fuzzy Sugeno Classifier, FT; Functional trees.

G

GA; Genetic algorithm, GAFDS; Genetic algorithm-based frequency-domain
feature search, GASVM; Genetic algorithm support vector machine, GARCH;
Generalized autoregressive conditional heteroscedasticity, GDM; Gradient descent
method, GEO; Gradient energy operator, GMM; Gaussian mixture model, GP;
Genetic programming, GRA; Gray relational analysis.

H

HE; Hurst exponent, HFD; Higuchi fractal dimension, H-MSVM; Hierarchical
multi-class support vector machine, HOA; Higher order autocovariance, HOS;
Higher order spectra, HSFV; Hybrid-selection-feature vector.

I

ICA; Independent component analysis, ICNC; Inverse correlation network
coupling, IShE; Indirect shannon entropy.

K

KMA; K-means algorithm, KMC; K-means clustering, KNN; K-nearest neighbor,
KPCA; Kernel principal component analysis, KSE; Kolmogorov Sinai entropy.

L

LE; Lyapunov exponent, LBP; Local binary pattern, LEEn; Log energy entropy,
LDA; Linear discriminant analysis, LLS; Linear least squares, LMA; Levenberg—
marquardt algorithm, LMD; Local mean decomposition, LME; Laws mask energy,
LNDP; Local neighbor descriptive pattern, LNGP; Local neighbor gradient pattern,
LR; Logistic regression, LSP; Local speed pattern, LSP; Local senary pattern, LSPA;
Lorenz scatter plot area, LS-SVM; Last squares support vector machine, LSVM;
Linear support vector machine.

M

ME; Mixture of experts, MFDFA; MKM; Multi-scale K-means algorithm,
Multifractal detrended fluctuation analysis, MLP; Multilayer perceptron, MME;
Modified mixture of experts, MN; Minimum-Norm, MPE; Multiscale permutation
entropy, MPEr; Multiscale permutation renyi entropy, MRF; Markov random field,
MSVM; Multiclass support vector machine, MUSIC; Multiple signal classification.

N

NB; Naive Bayes, NE; Norm entropy, NEO; Nonlinear energy operator, NN;
Nearest neighbor, NN; Neural network, NPE; Nonlinear prediction error, NSVM;
Nonlinear support vector machine.

0

OC; Omega complexity, 1D-LBP; One-dimensional local binary pattern,
1D-LGP; One-dimensional local gradient pattern, 1D-TP; One-dimensional ternary
patterns.

P

PCA; Principal component analysis, PE; Permutation entropy, PM; Pisarenko
method, PNN; Probabilistic neural network, PP; Poincare plot, PS; Phase syn-
chrony; PSD; Power spectral density, PSVM; Polynominal support vector machine.

Q

QDA; Quadratic discriminant analysis, QLDA; Quadratic linear discriminant
analysis, QSVM; Quadratic support vector machine.

R

RBFSVM; Radial basis function support vector machine, RE; Renyi entropy,
REN; Recurrent elman neural network, RF; Random trees, RLM; Run length
matrix, RNN; Recurrent neural network, RP; Recurrence plots, RQA; Recurrence
quantification analysis.
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S

SampEn; Sample entropy, SE; Shannon entropy, SELM; Sparse extreme learning
machine, SFFS-LDA; Sequential floating forward search with linear discriminant
analysis method, SLMC; Spatial linear mode complexity, SSE; Shannon spectral
entropy, ST; Stockwell transform, STFT; Short time fourier transform, SPWVD;
Smoothed pseudo-wigner-ville distribution, SVM; Support vector machine,
SWLNGP; Symmetrically weighted local neighbor gradient pattern.

T

TEE; Temporal energy entropy, TQWT; Tunable Q-factor wavelet transform,
TRA; Time reversal asymmetry.

\Y

VGA; Visibility graph algorithm.

w

WEE; Wavelet energy entropy, WPE; Wavelet packet energy, WPE; Weighted
permutation Entropy, WPD; Wavelet packet decomposition.
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Chapter 8

EEG Signal Denoising Using
Haar Transform and Maximal
Overlap Discrete Wavelet
Transform (MODWT) for the
Finding of Epilepsy

Sasikumar Gurumoorthy, Naresh Babu Muppalaneni
and G. Sandhya Kumari

Abstract

Wavelet transform filters the signal without changing the pattern of the signal.
The transformation techniques have been applied to the continuous time domain
signals. The chapter is devoted to the study of the EEG (ElectroEncephaloGram)
Signal processing using Haar wavelet transform and Maximal overlap discrete
wavelet transform (MODWT) for the analyzing of Epilepsy. Haar transform returns
the approximation coefficients and detail coefficients. Detail coefficients are gener-
ally referred to as the wavelet coefficients and are a highpass representation of the
input. In this chapter, with the help of Haar transform, the detailed coefficients of
the input signal have been analyzed for the detection of Epilepsy. Maximal overlap
discrete wavelet transform filters the noise coefficients of the input signal in each
and every level, and it has displayed the filtered output signal.

Keywords: EEG, Haar, MODWT, wavelet transform, epilepsy

1. Introduction

EEG Signal processing is essential for the diagnosis of brain disorders. The
brain EEG signal that has been acquired from the EEG equipment consists of
noise disturbances such as eye ball movement, muscle contractions etc., where the
particular brain signal cannot be analyzed without any filtration techniques. Due to
the presence of noise coefficients in the input signal, the transformation techniques
have been applied to the input signal. Haar transform and maximal overlap discrete
wavelet transform are the transformation techniques that supported for the filtra-
tion of the noisy coefficients from the input EEG signal.

The transformation techniques that have been applied to the brain signal
filtered the noise coefficients without disturbing the peak values of the input signal.
With the help of peak points, it is possible to represent the presence of Epileptic
seizure. Epileptic seizure is the brain disorder and it can be analyzed based on the
sudden increase of the sudden increase in the input signal. For the analyzation
of actual input signal, the transformations such as Haar transform and Maximal
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Overlap Discrete Wavelet Transform (MODWT) has not been disturbed the peak
points of the actual brain signal and filtered the noise coefficients efficiently.

2. Literature survey

Ozaydin and Alak have explained speech enhancement using maximal overlap
discrete wavelet transform where they demonstrated the application of the Maximal
overlap discrete wavelet transform in speech signal processing [1]. The analyzation
algorithm was performed using Matlab platform. Rahul Kher et al. have presented a
paper on signal processing techniques for removing high frequency noise from ECG
signals with matlab platform.

Kumar and Joshi describe MODWT Based Time Scale Decomposition Analysis of
BSE and NSE Indexes Financial Time Series, Where they concluded that MODWT
based time scale decomposition analysis gives better results than the Fourier transform
based spectral analysis [2]. Hostalkova et al. have been analyzed the multi-dimensional
biomedical image de-noising using Haar transform, where the results are represented
in numerical and graphical forms using three-dimensional visualization tools [3].

Ali Hajjaji et al. have published a paper regarding the Combination of Haar Wavelet
and Karhunen Loeve Transforms for Medical Images Watermarking, and developed

a novel watermarking method to embed the patient’s data into the corresponding
image or set of images used for the diagnosis [4]. Sun and Meinl stated a new wavelet-
based denoising algorithm for high-frequency financial data mining [5]. Ghosh and
Chaudhuri have been explained about the Fractal Investigation and Maximal Overlap
Discrete Wavelet Transformation (MODWT) based Machine Learning Framework
for Forecasting Exchange rates. Zitong Zhang et al. have analyzed different Wavelet
Methodes, Filters, and Lengths for Functional Brain Network Construction [6, 7].

3. Related work
3.1 Haar wavelet transform

In discrete form, Haar wavelets are related to a mathematical operation called
the Haar transform. The Haar transform serves as a prototype for all other wavelet
transforms. Haar wavelet is a sequence of rescaled square-shaped functions which
together form a wavelet family or basis. The technical disadvantage of the Haar
wavelet is that it is not continuous, and therefore not differentiable. The advantage
of Haar transform advantage is it can be used for analyzation of signals with sudden
transition and for localized feature of signals. The orthogonal property of the Haar
function helps to analyze the frequency components of input signal. The Haar
wavelet’s mother wavelet function can be represented as,

1 o<t<1/2
w(t)=4 —1 1/2<t<1 1)
o otherwise

The 2 x 2 Haar matrix that is associated with the Haar wavelet is,
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It requires only additions and there are many elements with zero value in the
Haar matrix, so the computation time is short. Input and output length are the
same. However, the length should be a power of 2, i.e. N= 2X K e N. It can be used
to analyze the localized feature of signals. Due to the orthogonal property of the
Haar function, the frequency components of input signal can be analyzed. The
equation of the Haar transformis B, = H,A H,”, where A, isan x n matrixand H,
is n-point Haar transform. Haar matrix consists of only real elements and it can be
defined as non-symmetric matrix.

3.2 Maximal overlap discrete wavelet transform (MODWT)

The MODWT is a linear filtering operation that transforms into coefficients
related to variations over a set of scales. It is used to inspect the scale-dependent
signal behaviors. The MODWT is a time shift-invariant method, where a translation
in the signal results in a translation of wavelet coefficients by the same amount.

The MODWT is different and has several advantages when compared to DWT and
it improves the alignment of the decomposed wavelet and scaling coefficients at
each level with the original time series. This is the transform that aligns the wavelet
coefficients at each time interval with the original signal. So, it is easy to analyze the
localized signal variation with respect to scale and time. MODWT can be used to
obtain scale based additive decomposition and a scale based energy decomposition.

The function f(x) is a linear combination of scaling function and wavelet function
where j, isthe number of levels of the decomposition. The output is the combination

of detailed and scaling coefficients. The detailed coefficients are produced by the
transform at each level but the scaling coefficients are produced at the final level

f(x)= Ifc,ez_jE o(27" x—k)+ifj (x) )
fj(x):jfdj,szl//(z’fx—k) (3)

MODWT returns the N-many coefficients { ¢, } and ( j, * N) many detailed
coefficients { d; ,} of the expansion. The MODWT partitions the energy across the
scaling coefficients and various scales.

=

2 — ] A A
—Zj‘illlell 2+]lv, (12 )

Where x is the input data, w jare the detail coefficients at scale j and v ;. are the

final level scaling coefficients.

4. Results and discussions
4.1 Haar wavelet transform

Figure 1 represents Haar approximation of EEG signal where the noise present
in the signal has been removed by the Haar transformation effectively without

changing the peak values of the original signal.
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Haar transform has been filtered the detailed coefficients of the original signal
where the detailed coefficients are shown in Figure 2.

Maximal overlap discrete overlap transform filters the input signal based on the
number of levels where in each and every level the transform able to remove the
noise coefficients present in the signal. Figure 3 represents the output of Maximal
overlap discrete wavelet transform. Table 1 explains about the parameters of the
signal like mean, standard deviation and variance and Table 2 represents the
parameters of the signal using daubechies external phase wavelet.

4.2 MODWT using daubechies extremal phase wavelet
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Figure 1.
Haar approximation of EEG signal.
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Detailed coefficients of the EEG signal.
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Figure 3.
Maximal overlap discrete wavelet transform.

Parameters Original Haar MODWT

Mean 39176 3.9625 39176

Standard Deviation 172.0907 140.6722 156.6592

Varaiance 2.9615e+04 1.9789e+04 2.4542e+04
Table 1.

Parameters of the signal.

Parameters db5 db10 db45

Mean 39176 39176 39176

Standard Deviation 159.2136 159.7792 160.1462

Variance 2.5349e+04 2.5529e+04 2.5647e+04
Table 2.

Parameters of MODWT using Daubechies Extremal phase wavelet.

5. Conclusion

In this paper, EEG signal has been analyzed with the help of transformation
techniques like Haar Transform and with Maximal Overlap Discrete Wavelet
Transform for the analysis of Epilepsy. It has been observed that the mean of the
filtered signal and the input signal was approximately same after applying the
transformations. These transforms are the processing algorithms to filter the noisy
coefficients of the original signal. The structure of the signal should be same after
the application of the algorithms especially in the case of biomedical applications
where it has been achieved with the help of these Haar and Maximal Overlap
Discrete Wavelet Transform (MODWT) for the identification of Epilepsy.
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Chapter 9
Epileptic Seizure Prediction

Shaik Jakeer Hussain and Gurajapu Raja Sumant

Abstract

Epilepsy is a nervous disease which causes seizures. Electroencephalography
(EEG) gives complex information about the brain dynamics but its visual inspection
is difficult and requires skilled interpreters. Source localization means identifying the
area of the brain where a seizure can occur. In general, source localization is necessary
for patients with a special condition in epilepsy, i.e. when their disease is resistant to
drugs. One-third of the people having epilepsy are drug resistant and the latest anti-
epileptic drugs cannot stop the seizures completely. Unexpected occurrence of sei-
zure disturbs the quality of life and causes physical damage and thus epilepsy should
be predicted. This study will use various signal processing methods to extract features
by studying the pre-ictal and inter-ictal periods, localize the source and then finally
predict epilepsy with the help of Artificial Neural Networks. The knowledge thus
derived can help in preparing a wearable brain - computer interface.

Keywords: electroencephalography (EEG), epileptic seizure, neural networks,
epileptic source, localization, epileptic seizure prediction

1. Introduction

Epileptic seizure detection deals with the process of detecting a seizure when it
occurs. The need of the day is to take forward this work to eventually predict a
seizure much before it is detected as it the very nature of the seizure that it is
random. This chapter discusses various methods to do the same.

The cause of disorder will remain unexplained unless a complete cure is possible
and available. Two practical engineering approaches are used to research in epi-
lepsy. The first approach involves monitoring the brain activity on multiple scales
which gives us a base to understand the generation of seizures. The second
approach is to model the natural properties of the brain network and manipulate
these for the modulation of seizure generation.

This work mainly concentrates on amalgamation of the above approaches
towards developing a closed loop device which has a feedback of brain signals to the
device so that it can control interventions that stop seizures.

The main objective in this chapter is a search for a precursor for seizure predic-
tion mainly in the preictal phase as shown in the Figure 1. This may have form of an
identifiable, significant pattern, feature or a pattern to extract the feature.

Five techniques are used to achieve this objective. They are:

Using Lyapunov exponents.

Using Cross wavelets [1].

Fourier Bessel function [2].

Wavelets [3].

EMD [4].
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Figure 1.
Seizure prediction methodology.

2. Epileptic seizure prediction using cross wavelets, Lyapunov
exponents and neural networks

A seizure prediction method to predict the transitions between Inter ictal and pre
ictal states using cross wavelet and Lyapunov exponent features and neural network
for binary classification had been proposed [1]. The CHB-MIT database was used.

2.1 Cross wavelet transform

The cross wavelet transform (XWT) of two time series xn and yn is defined as
WXY = WXWYs, where * denotes complex conjugation. We further define the
cross wavelet power as |Wxy|. The complex argument arg(Wxy) can be interpreted
as the local relative phase between x,, and y, in time frequency space [1].

2.2 Lyapunov exponent

A mathematical function which detects chaos is the Lyapunov exponents.
Lyapunov exponents are the average exponential rates of divergence or conver-
gence of nearby orbits in phase space.

pi(®)
p:(0)

1)

4 = Jim log,
Where J; are ordered from largest to smallest.

2.3 Application of cross wavelets, Lyapunov exponents and neural networks in
prediction

The data is divided into Preictal and interictal as per the information of expert.

Three types of preictal data is considered for experimentation. The methods adopted
for prediction system are as shown in the block diagram below (Figures 2 and 3):
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1.8ELECTING PRE-ICTAL DATA - 1,2 AND 5 MIN
2. SELECTING INTER-ICTAL DATA BEFORE ONE HOUR OF SEIZURE

v

o | [arovexronsm
CALCULATION OF 23 CHANNELS

CHANNELS(11 PAIRS)
v v

NEURAL NETWORK NEURAL NETWORK
CLASSIFICATION CLASSIFICATION

Figure 2.
Block diagram of epilepsy prediction system using cross wavelets, Lyapunov exponents and neural networks.

MULTI CHANNEL EEG SIGNAL - PRE-ICTAL AND
INTER-ICTAL

!

WAVELETS TRANSFORMS - D2,D3,D4

4

SELECTION OF CHANNELS

v

FEATURE EXTRACTION

!

CLASSIFICATION
(TRANSITIONS EETWEEN INTER-ICTAL AND
PRE-ICTAL STATES

Figure 3.
Block diagram showing flow of seizure prediction using wavelet.

Pair Number Left side Electrodes Channel Number Right Side electrodes Channel Number

1 Fpl-F7 1 Fp2-F8 13
2 Fpl-F3 5 Fp2-F4 9
3 T7-P7 3 T8-P8 15
4 C3-P3 7 C4-P4 1
5 P3-01 8 P4-02 12
6 P7-01 4 T8-02 16

where F:Frontal P:Posterior T:Temporal C:Central O:Occipital.

Table 1.
Division of channels into 11 pairs to calculate cross wavelet coefficients.
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Data True positive (TP)  False positive(FP)  Sensitivity (%)  Specificity (%)
Preictal (1 min) 152 28 8x.4 —
Preictal (2 min) 295 65 81.9 —
Preicta 634 86 88.05 —
(5 min)
TN FN
Inter Ictal 902 34 96.36
Over all accuracy (%) 90.3
Table 2.

Prediction performance of neural network with cross wavelet features.

Data True positive (TP) False positive(FP) Sensitivity (%) Specificity (%)
Preictal 180 0 100 —
Inter Ictal 297-TN 3-FN — 99
Overall accuracy (%) 99.37
Table 3.

Prediction performance of neural network with lyapunov features.

The data is having 23 channels. The channels are selected as per standard bipolar
montage, electrode placement and channel information is provided in Table 1 in
which channels are divided as 11 pairs to calculate cross wavelet coefficients.

Cross wavelet features are extracted from 11 channel pairs which are applied to
Feed forward Back propagation neural network having two layers with 11 input
neurons as input layer and one output neuron as one output layer. +1 is assigned as
target for pre ictal features and — 1 for inter ictal features. The network trained and
tested for various feature vectors and the results are tabulated in Table 2.

The above table can be interpreted as follows:

For the consideration of interictal period, it is the TN and FN values which are
taken into consideration as we need to minimize false alerts. It can be seen that the
TN and FN values were 902 and 34 respectively with 96.36% specificity. The
preictal data on the other hand had 88.05 sensitivity for 5 minutes data.

The lyapunov exponent is calculated from 23 channels, the extracted features are
given to Feed forward back propagation neural network. 23 input nodes and one
output node. The network is trained with preictal and interictal features the training
performance is evaluated and results are tabulated in Table 3.

From the above Table 3, we can notice that the number of TP values for preictal
period is 180 whereas there were no FP and 100% sensitivity when prediction was
done with lyapunov features. In comparison, the inter ictal period had shown 287
TN and 3 FN with 99% specificity. The overall accuracy was 99.37%.

3. Epileptic seizure prediction using wavelet transforms and neural
networks

Feature extraction is done using DWT. EEG signals contain all the useful infor-

mation below 30 Hz and for this reason 4 decomposition levels D1-D4 and one final
approximation, A4 are chosen [3].
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DECOMPOSED SIGNAL FREQUENCY BANDS(HZ) DECOMPOSITION LEVEL
D1 128—256 1(NOISES)
D2 64-128 2(HIGHGAMA)
D3 32—64 3(GAMA)
D4 16—32 4(BETA)
D5 8 16 5ALPHA)
D6 4 8 6(THEETA)
A6 0—4 6(DELTA)
Table 4.

Frequency bands and corresponding decomposition levels.

Based on EEG Ictal period marking of experts selected preictal and interictal
periods. These data is decomposed using discrete wavelet transform [3]. Out of 7
sub bands selected three sub bands D2, D3, Dx. These decomposition details are
mentioned in Table 4.

From these sub bands 4 features power, covariance, inter Quartile Range
(IQR) and median absolute deviation (MAD) are extracted from 23 channels of
pre ictal and interictal EEG data. Three channels are selected and the feature
vector size is Equal to 36 = 3 (channels) x 3 (sub bands D2, D3, D4) x4 (features-
power, covariance, IQR, and MAD) from each epochs of preictal and Interictal
EEG data. These features are applied to feed forward back propagation neural
network as shown in Figure 4. Two layers are used hidden layer 36 neurons and
output layer having 36 neurons. It is binary classification target +1 is assigned for
preictal (Epiliptic) data and — 1 is assigned to Inter Ictal (normal). Total 1588
epochs (1 second) are used for classification 800 for training and 788 used for
testing. The performance is evaluated in terms of sensitivity, Specificity and
Overall accuracy.

For comparison of performance, Elman Back propagation neural network is
used. The performance of Elman Network is tabulated in Table 5. Sensitivity in
Elman network is high, specificity and overall accuracy are low. By comparisons of

TIME HORIZON

CHOSEN ;
DATA

5 min

: L $—po-oooo-- e
—p|e—> | —» e—»

PRE-ICTAL  ICTAL POST-ICTAL ~ICTAL

TIME HORIZON

CHOSEN [
DATA

10 min

Py s EEG SIGNAL ——»

PRE-ICTAL ICTAL POST-ICTAL

Figure 4.

Two types of data is chosen. First data has a time horizon of around 5 minutes for the pre-ictal period while the
second has the time horizon for 10 minutes. The inter-ictal period is considered to be around 2 hours in order to
nullify the post-ictal or seizuve effects.
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(TP) (FP) Sensitivity (%) (TN) (FN) Specificity (%) Overall accuracy (%)

296 4 98.6 381 107 78.1 85.9

Table 5.
Elman back propagation neural network performance.

(TP) (FP) Sensitivity (%) (TN) (FN) Specificity (%) Overall accuracy(%)

273 27 91 462 62 87 88.71

Table 6.
Feed forward neural network performance.

two types of neural networks feed forward network having better overall perfor-
mance as the overall accuracy is about 88.71% compared to 85.9% of Elman back
propagation (Table 6).

4. Epileptic seizure prediction based on Fourier-Bessel function

Any signal can be represented in terms of Fourier Bessel series due to its
decaying nature. An EEG signal is expanded into a Fourier Bessel series [2]. In this
way, an EEG signal can be segmented and periods interictal and ictal are classified
to predict the occurrence of seizure.

Original Signal

DELTA(0-4Hz) o

THEETARTIE) \—/\’/\/_\
ol

ALPHA(7-13Hz]

Amplitude(micro vol)

LOW BETA
(13-16Hz)

HIGH BETA
(15-30Hz)

LOW GAMA
(30-65Hz)

1000 I 1 1 I I 1 I 1 I

1000 T T T T T T T T T

HIGH GAMA
(65-120Hz) 0
! I 1 ! | I 1 1 1

1000

Time -Seconds

Figure 5.
First plot shows original signal followed by segmented EEG seizure signal of ictal period.
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Figure 6.

First plot shows original signal followed by segmented EEG seizure signal of inter ictal period.

A 1-1 mapping exists between the frequencies and the coefficients. f = 256 and
n = 128 (number of Fourier Bessel Coefficients).

All the Figures 5-7 show the segmented bands of a seizure signal.

The five features energy in each sub band, fmean, IQR and MAD are extracted
from each sub band.

The Figure 8 shows the sum of all Bessel coefficients the preictal and interictal
features are discriminating.
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Figure 7.
First plot shows original signal followed by segmented EEG seizure signal of pre-ictal period.
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Absolute sum of Bessel coefficients with ved being Preictal and blue being Interictal EEG signals.
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Figure 9.
MAD of coefficients with red being Preictal and blue being Interictal EEG signals.
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From the Figure 9 it can be observed that the feature, Median absolute
deviation of Fourier Bessel coefficients for the Interictal and preictal are
discriminating.

The inter ictal and pre ictal data is prepared as per the information in Table 7.
The calculated Fourier-Bessel Coefficients from inter ictal and pre ictal data is given
to Neural Network with 64 input neurons, one output neuron and one hidden layer.
The Feed Forward Back propagation algorithm was used as shown in Figure 10.
The network is trained —1 as target for inter -ictal and + 1 for pre-ictal.

The trained network is simulated with Inter-ictal and Pre-ictal data. There was one
epoch as false negative and zero epochs as false positives. The simulation results
had garnered 150 epochs of inter -ictal and 150 epochs of pre-ictal data. Inter ictal
period is used to study sensitivity where as the pre ictal data is used for specificity.

The number of false negative values should be low so that it should have
high sensitivity. The specificity must be high with lower false positive values.

From Table 8, it is observed that sensitivity, specificity and accuracy of the

EEG Sub Band Frequency Range (Hz) Fourier-Bessel Coefficient(m)
DELTA 0-4 0-4

THEETA 4-7 4-7

ALPHA 7-13 7-13

LOW BETA 13-15 13-15

HIGH BETA 15-30 15-30

LOW GAMA 30-65 30-65

HIGH GAMA 65-120 65-120

Table 7.

Mapping of frequencies to the Fourier-Bessel coefficients.

s ) .

x1 =

x2 Output

o O

Hidden Layer

Neurons

Output

Neuron

Figure 10.
The neural network architecture used above contains three layers: 64 neuron input layer, 1 neuvon output layer
and a hidden layer in the middle which also has 64 neurons.

File File Start File End Number of Seizure start Seizure End

Name Time Time Seizures seconds seconds

chb01_01 11:42:54 12:42:54 0 — —

chb01_03 13:43:04 14:43:04 1 2996 3036

chb01_15 01:44:44 2:44:44 1 1732 1772
Table 8.

Seizure information of Subject-1 with timing in seconds.
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TP FN Sensitivity TN FP Specificity TCA
149 01 99.33 150 0 100% 99.6%
Table 9.

Sensitivity, specificity and classification accuracy.

File Name Number of Seizures Seizure Start(seconds) Seizure End(seconds)
chb24_13 1 3288 3304
chb24_14 1 1939 1966
chb24_15 1 3552 3569

Table 10.

Seizure information of Subject-2 with timing in seconds.

TP FN SE TN FP SP TCA
150 0 100% 150 0 100% 100%
Table 11.

Sensitivity, specificity and classification accuracy.

proposed method is superior and the seizure is predicted before 5 minutes for
subject 1 (Table 9).

The inter-ictal and pre ictal data is prepared as per the information in Table 10.
The trained network is simulated with inter-ictal and pre-ictal data. There were zero
epochs as false negative and zero epochs as false positives.

The simulation results of 150 epochs of inter-ictal and 150 epochs of pre-ictal
data have been tabulated as above in Table 11.

The number of false negative and false positive values was minimum due to the
fact that the testing was done for shorter periods.

From Table 11 it is observed that for shorter periods under consideration seizure
is predicted before 5 minutes for subject 2 with 100% accuracy.

5. Epileptic seizure prediction based on localization

The selection of data was done a bit different from the previous works. Care has
been taken to reduce the effects of post seizure by taking a minimum gap of 2 hours
in the inter-ictal period.

Using the EEG data as compiled from above, IMF’s are extracted using the EMD
technique. Using these IMF’, features such as Kurtosis, Inter-quartile range and
Median Absolute Deviation are extracted. The following Figure 11 shows the steps
involved in the study for prediction. The extracted features are used for training the
Neural network and the results are tabulated.

For patient 8, source has been localized as discussed in the topic of source
localization. It has been observed that 4 channels 6,8,20 and 21 have been the most
significant channels. These channels are decomposed into 4 IMF’s out of which 3
significant features are extracted thus a total of 4x4x3 = 48 features are extracted.

600 preictal and interictal epochs of 2 second duration are considered respec-
tively, which means 1200 epochs (600 + 600 = 1200) with 48 features add up to a
total input vector of 1200x48 to the neural network. This is tabulated as shown
below in Table 12.
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Figure 11.

Steps involved in epileptic seizure prediction using epileptic zone. It is divided into three parts. 1) the first part
extracted the IMF’s while in the second part 2) features are extracted from these IMF’s. These features are given
as 3) input to the neural network in the third part.

FEATURE VECTOR LENGTH
CHANNELS 4 (6,8,20 and 21)
INTRINSIC MODE FUNCTIONS 4 levels
FEATURES 3 (MAD, IQR, Kurtosis)
TOTAL FEATURE VECTOR 4X4X3=48
PRE-ICTAL EPOCHS [2 SECOND] 600
INTER-ICTAL EPOCHS [2 SECOND] 600
TOTAL INPUT VECTOR TO NN (1200) X 48
Table 12.

An overview of the input vector to neural network.

The following results were obtained in this method (Table 13):

The concept is extended to all the patients whose source has been localized as
shown in below Table 14.

The prediction method is run on the entire channels localized from the source as
derived from Table 14. The results are as shown in the Table 13. The above results
are obtained for data of short intervals (Table 15). A testing has been run for
continues data whose results are as shown in the figures below.

When a seizure free data is considered, there is a chance for false alarm.
Consider the Figure 12 where the result of testing of continuous seizure free data is
shown.

True False Sensitivity True False Specificity  Over all
Positive Negative (%) Negative Positive (%) accuracy
(TN) (FP) (TN) (FP)
[5 Min] 289 11 96.33 290 10 96.67 96.5
[10 Min] 300 — 100 295 5 98.33 99.16

Table 13.
Sensitivity, specificity and classification accuracy using epileptic zone for prediction.
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Patient Channels

1 1,5,9,13,14,15and 21

2 1,12,15and 9

3 1,4,6,8,14,20 and 21

5 2,3,9,15,19 and 23

8 6,8,20 and 21

24 5,6,20 and 21
Table 14.

Source localization results.

| Interictal - preictal transition |

: : O 1V
s Tl HINRKANL | 1

- L Lo, 420 440 460 480 500 520

epoch Seizure Predicted

seconds O 30.4 min before

onset
preictal
transition
Figure 12.
The testing for continuous seizure data where seizure is predicted 30.4 min before onset.
N Continuous ten
false positive occurrences can be

ignored to avoid false

600 B0O0 1000 1200 1400 1600 1800
Epochs each 25 duration Epochs each 25 duration

Figure 13.
A continuous seizure free data is used for testing. Since it is seizure free no transition should occur. There can be
some spikes observed from the above zoomed in figure.

This false positive problem in seizure free data cannot be taken as a chance for
seizure. Thus a false alarm avoidance methodology should be used (Figures 13 and 14).

A continuous occurrence of around 10 can be ignored so that no false alarm is
triggered. In the above Figures 9 and 10 continuous occurrences happen. Thus, it
can be ignored.

6. Generalization of prediction
A new method is proposed for generalization of prediction. There are a few

limitations using generalization of epileptic seizure prediction. One of the limita-
tions is the variation issue. Focal seizures are particular to the part of the brain.
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Figure 14.
Continuous seizure data with false positive values.
True False Sensitivity True False Specificity  Over all
Positive Negative (%) Negative Positive (%) accuracy
(TP) (FN) (TN) (FP)
[chbO01] 290 10 96.66 277 33 89 92.8
Chb02 282 18 94 290 10 96.66 95.3
Chb03 284 16 9x.66 288 12 96 95.3
Chb05 270 30 920 264 36 88 89
Chb24 288 12 96 286 14 95.33 95.6

Table 15.
Sensitivity, specificity and classification accuracy using epileptic zone for prediction for all patients from source
localization in Table 14.

Subjects Sensitivity (%) Specificity (%) Over all accuracy (%)
Multiple(6) 81.7 76.2 79.75
Table 16.

Sensitivity, specificity and over all accuracy obtained for generalization of prediction.

Generalization of seizure prediction is possible with the help of epileptic source
localized perfectly with clinical support using PET, FMRI, etc. For this work, the
results of source localization are used. Table 14 shows the results obtained from
source localization. The data of these six patients are considered and a generaliza-
tion is applied by averaging of the each level. The results obtained are as tabulated
above in Table 16.

From the above table it can be noticed that the sensitivity obtained by general-
ization is 81.7%, while the specificity is 76.2%. The overall prediction accuracy
stands at 79.75%.

7. Summary of the conclusions
EMD proves to be a good technique for seizure prediction. The main

distinguishing attribute of this work is that it has been able to forecast the seizure
about 30 minutes in advance. This might be a result obtained due to the preictal
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period being much longer and the effects being nullified. The other existing predic-
tion works were capable of only a few minutes. This gives the work much weight in
the field of medicine as an alarm can be raised much well in advance and the life of a
patient can be saved by alerting either the doctors or the patient himself to take

necessary precautions. The concept of generalization can be improved with the help
of other existing source localization techniques which make use of PET, FMRI, etc.

8. Comparisons of prediction results

The existing works for prediction using Lyapunov exponents as seen in S.no “5”
had a prediction time of 71.7 minutes. The present work done using Lyapunov
exponents was able to achieve a staggering result of 2 minutes prediction time with
99% specificity, 100% sensitivity and an overall classification accuracy of 99.97%.

S.no “2” had got a classification accuracy of 70% using wavelet coherence. The
present work achieved a classification accuracy of 88.71% with 100% specificity and
91% sensitivity. The present works using Fourier Bessel as well as the EMD
techniques have got good results

The above table is an indicator that progressive improvement has taken place in
both the prediction time and prediction accuracy after the employment of localiza-
tion and selecting only certain electrodes of interest (Table 17). Most of the previ-
ous literature is incomplete and this work aimed to bridge the gap. There has been
significant success achieved in this segment.
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Chapter 10

The Dynamic of EEG
Characteristics in Epileptic
Children during the Treatment
with Valproic Acid

Irma Khachidze

Abstract

Anticonvulsant drug (AED) treatment in epileptic children should be optimized
through the anticipation of AED effectiveness at the beginning of the treatment.
Researchers thought that the complex EEG analysis should identify the AED
treatment’s output in children with epilepsy. The research purpose is to study the
different EEG pattern bases on AED treatment. A total of 43 patients with ages
of 3-9 years were studied. Three EEGs’ registration took place: before valproic
acid-depakin (Dep) treatment, second (3 months), and third (6 months) after
treatment. The background EEG pattern was investigated as a quantitative [abso-
lute power spectra (APs)] and brain mapping. In addition, epileptiform EEG and
the clinical characteristics of patients were evaluated. Valproic acid reduces Aps
in high-amplitude slow waves and spontaneous epileptic patterns decrease and
spike-wave complex (3/s) reduces; spikes-polyspikes, sharp waves, and generalized
paroxysms during functional tests decreased. The rhythmic monomorphic theta
waves (RMT) of tempo-parietal region were studied using brain mapping. The
RMT correlated with the recurrence of seizures if Dep was withdrawn. The AED
treatment effectiveness had been shown by decreases of slow waves and suppres-
sion of epileptiform EEG pattern and clinical improvement. The effective AED
therapy should consider the analysis of the base EEG pattern, power spectra, and
EEG mapping.

Keywords: EEG pattern, epileptic children, therapy

1. Introduction

Depakin is an anticonvulsant drug (AED) [1, 2] according to the International
League Against Epilepsy (ILAE) recommendations [3, 4]. Depakin increases the
GABA-ergic inhibition in the neuronal networks of the CNS [5]. VPA derivative
depakine (Dep) [6] exerts a combined influence on the brain’s neurons. It increases
the GABA content through GABA transfers inhibition, reducing the reuptake of
GABA in the brain tissue and activating the GABA receptors. [5].

The EEG study during Dep treatment depends on the form of epilepsy [7].

EEG investigation in pediatric population during Dep treatment should be con-
sidered as a better approach [8-10] as brain malination is not completed [11-13].
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Moreover, nowadays no data base analysis is done to study the correlation between
EEG and AED treatment [14]. Another problem is that there are more data on the
EEG morphology compared to the quantitative EEG analysis [15-18].

A quantitative analysis of the EEG should reflect the effectiveness of the
AED treatment since the EEG disorders are connected with clinical exacerbation
[14, 19-21]. Thus, this work’s purpose is to investigate the alteration of EEG in
epileptic children during AED treatment.

2. Materials and methods
2.1 Epileptic children

Forty-three patients with ages of 3-9 years and with different forms of epilepsy
were recruited. Three EEGSs’ registration took place: before treatment, second
(3 months), and third (6 months) after treatment with valproic acid-depakin
(Dep), 30-50 mg/kg treatment. They appealed at the Center of Experimental
Biomedicene.

The diagnosis was done based on the International Classification of Epilepsy
and Syndromes [4], clinical history, and neurological and MRI investigations.
Classification of patients by seizure types and epileptic syndromes accurately
identified the patients at risk for Dep-exacerbated epilepsy [22, 23]. Study involved
both EEG and clinical analyses. Patients were characterized for the Dep dose, type
and frequency of seizures, and EEG and Dep plasma levels [24, 25], both before
and during the treatment. Out of 45 patients who received treatment, three of
them developed undesirable effects. Although the physician adjusted the Dep dose,
it did not improve the clinical outcome in two patients. Thus, these patients were
excluded from the study. In summary, the present study included only 43 children
of 3-9 years of age (Table1).

The EEG investigation followed international performance standards [26] as
part of the prescribed therapy plan. This plan was also approved by the parents and
institutional ethics committee.

2.2 The EEG recording and methods of analysis

All patients underwent EEG recording three times: once—before administration
of Dep (first visit) and twice—during Dep treatment, (i) 3-4 months later (the
second visit) and (ii) 6-8 months later (the third visit).

The EEG registration was done with closed and open eyes. Functional test was
performed with rhythmic photostimulation; hyperventilation and registration were
ended with closed eyes. The duration of registration was 35-55 min.

The EEG signals were digitally recorded using a set of 19 scalp electrodes accord-
ing to the International 10-20 system [26] and ENCEPHALAN 131-03, professional
version “MEDICOM.”

For an individual patient, a 10 s, artifact-free EEG pattern was analyzed.

A qualitative assessment of the EEG characteristics was performed in accor-
dance of the age standards [27].

A quantitative EEG pattern of signal processing and the power spectrum was
obtained for each lead. The spectral analysis was used to calculate the absolute value
[28] of power (AVP, pV~2s) within six frequency bands: delta (0.5-4.0 Hz), theta-1
(4.0-6.0 Hz), theta-2 (6.0-8.0 Hz), alpha (8-13 Hz), beta-1 (13-24 Hz), and beta-2
(24-50.8 Hz) (Figure1).
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Number of patients 43 (26 male, 17 female)
Age (year)
Mean + SD 53+123
Range 2.11-8.10
Onset of epilepsy
Age (year) 4311
Range 2.00-5.37

Interval from the first to second seizures

<1 week 3
1 week-1 month 14
1 month-1 year 21
>1year 3
Unknown 2

Seizure types

GS
ABS 14
TN 5
CL 7
TN-CL 8
PS
SPS 2
CPS 3
PSG 4
Etiology
Post-traumatic 2
Perinatal 18
Neonatal 5
Febrile 8
Unknown 10
EEG findings
Generalize 20
ABS 13
Focal (sharp waves, spikes, SW, etc.) 5
PSG 5

GS: generalize seizure; ABS: absence; SPS: simple partial seizure; CPS: complex partial Seizure; and PSG: partial,
sometimes with secondarily generalization.

Table 1.
Characteristic of patients.

Alpha, beta, delta, and theta frequency bands were characterized by the wave
amplitude, stability, and domination area.
Brain topography was conducted for the quantitative study.
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Figure 1.

Dynamics of absolute values of power spectra (AVP) at different stages of treatment. Summarizes results
obtained from the quantitative analysis of the EEG dynamics, total of AVP (TAVP), and below the AVP of
different frequency bands. X-line: F-frontal, C-central, T-temporal, O-occipital, and P-parietal regions of
the brain cortex. Black columns—before treatment, shaded columns—3 months, and white columns—=6 months
after the initiation of Dep treatment. Y-line: power value—uV*2s.

2.3 Statistical analysis

Statistical significance for each endpoint measures was assessed using Mann—
Whitney U-test (BIOSTAT). The data obtained before treatment served as a
baseline for assessing the dynamics of EEG characteristics during treatment. Thus,
each subject served as its own control in the evaluation of EEG during treatment.
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The changes in the EEG characteristics were assessed using Wilcoxon signed-ranks
test [29]. The significance was set at p < 0.05.

3. Results

EEG before administration of Dep can be described as the deceleration of the
background EEG due to augmentation of the high-amplitude poly- and monomor-
phic waves within the low-frequency range. Quantitative spectral analysis (brain
mapping) of interictal EEG revealed that, in the total EEG spectrum, the most
dominant are the oscillations of 3-8 Hz with a prevalent amplitude of 60-120 puv.

Dep reduced the amplitude in the low-frequency range (p < 0.05).

3.1 Qualitative EEG study

The qualitative analysis revealed that the Dep therapy reduced the number
of spontaneous paroxysmal discharge (by 76%) in the resting EEG and sup-
pressed primarily the typical epileptiform complexes of spike-waves (SW) (3/s)
(absence) [30, 31].

3.2 Quantitative EEG study

The quantitative analysis showed reduction of frequency (p < 0.05).

The Aps dynamics revealed the reduction of the incidence of low-frequency
waves (p < 0.05), especially this effect was more prominent for the theta range.

Following the initial reduction of APs’ alpha activity, especially in the occipital
region (p < 0.05), this index did not show any further decline (p < 0.05).

Dep treatment produced a decreased brain activity within the range of beta
(p < 0.05) [32].

The presence of a rhythmic monomorphic mid-/high-amplitude theta waves
despite clinical improvements (seizure-free and no epileptiform EEG correlates)
can provoke seizures after the Dep withdrawal. Seizures recurred due to not only
Dep withdrawal but also due to dose reduction in patients. This aggravation of
epilepsy was found in 64% of patients [33-35]. The rhythmic monomorphic mid-/
high-amplitude theta waves can be observed using brain mapping and power
spectra. Such a pattern is not visible in the visual EEG observation.

Dep therapy did not show a EEG clinical aggravation that was diagnosed with
the criteria of Genton and McMenamin [33].

Dep treatment decreased the number of seizures. The clinical signs and EEG
pattern are described in Table 2.

Clinical follow-up EEG
Complete Improve No EEG EEG Total
normalization EEG EEG change worse
Clinical improvement 33 (80%) 8 (18%) 1 (2%) 42

number (%)

No clinical change number (%) 1 (2%) 1

Clinical aggravation number (%)

Total number (%) 33 (80%) 8 (18%) 2 (3%) 43

Table 2.
Clinical outcome and EEG record in 46 patients.
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4. Discussion

Antiepileptic therapy in children can be optimized via the anticipation of
the efficacy of AED during the early stages of therapy. Since EEG provides rich
information about the brain activity, we hypothesized that the comprehensive
EEG evaluation during Dep therapy in the children with epilepsy can be a sensitive
indicator of the efficacy of the treatment.

Dep therapy induced decreases of APs of low-frequency waves, which is an
indicator of reducing of CNS excitation. Dep reduces beta bends in the posterior
lobes, which is related with the CNS dysfunction [32].

Dep reduces spike-waves (3/s), which is related to the absence of epilepsy that
is triggered from the thalamocortical pathway. Dep was considered as an effective
drug in such cases [31, 36, 37].

Dep does not have an effect on irregular single spike-wave complexes,
sharp waves, spikes-polyspikes, and paroxysmal bursts provoked by func-
tional trials. These cases reflect certain specificity of epileptogenesis [7, 38].
Dep differently acts on the generation of epileptiform elements with various
morphologies—particularly, it suppresses SW complexes (3/s) but does not
have a good effect on irregular single spike-wave complexes, sharp waves,
and spikes. Such a picture allows us to suggest the differences in the morphol-
ogy of epileptiform elements that may reflect different neurophysiological
and neurochemical mechanisms [3, 7, 39]. Revealing of selectivity represents
certain theoretical and practical interests as it can serve as an indirect evi-
dence of assumptions in the genesis of various epileptiform EEG elements and
accordingly different types of epileptic attacks [39, 40]. Other researchers like
Truccolo et al. [41] apparently pay attention to the morphological pictures of
background EEG [13].

VPA was shown different activity and is not effective of any type of epilepsy
[38]. The possibility of Dep treatment of non-epileptic paroxysmal conditions in
children and adolescents [42-45] and the investigation of children with partial
epilepsy during carbamazepine (CBZ) treatment were described in our previous
investigation [46].

Brain mapping revealed the essential prognostic value of morphology of the
theta waves and its distribution upon the cortical surface. The EEG pattern was
revealed before treatment initiation and was persistent during Dep therapy. The
presence of rhythmic monomorphic mid-/high-amplitude theta waves on the EEG,
especially of the temporoparietal regions, despite clinical improvements (seizure-
free and no epileptiform EEG correlates) may suggest the possible recurrence
of seizures after withdrawal of Dep. Not only withdrawal but even reduction of
doses can lead to a recommencement of the attacks in this group of patients. Such a
feature of VPA suggests that its antiepileptic effect is achieved via neurophysiologi-
cal and molecular mechanisms, which partly differ from the action mechanisms of
other AEDs [33, 34]. Analysis of basic characteristics of EEG during the treatment
suggests that the rhythmic monomorphic mid-/high-amplitude theta waves are
predicting signs of aggravation. Such an EEG pattern is revealed based on the evalu-
ation of background EEG characteristics, spectral analysis, and EEG mapping using
a quantitative EEG approach.

AED treatment should be done under a regular EEG control due to aggravation
of the EEG pattern, which sometimes predicts the clinical signs of exacerbation
[47, 48].

Reduction of slow wave concomitant with decreases of epileptiform pattern and
clinical signs at 3 months after DEP treatment suggests that the treatment is effec-
tive in these cases [49].
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5. Conclusions

The EEG study suggests that the presence of rhythmic monomorphic theta
waves with the tempo-parietal region should anticipate the recurrence of epilepsy
in children with epilepsy, if the Dep dose would be reduced or if the Dep therapy
would be withdrawn. The efficacy of Dep treatment should be correlated with
decreases of high amplitude, low frequency, and suppression of epileptiform EEG
parallel to the clinical improvement. Thus, optimal therapy suggests of evalua-
tion of baseline EEG, power spectra, and brain topography mapping using EEG
methods.
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Cognitive and Psychological Side
Effects of Antiepileptic Drugs

Katja Eva Briickner

Abstract

Among well-known side effects such as dizziness, nausea, headache and
diplopia medical treatment of epilepsy may cause side effects on cognition, mood
and behavior. In special constellations this can profoundly affect compliance with
the medication as well as quality of life. Some patients are more vulnerable to side
effects than others. Side effects can have profound impact on the development and
future life of a patient. Some antiepileptic drugs (e.g. topiramate, zonisamide) show
a more severe side effect profile than others (e.g. lamotrigine, levetiracetam). Thus,
in the treatment of epilepsy, it is crucial to consider such possible side effects —
especially in the beginning of or while changing the medical treatment. Specific
neuropsychological examinations can monitor side effects on cognitive functions
like concentration, memory or speech function. If this is not possible in an ambulant
setting, specific screening instruments and repeated and precise interviews of
patients and/or relatives can help to discover potential side effects. Because most
side effects can be reversible, dosage modification or drug replacement is required as
soon as incompatibilities are discovered.

Keywords: epilepsy, antiepileptic drugs, cognitive side effects, psychological side
effects

1. Introduction

As one of the most common chronic neurological disorders, epilepsy affects
many people across all population groups and ages. A prevalence rate of 0.5-1% of
the population has been assumed [1]. More recent studies on large cohorts report
even significantly higher rates: there is evidence of a prevalence rate of 1.2% of
active epilepsy in the population [2]. Active epilepsy means that people diagnosed
with “epilepsy” have had a seizure within the last 12 months, have seen a doctor
because of their epilepsy, and/or have been treated with anticonvulsant medication.
Before starting therapy, it must be clarified whether epilepsy is actually present.
20-30% of all patients with non-epileptic seizures are incorrectly diagnosed with
epilepsy [3]. Therefore, differential diagnoses - such as psychogenic non-epileptic
seizures, cardiovascular fainting, sleep behavior disorders, paroxysmal movement
disorders or metabolic diseases have to be excluded. A differentiation from non-
disease-relevant, paroxysmally occurring phenomena that do not require therapy
(e.g. sleep myoclonus) is necessary before initiating therapy.

After a precise diagnosis, clarification of possible differential diagnoses and a
positive therapy decision, drug treatment is usually the first choice in the treatment
of epilepsy. Drug therapy is never curative, because the selected medication only

163 IntechOpen



Epilepsy - Update on Classification, Etiologies, Instrumental Diagnosis and Treatment

prevents or reduces seizures in the sense of symptom prophylaxis. The underlying
cause of epilepsy is not cured with drug treatment. Most patients with epilepsy can
be easily being treated with medication and, depending on the epilepsy syndrome,
become seizure-free with monotherapy or combination therapy [4]. Meanwhile,
many agents with different mechanisms have been approved for the treatment of
epilepsy. In addition to the desired effect - successful seizure control or a significant
reduction of seizure frequency - as with all medications, there are also undesirable
effects with anticonvulsants that are only tolerable to a certain extent and then

only with a significant improvement in the seizure situation. The tolerable extent
of these interference effects differs individually and depends on the individual
situation. In addition to “classic” physical disturbances such as dizziness, nausea,
headache and double vision, negative effects on cognitive performance and mental
health are the least tolerated effects. Since drug therapy ideally leads to seizure free-
dom but does not cure epilepsy, in most cases drug treatment is a long-term therapy.

2. Medical treatment

There is a large number of anticonvulsants for drug therapy of epilepsy,
although those of more recent and of latest generations are not inferior to those of
the older generation in their anticonvulsant effects. Therefore, a choice must be
made on the basis of possible interference and interaction profiles and taking into
account the individual situation of each patient.

Special attention in the treatment decision requires certain patient groups such
as women of childbearing age because certain anticonvulsants have increased tera-
togenicity. For example, Valproic acid should be avoided due to an increased risk of
malformation and an unfavorable effect on the later intellectual development of the
unborn child, especially in higher doses during pregnancy. However, other patient
groups also need specific consideration: Patients with intellectual disabilities may
experience an increase in their existing limitations due to paradoxical disturbances
or drug-related negative effects on cognitive performance. Older patients are
particularly susceptible to drug interferences due to various co—/multi-morbidities,
various concomitant medications and the resulting interactions that may not always
be foreseeable, as well as pharmacodynamics that change due to age.

3. Cognitive side effects of antiepileptic drugs

At the onset of epilepsy and prior to treatment cognitive impairment can be
already observed in a large number of patients. Frequently detectable deficits
can be found early in the course of the disease in attention, memory and executive
functions [5].

Basically, all anticonvulsants can have a negative impact on cognitive perfor-
mance. If any cognitive deficits before treatment existed, these deficits may be
exacerbated. The most common negative effect of anticonvulsants is a decrease in
information processing speed, reaction speed and concentration. Most treatment
related cognitive disorders are reversible and fade after dose reduction or com-
pletely disappear after a change in substance. Only visual field defects with vigaba-
trine are irreversible, which is why this substance has been used only in individual
cases and under strict ophthalmological control.

Among the anticonvulsants of the older generation valproic acid, carbam-
azepine and phenytoin have the most favorable cognitive side effect profile with
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comparatively little effects on concentration, memory, information processing
speed or word fluency. The newer generation of anticonvulsants with a rather
minor influence on cognitive performance are lamotrigine, levetiracetam, gabapen-
tin, perampanel, lacosamide, oxcarbazepine, eslicarbazepine and pregabalin [6, 7].
For lamotrigine and lacosamide - in individual cases also for oxcarbazepine and
perampanel - improvements in cognitive partial performance (e.g. information pro-
cessing speed, concentration, vigilance) have been described [8-11]. In Contrast,
topiramate and zonisamide are anticonvulsants with a relatively unfavorable cogni-
tive disturbance profile. However, bromine, phenobarbital and primidone can also
be associated with cognitive disturbances (e.g. cognitive slowing), whereby these
substances are rarely used in everyday clinical practice. In combination therapies,

a frequently condition in refractory epilepsy, undesirable interference effects can
accumulate.

Topiramate relatively often and sometimes very impressively leads to deteriora-
tion in language skills such as verbal fluency and word finding, to a slowdown in the
speed of reaction and to decline in working memory. In general, these interference
effects occur even at relatively low doses and also if the dosage is very slow. In addi-
tion, there does not seem to be a habituation effect, so that the disturbance effects
persist even with long-term therapy. Patients with intelligence impairment react
to topiramate with the same cognitive disturbances as intellectually unaffected
patients: Slow reactions, reduced language skills and reduced working memory
can be found [12]. Even if these patients already have cognitive impairments, an
additional drug-related deterioration should not be neglected, as this can have a
fundamental impact on everyday competence and independence.

The following case study is intended to illustrate the possible scope of these
cognitive effects caused by topiramate: A 20-year-old man introduced himself to
the epilepsy centre. He developed epilepsy when he was 14 years old. At that time he
attended the 8th grade of a secondary modern school (in German: Realschule). His
former neuropediatric put him on topiramate, which he had tolerated subjectively
well to this day (a current daily dose at admission 400 mg). He did not remember
negative cognitive effects during school and did not complain about it when he
was admitted. Soon after onset of epilepsy, the patient switched from secondary
modern school to secondary school (in German: Hauptschule —a school with a lower
level of graduation). In the end, he left school without graduating and subsequently
found no apprenticeship training position, so at the time of admission to the
epilepsy centre, he has been working in a supermarket as a temporary helper. While
treatment optimization he was given an alternative anticonvulsant. Before changing
his mediaction, he underwent neuropsycholgical examination (Figure1).

With a dosage of 400 mg topiramate, the patient displayed significant per-
formance deficits in speech fluency, working memory and reaction speed were
striking. These cognitive functions are associated with a successful performance
in school: Linguistic skills are required to express yourself concretely and cor-
rectly in class and exams, to understand learning content and tasks and to apply
or implement them. Working memory functions include the short-term holding
and simultaneous manipulation of information — fundamental achievements to
understand spoken language. If these skills are impaired or even slowed down, a
student will not be able to adequately follow the lessons, which can lead to an overall
failure in school. Though epilepsy can be accompanied with cognitive impairments
or even global impairments of intelligence regardless of the medication, it is likely
that a slight intellectual disability has caused the failed educational/professional
career of our patient. After several months he came back to the epilepsy centre for
further medication changes. At this point topiramate was completely discontinued.
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The patient did not report any cognitive changes. However, he has started to catch
up on the secondary school graduation. He even planned the next higher school
graduation as well, to start apprenticeship as a car mechanic. We examined our
patient again (Figure 2).

In contrast to the first neuropsychological examination, cognitive performances
that have previously been below range (verbal fluency, reaction speed and working
memory), were now within normal range. So, there were significant improvements
in cognitive performance after stopping topiramate, which suggests that the deficits
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Figure 1.

Nogte: Percentile rank 16 = lower average limit compared to a healthy control group; reaction time = tasks on
reaction speed, comprehension = task to understand language, TPM = topiramate; with 400 mg TPM, the
patient’s performance in almost all of the cognitive areas examined is below average compared to a healthy
control group.
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Figure 2.

N(;gte: Percentile rank 16 = lower average limit compared to a healthy control group; reaction time = tasks on
reaction speed, comprehension = task to understand language, TPM = topiramate; after discontinuing TPM

(0 mg), all examined cognitive areas showed normal findings and thus shows a clear improvement compared to
the previous examination (400 mg TPM).
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found earlier (and thus probably also the failure in school) are related to the drug
topiramate. Based on this case study, the possibly life-long social consequences due
to the decision in favor of a certain drug at a certain point in patient patient life, is
very impressive.

Zonisamide - similar to topiramate - can lead to cognitive disturbances with
memory disorders, cognitive slowdown and word finding disorders [13]. In contrast
to topiramate, a dose effect can be observed here (the higher the dose, the more
serious the impairment). It is supposed that the negative interference effects fade,
but this is not reported in all studies [14], so that under certain circumstances a
therapy attempt could be considered despite the initial interference effects
(e.g. if other anticonvulsants have not led to the desired therapeutic success despite
increasing them to the limit of interference).

Benzodiazepines (clobazam, clonazepam, diazepam, lorazepam) are a group of
anticonvulsant drugs with well-known and sometimes clear cognitive side effects
(sedation, fatigue, concentration disorders). Apart from this, additional problems
such as development of tolerance and the risk of addiction rule out these drugs for
long-term therapy in epilepsy treatment. Apart from individual cases, they are used
only as a bridge drug in medication changes and as an emergency medicine with
one-time dose.

4. Cognitive side effects in children

Most studies examining unwanted interference effects mainly focus on adults.
For the treatment of children there are often no separate data available. Transferring
the study results just to children and adolescents is not advisable. Naturally, a
child’s brain can, on the one hand, be restricted in its function by anticonvulsants,
analogous to an adult brain. However, what is more is that unwanted interference
effects can also adversely affect the further cognitive development. Disruptions in
cognitive performances (e.g. working memory performance) can prevent or hinder
the acquisition of new abilities and skills and may slow down the entire develop-
ment. Especially child epilepsy syndromes can be associated with severe intellectual
disabilities and developmental delays. Additional negative interference effects of
the medication are detrimental, so that the child may not be able to exploit its entire
and eventually already reduced development potential.

Not all available anticonvulsants are approved for the treatment of epilepsy in
children Compared to adults, children are more sensitive to the undesirable effects
of drugs. Lamotrigine, levetiracetam, rufinamide, and gabapentin appear to have a
rather minor effect on cognitive performance - Lamotrigine is said to even improve
concentration disorders in children [8, 15]. Topiramate and zonisamide, however,
can also have a negative effect on cognitive performance in children. Both substances
lead to the cognitive interference effects in children that have been observed in
adults as well: word-finding disorders, cognitive slowdown, memory and working
memory disorders [12]. In contrast to adults deteriorations in information process-
ing speed, linguistic abilities, verbal learning and memory processes have also been
described for valproic acid, oxcarbazepine and carbamazepine in children [16].

In contrast to adults, the drug-related cognitive deterioration is more serious
in children, as further development and potential development in childhood and
adolescence can be negatively influenced. Since school performance in particular
plays an immense role in setting the course for later professional and social careers,
the relevance of drug-related cognitive disruptive effects in childhood needs to be
emphasized again, as the case study from the beginning illustrates very vividly.
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As mentioned earlier, there is a connection between valproic acid during
pregnancy and the intellectual abilities of the unborn child [17]. Compared to
children who were exposed to carbamazepine during pregnancy, children after
exposure to valproic acid (especially in higher doses) achieve an IQ value up to 10
points lower in the 6th year of life [18, 19]. Therefore this must be assessed as an
irreversible, undesirable cognitive interference effect of valproic acid, even if this
does not have a direct effect on the performance of the patient being treated, but
rather on the unborn child who is been treated to. Since an association was also
found between valproic acid during pregnancy and a later autism disorder in the
child [20], therapy with valproic acid for women of childbearing age should be
avoided.

5. Control of possible cognitive side effects

As the case study shows, the patient - and also the clinicians - are not always
aware of the cognitive interference effects of anticonvulsants. In order to control
possible influences on cognitive performance, it is therefore advisable - at least
for certain substances (topiramate, zonisamide), to record the performance in a
standardized manner before starting therapy, after reaching the target dose and if
the patient reports any of new subjective cognitive complaints that occur during
adjustment respectively. In specialized centres, this is carried out by experienced
neuropsychologists as part of neuropsychological follow-up examinations with
change-sensitive test procedures. In the outpatient neurological setting, however,

a neuropsychological examination accompanying the drug setting is often not
possible. Therefore, it is important to monitor potential changes by a detailed and
repeated questioning of the patients or their caregivers about tolerability, including
specific questions about possible changes/failures in school or work since the medi-
cation changeover, as well as test instruments specially designed for this question,
such as EpiTrack and EpiTrack Junior (only available in German [21, 22]). Many
different neuropsychological tests are available to control cognitive functions. The
following cognitive performances should always be recorded: Attention (especially
information processing speed), executive functions, language functions (especially
verbal fluidity) and working memory. When selecting tests, care should be taken
to ensure that the tests can be used repeatedly (e.g. parallel versions). In addition,
possible mood changes should always be recorded.

In summary, because of their low negative impact on cognitive performance,
certain anticonvulsants (e.g. lamotrigine, levetiracetam) are superior to others
(topiramate, zonisamide, valproic acid). A monotherapy is always preferable to a
combination therapy and a low dose to a high one, since most of the undesirable
interfering effects described are both dose-dependent (lower dose - fewer or less
interfering effects) and can tend to accumulate in combination therapies. In some
cases, negative interfering effects can be counteracted by slowly increasing the
medication (start low — go slow). However, this does not apply to all substances (see
topiramate). In the case of drugs known to have undesirable cognitive interferences,
the start of therapy should, if possible, be accompanied by neuropsychological
follow-up examinations.

The best possible seizure control or seizure reduction is necessary for both the
quality of life and the general performance of a patient. Therefore, substances with
cognitive interference effects may sometimes be preferable to others (e.g. when
other substances are not effective). In these cases, an individual assessment of the
cost-benefit profile is necessary.
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6. Psychological side effects of anticonvulsant medication

Like people with other chronic diseases, patients with epilepsy suffer signifi-
cantly more often from psychological comorbidities such as depression or anxiety
than healthy people. Treatment-refractory epilepsy and epilepsy with a seizure ori-
gin in temporal structures are affected with particular frequency [23]. Psychological
complaints represent a significant impairment of the quality of life for those
affected and require both precise diagnostics and consistent therapy. Treatment
with mood-stabilizing, antidepressant drugs and accompanying psychological
psychotherapy should therefore be considered for these patients. Concerns about
possible proconvulsive effects of antidepressants are usually unfounded (with a
single exception: amitriptyline) and should not prevent therapy.

However, before starting antidepressant therapy, it must be clarified whether
the psychological complaints of the patient are possibly an undesirable interference
of the anticonvulsant medication: Substances like topiramate, zonisamide, leveti-
racetam, and perampanel can have a negative impact on mood [13, 24]. Depressive
and psychotic symptoms as well as increased aggressiveness were observed with
topiramate. With levetiracetam, depressive symptoms can occur in individual cases
as an undesirable drug interference effect as well. Much more common with this
substance, however, are increased irritability and aggressiveness, which can unsettle
both patients and relatives and in some cases lead to serious problems in the social
environment. A dose reduction or a switch to another medication is advisable in
both cases. For example, brivaracetam, which has been available since the beginning
of 2016, promises to have a lower impact on psychological well-being with a similar
mechanism of treatment [25-27].

With regard to psychological comorbidities, lamotrigine should be emphasized
as an anticonvulsant with a probably additional antidepressant effect. Lamotrigine
is therefore particularly recommended for patients with depression. However,
lamotrigine can lead to unwanted sleep disorders, especially in the initial phase. This
can be countered either by reducing the dose and then increasing it more slowly or
by redistributing the individual doses during the day (higher dose in the morning,
lower dose in the evening). In addition to lamotrigine, pregabalin also has a benefi-
cial effect on psychological comorbidities, especially anxiety and sleep disorders.
Topiramate, which is used in lower doses also for migraine prophylaxis and addic-
tion therapy [28], can be used in patients with additional migraines - taking into
account the above-mentioned factors relating to cognitive performance.

7. Psychological side effects in children

There is evidence that both topiramate and levetiracetam can lead to undesir-
able mood changes, particularly depression, irritability, personality changes, and
hyperactivity in some children. Phenobarbital and primidone can lead to behavioral
problems in children as well. Lamotrigine, on the other hand, has a mood-enhancing
effect in children like in adults [29], and in children also has a positive effect on
aggressiveness and impulsiveness [15]. Rufinamide appears to be unproblematic
with regard to undesirable psychological disturbances [30].

In children and adolescents with intellectual disabilities, an increase in behavioral
problems has occasionally been described with lamotrigine. Here, however, this
might be due to the “lack of ” sedation under lamotrigine compared to other anticon-
vulsants and the possible associated improved vigilance. If the medication switch to
lamotrigine leads to behavioral problems, this might not be related to the medication
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but to the possibly underlying disease and then of course it requires another han-
dling than that of a re-sedation.

In summary, it is advisable to check a possible relationship between a newly
dosed anticonvulsant and the psychological complaints of a patient and then
to counteract this by switching to an alternative medication. Since correlations
between emotional side effects of anticonvulsants, a rapid dose escalation, an
already existing mental illness and a family predisposition for mental illness were
found, it is advisable to consider these aspects in drug selection [31].

8. Control of possible psychological side effects

To control possible psychological side effects, questionnaires can be used in
addition to exploration and behavioral observation. The Beck Depression Inventory
(BDI-II), Beck Anxiety Inventory (BAI) and the Hospital Anxiety and Depression
Scale (HADS) are well-known and well established methods [32-34]. The
Neurological Disorders Depression Inventory for Epilepsy (NDDI-E) was devel-
oped specifically for people with epilepsy to detect depressive symptoms [35]. For
children, the Child Behavior Checklist (CBCL-4-18) is recommended [36].

9. Alternatives to drug therapy

Due to the diverse side effects of anticonvulsants, alternative treatment methods
(e.g. epilepsy surgery) should be considered early if therapy refractivity is determined.
Therapy-refractory epilepsy is present if two suitable anticonvulsants dosed up to the
interference limit in monotherapy and a combination therapy has not led to seizure
freedom. For a clearly defined group of patients, epilepsy surgery is a safe, well-
established and very promising treatment option: For example, in the case of unifocal
temporal lobe epilepsy due to proven hippocampal sclerosis, the chance of postopera-
tive freedom from seizures is up to 80%. In comparison, the chances of success of a
further drug change for these patients are significantly lower.

10. Conclusion for practice

Since drug-based epilepsy therapy is mostly a long-term — sometimes a lifelong —
therapy, it is of particular importance to take undesirable interfering effects into
account. In addition to the frequency of seizures, cognitive and psychological side
effects are particularly serious for the quality of life of patients. Therefore, when
treating epilepsy with drugs, the focus should not only be on the desired effects on
the frequency and severity of seizures, but also on possible undesirable effects on
cognitive performance and mental health. Both the individual living conditions of
the individual patient (e.g. possible later desire for children, upcoming training/
studies) as well as possible comorbidities (e.g. previous psychological comorbidity,
intellectual impairment, cognitive partial performance disorders) must be taken into
account when selecting drug therapy. Especially in children, patients with intel-
lectual disabilities and elderly patients (due to the increased vulnerability to undesir-
able disturbances), it is recommended to start with a low dose and slowly increase
the dose (“start low, go slow”). For certain substances, the monitoring of cognitive
functions and mood before and during the change/adjustment is necessary, e.g.
based on neuropsychological follow-up examinations, special screening procedures
and a detailed and specific questioning of the patient and the caregivers (Table1).
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Abbreviations/anticonvulsants Possible cognitive side effects Possible emotional side
effects
BR Bromine — o
BRV Brivaracetam o o
CBZ Carbamazepine (- In children) +
CLB Clobazam — Drug addiction problem
CLZ Clonazepam — Drug addiction problem
DZP Diazepam — Drug addiction problem
ESL Eslicarbazepine ) o
GBP Gabapentine o (- In children)
LCM Lacosamide + o
LEV Levetiracetam o —
LTG Lamotrigine + +
LzZp Lorazepam — Drug addiction problem
OXC Oxcarbazepine (+),(— In children) o
PER Perampanel (+) —
PB Phenobarbital —_ (= In children)
PHT Phenytoine — o
PGB Pregabalin — +
PRM Primidon — (- In children)
RFM Rufinamide o o
TPM Topiramate — —
VGB Vigabatrin Irreversible visual field defects
VPA Valproic acid (- In children, — in the unborn +
child)
ZNS Zonisamide — (=)

Legend: — negative interfering effect, + positive effect, o no known interfering effect.

Table 1.

Overview of possible cognitive and psychological side effects of anticonvulsants.
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Abstract

Epilepsy is one of the most common neurological diseases that require long-term
healthcare, although it has no racial, gender, or geographical boundaries, certain
populations and demographics face different challenges regarding management of
epilepsy. These challenges include patients’ and communities’ misconceptions of
epilepsy nature, treatment and outcome, various use of traditional and spiritual
therapy in management of epilepsy, stigma of epilepsy, shortage of neurology
facilities and specialists and their aggregation in the capital, and collapse of the
healthcare system in Sudan. This chapter aims to highlight some of the difficulties
facing people with epilepsy in Sudan, an example of a low middle-income country.

Keywords: difficulties, seizures, developing countries, Africa, treatment

1. Introduction

Epilepsy is a global health challenge, one that is responsible for a social and
economic burden worldwide, it is estimated to be twice as common in low-income
countries than that in the high-income countries, especially in a poor country like
Sudan, resulting in unfair treatment, prejudice and stigma [1], and overwhelming
decrease in quality of life [2]. People with epilepsy (PWE) in Sudan suffer from a
collapsing and deficient health care system, and a community falling behind and
lacking enough understanding towards their affliction, with a cultural heritage and
misconceptions, and an educational system contributing to make it only that much
more difficult for (PWE) to live a normal life, sometimes weighing them down and
preventing them from seeking professional medical help altogether. The resultant
treatment gab causes a mortality rate dwarfing that of first world countries [3]. On
top of that, Sudan is lacking sufficient research and infrastructure to develop satis-
fying estimates about the situation on the ground, and recent data are scarce [3].

1.1 Sudan: background and population

Sudan is the third largest country in Africa that occupies almost 728,000 square
miles of northeast Africa. It sits along the sub-Saharan crossroads and along the
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cost of the red sea that runs through its east-northern borders. In addition to Egypt,
Sudan shares borders with six other countries, which are Ethiopia, chad, Libya,
Eritrea, Central African Republic, and lastly South Sudan that had its secession
from Sudan by July 2011. Sudan is mainly formed of flat plains interspersed by
mountain ranges, and due to its immense area, Sudan has different climates and
several rivers coursing through the country, mainly the blue and white Niles that
join together to form the river Nile in Khartoum the capital city of Sudan.

Although it’s an enormously sized country, it is sparsely populated compared to
some of the African countries as it has an estimated census of 43 million people, the
majority of which are rural in comparison to the urban population that is mainly
centered in the capital.

Sudan is vastly enriched with different races, cultures and a blend of Arabic
tribes that form the majority of the population and various African tribes and
ethnicities, this enrichment may be contributing to its ever astounding cultural
diversities and perhaps the fuel to political differences and the rather devastating
civil wars that have crushed the country for ages, viciously affecting Sudan in every
aspect possible. Sudanese people are still facing major challenges in everyday aspect
of life duet to this overwhelming political instability through its history.

1.2 Healthcare system in Sudan

As alow middle-income country, Sudan is confronted with many brutal challenges,
especially in health sector. Some of the challenges encountered are the poor assessment
and execution of policies, lack of firm health informatics system, inadequate financial
spending, centralized medical services and facilities in Khartoum and urban cities, and
insufficient training for postgraduate doctors. To add more to the burden on medical
care is the deficiency of preventive medicine application, poor referral system, prob-
lematic diaspora of physicians, lack of communities’ awareness leading to the fixed
stigma and spiritual misconceptions of diseases that are causative of delayed medical
seeking behaviors and use of folk medicine. These difficulties robustly affect the qual-
ity of health care and specifically the management of chronic diseases as epilepsy.

2. Neurology in Sudan

Neurology practice in Sudan is affected by the weakened health care system, Adult
and child neurology is confronted by extreme challenges affecting people with neuro-
logical diseases. Up to the year 2005 there were only three practicing neurologists that
were delivering medical care for an unconceivable ratio of one neurologist to 12 million
people [4]. In addition to the enlarging population, this ratio could be attributed to
lack of neurology training programs for postgraduate doctors which has begun in the
past 10 years, in addition the shortage of neurology clinics in Sudan as today there are 3
tertiary neurology centers that provide adult neurology services, all of which are located
in the capital which only aggravates the problem of the ability to seek neurology con-
sultations and follow-ups especially for patients living outside Khartoum. Other major
setbacks are the shortage of neuro-physiologists, neuro-imaging facilities and neuro-
radiologists and the desperate need for neurology nursing and rehabilitation centers.

3. Epilepsy misconceptions in Sudan

There is a lot of stigma and misconceptions that befall (PWE) in Sudan, where
epilepsy is perceived as demonic possession, Satanic rituals, spells and witchcraft [3],
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some cultures have superstitions similar to that of Saudi tribes where they consider
(PWE) as a presentiment of evil, a manifestation of envy and “Evil Eye” [5], while
in some cultures (PWE) are considered a grace and bringers of god-bliss to their
families [6]. However, others believe PWE are infectious, mentally ill, impotent and
should neither get married nor have a job. Some people consider epilepsy an incur-
able disease, while others think the condition will pass on its’ own so they completely
dismiss the therapeutic process as a futile endeavor. Some religious followers would
resort to special forms of prayer involving rigorous movements to help alleviate the
condition. Such beliefs direct people toward seeking traditional methods and healers,
who antagonize demons, introduce herbs, ointments, cautery and prayers as stand-
alone treatment for epilepsy.

A cross sectional study done in Sudan to evaluate the impact of spiritual and
traditional believes of care givers on the management of children with epilepsy,
it established that 80% of them were educated, one third of study population
attributed epilepsy to supernatural causes. More than two thirds acknowledged use
of both traditional and spiritual medicine, more than half used different religious
methods to treat epilepsy. Almost half of participants believed that religious and or
traditional treatment were truly effective in the management of epilepsy, and one
third used herbs in the treatment of epilepsy [7].

4. Scarce personnel and trained physicians

In Sudan the number of centers where appropriate investigation tools has
increased in the recent years, more cities are constructing new centers for neurology
(like Madani neurology center, Aljazeera State), but it’s in no way comparable to the
increase in patients and the services that need to be provided [8].

Despite the increase in number of medical faculties and doctors, the number
of physicians with specialty training in neurology remains lacking. The overall
condition of freedom and civil rights in the country along with the increased costs
of living, which are all factors contributing to the mass immigration of doctors and
other healthcare professionals to seek a respected income that enables them to live a
decent life. It is worth mentioning that some doctors in Sudan live off salaries rang-
ing anything from the equivalent of 15 to 300 dollars per month.

5. Anti-epileptic drugs (AEDs) in Sudan

Currently, there are more than 25 licensed AEDs in clinical practice in the
developed world, compared to few registered AEDS in Sudan, most of which are old
generation AEDs, although older generation medications are still effective even in
comparison to newer generation AEDs, the newer generation have less side effects
and are more tolerable [9]. Tolerability and adverse effects are a major influence on
compliance, and discontinuation of therapy, therefore increasing morbidity and
mortality in people with epilepsy.

The use of AEDs is influenced by the pre-existing belief system that pushes
people towards traditional herbals and local healers [3], with some believing the
medication is useless while others consider s it to be undermining of the more
trusted traditional methods. However, among those who would have access to
proper medical help, and those who appreciate the need for medication, other
factors further affect the treatment gap and challenge adherence to medication.
Patients who are seizure free for a long duration or those taking more than one
medication may fail to adhere to therapy or omit doses.
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Descriptive analysis of cost-benefit for some patients indicates that their concern
about the high price of the medication greatly outweighs the need for the drug, and
would as a result seek free samples provided by charity organizations, while some
patients fail to obtain the drug [10]. Antiepileptic drugs represent a tremendous
economic burden on families of patients with epilepsy. The yearly cost of AEDs
alone falls not less than 276 US dollars per patient per year, while visitations and
consultations along with investigation could reach 51 dollars. Other indirect costs
can include travel, for those who live far from the capital, reaching up to 90 dollars.
Insurance rarely helps and patients find themselves forced to sell valuable assets
like one’s cow or shop to cover the expenses, and many find themselves in debt. All
of these factors need to be accounted for by the patient and caregivers and affect
adherence negatively [11].

6. The collapse of the health care system

Access to AEDs like other medications in Sudan was subject to variations related
to inflation and other complex geopolitical factors, resulting in fluctuating prices
in the period from 2009 to 2013 (6 times change in pricing). And while the general
market dynamics in the country were somewhat fluctuant, the general indicators of
regional macroeconomics have been declining steadily (e.g. GDP in dollars) fol-
lowing factors like change in market policies, conflicts in the south leading to loss
of big fractions of the country’s’ resources, up to the more recent financial crisis in
the country in the period 2018-2020, where cash was virtually inaccessible to the
public, making all medications into a luxury, and culminating in an event of phar-
maceutical scarcity of drugs, despite the government’s best efforts to mitigate the
impact of the economic situation [12]. Some policies had a relatively positive effect,
like price liberalization privatization of the sector. And while reports and studies
are yet to fully estimate the on-going catastrophe, the global status of lock-down
and quarantine due to the COVID-19 pandemic certainly made it more challenging
to get access to medical care or self-management for (PWE) in such a collapsing
healthcare system [13].

7. Stigma

Stigma is the social outspoken or perceived labeling of an individual or a group
of people according to true or presumed different characteristics attributed to
specific health related and non-health related conditions, rendering these individu-
als incapable of leading equal lives to their peers in society [14, 15].

Components of stigma include behavioral, emotional and cognitive elements
that are portrayed in patients responses or attitudes and their interaction with
society [16]. The burden of stigma unfolds in both active and passive manners,
those who discriminate and those facing discrimination can inflict stigma after
being subjected to it. This gives rise to the different entities of stigma and its effects
on different life attributes of stigmatized individuals in society [15].

The manifestations and impact of stigma in the attitude form further branches
it into perceived, anticipated, and internalized stigmas, while the social form of
stigma includes the enacted or experienced stigma. Perceived stigma describes one’s
thoughts or self-image perceived through the eyes of those surrounding one’ life
regarding an acknowledged distinguishing characteristic [16]. Anticipated stigma
refers to a presumed inappropriate response in the form of an act of discrimina-
tion or labeling in a social setting to one’s condition by others. Internalized stigma
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denotes self-inflicted discrediting and undermining due to awareness and acknowl-
edgment of one’s difference. Experienced or felt stigma refers to consequences of an
act of labeling or discrimination that was made intentionally to point out a stigma-
tizing characteristic [14, 16, 17].

7.1 Health related stigma

Stigma is a major social determinant of health, attributing to disease morbidity,
mortality and to the successfulness of healthcare services [18].

Elements that articulate the complex process of health conditions related stigma
include illness nature, it’s course, and characteristics that represent origins of
stigma; population related elements; treatment modalities and healthcare provid-
ers sought for consultation; reactions as well as coping mechanisms of stigmatized
individuals to social acts of discrimination that may take a toll on their identity,
social life, and economic thriving [17, 19, 20].

What is not so clearly defined however, is the relationship between stigma and
healthcare outcomes, attributing to stigma being an entity that while having similar
grounds in most health related conditions, its effects can be as illness specific as
exclusive features of that illness, often referred to as the hidden burden of an illness,
and this is an area that is deficient in research data [21, 22].

7.2 Manifestation of stigma in high income vs. low-income countries

Health related stigma, can be visualized more clearly in communities where
compensation of one’s health condition related disability is lacking. These compen-
sations aim towards minimizing the gap between individuals with disabling health
conditions and their peers in community. Communities where efforts to minimize
this gap are lacking are mostly those of low-income economical index [20].

Stigma adversely affects individual health outcomes as well as related life
chances, including educational opportunities, employment, housing, and social
relationships. It has also been shown to negatively affect help- and treatment-
seeking behaviors, compromising the ability to treat and prevent stigmatized health
conditions. Masking of research on illness specific stigma under the generalization
of its nature has limited the ability to understand the overall impact of stigma
on individual wellbeing and the overall disease burden, restricting the ability to
develop interventions addressing stigma, and this masking is amplified especially
in low-income countries, because of the lacking resources available to healthcare
research and services in general [20, 23].

Stigma affects caregivers of individuals being stigmatized, be it their families,
relatives or close companions. Caregivers of patients in low-income countries suffer
a heavier burden due to lacking national health agencies support, which widens the
gap between illness-limited individuals and their peers in society, further enforcing
stigma as well as worsening the financial burden. All these elements associated with
stigma in low income countries develop a synergistic effect, in which each element
contributes to the vicious cycle of further reducing the quality of life of stigmatized
individuals [23].

7.3 Stigma of epilepsy in low-income countries
The weight and burden associated with epilepsy in terms of stigma manifests with
variable intensities and forms across different age groups and communities [6, 24].

Developmental aspects of one’s life including physical, mental and social develop-
ment, and their bases of parenting by one’s family, education and an uninterrupted
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social learning experience, are affected differently with various onset age groups

of epilepsy. For example, having a child with epilepsy puts tremendous pressure on
the family and caregivers, especially in a low-income country where taking care of
an illness free child can be troublesome. This leads to stressful parenting, creating
many obstacles for a child who has epilepsy to develop at a normal rate. A child with
epilepsy has a higher chance of academic underachievement, which would setback
building of self-esteem and eventually in conjunction with other epilepsy related
elements leads to enforcement of stigma and further disability and unsuccessful
treatment, in contrast to adolescence onset of epilepsy which would have a different
impact on their quality of life and would manifest in different aspects like social
withdrawal despite being in a functional social and economic status. Adulthood
onset of epilepsy and the manifestation of stigma associated with it could be less
severe than childhood and adolescence onset and would affect one’ ability to be
involved in certain elements of society, but could also be devastating in certain
low-income regions with plummeting education and awareness levels, for example
not being able to have a spouse in a low-income community where having epilepsy is
thought to be of demonic possession [1, 6, 24].

7.4 Stigma and mismanagement of epilepsy in Sudan

Epilepsy in Sudan accounts for 1.6 annual mortality rates and 238.7 disability
adjusted life years per 100,000. It is associated with notable stigma and social
burdens. Patients with epilepsy suffer a tremendous burden of social discrimina-
tion adversely affecting their quality of life [6]. These patients are subject to being
denied equal chances to a dignified life following neglect, isolation and lack of
national healthcare support.

As studies in Sudan regarding epilepsy are primarily focused on clinical presen-
tation of epilepsy, no in depth illustration or correlation between stigma of epilepsy
and the outcome of epilepsy healthcare have been conducted.

However, some of the magnitude of epilepsy stigma in the Sudanese population
has been captured across the different age groups of patients with epilepsy in urban
and rural areas.

A study conducted by Taha et al. to identify epilepsy related stigma in the
Sudanese community and to find correlation between penetrance of the type of
stigma on patients through stigma degree scoring, have detected that approximately
16% of both men and women with epilepsy suffer from highly precipitated felt
stigma. 12.5% of remaining patients of epilepsy who did not suffer from felt stigma
have noted the common belief in their communities of the contagious nature of
epilepsy while 56.2% declared their communities believed epilepsy was of demonic
possession, 13% mentioned people were afraid from them when they were hav-
ing seizures in public and hence they do not help them. The Sudanese community
surrounding patients with epilepsy also showed poor respect to patients’ privacy
evident with 77.4% of patients stating that despite not disclosing their condition,
it was publicly known. Where expected least, Sudanese communities showed an
alarming response to children with epilepsy from their teachers and mentors, as
22% of patients at primary school age mentioned that their teachers treated them
badly. Two out of three patients with epilepsy were found to have either courtesy
or coaching stigma, which represent enacted stigma of parents and guardians
of patients with epilepsy, and this translates into a boosting effect for all forms
of stigma being enforced in epileptic patients having their caregivers constantly
reminding them of their condition. Patients who stated that their disease hindered
their progress in life and those who expressed frustration and stress were found to
be more than those who could cope with their condition, and this was significantly
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associated with a high seizure frequency. This shows that poor control of seizures
inevitably diminishes the ability of patients to conceal their condition, leading to
more discrimination and exacerbation of stigma [1].

An important implication of living in a resource-limited country is deficiencies
that could be noted across all social services especially healthcare services. Muwada
Bashir et al. portrayed a brilliant scope in their study of detecting the quality of life
of Sudanese patients with epilepsy under the burden of inequalities of healthcare
services, which showed that stigmatization, social discrimination and inadequate
health services are major problems that Sudanese patients with epilepsy and their
families confront in their daily life. The study concluded that stigma among other
factors associated with epilepsy is worsening the burden on both patients and
caregivers by crippling their healthcare services accessibility and by increasing
efforts of coping with the disease in a society with a culture that is shaped by a low
economic status [6].

8. Children with epilepsy

Children constitute the main domain of people with epilepsy; this subpopula-
tion faces many challenges. These challenges begin with the different etiologies of
epilepsy in Sudan and Africa, of these etiologies central nervous system infectious
agents (malaria, onchocerciasis), and perinatal insults constitute the main causes
of epilepsy. Such causes could explain why the majority of people with epilepsy are
in Africa. In addition, these causes along with other factors contribute to the poor
outcome of epilepsy in the developing world.

Children with epilepsy have comorbidities including autism, intellectual dis-
ability that could be caused by perinatal insults and cerebral palsy; they are also
more vulnerable to physical and sexual abuse. Studies from Sudan demonstrated
that 10% of children with epilepsy have associated attention deficit hyperactivity
disorder (ADHD) [25], one third had learning disabilities, and 10% had motor
disabilities [26], theses comorbidities represent the difficulty in the management of
these children, as a multidisciplinary approach is required in management, which is
usually unavailable in Sudan and the developing world.

Since the 1950s, children with neurological disorders were seen in adult neurol-
ogy clinics, as pediatric neurology training program in Sudan has recently been
initiated, with a few pediatric neurologists available.

Currently there is one pediatric neurology tertiary center and four specialized
child neurology clinics in Sudan, 3 of them are located in the capital, these 4 clinics
serve the whole of Sudan, as well as referred patients from neighboring countries
including: Chad, Eretria, and South Sudan where facilities for neurological inves-
tigations are limited. The shortage of pediatric neurologists and pediatric neurol-
ogy centers and their location mainly in the capital, along with the high cost of
transportation to the center, long waiting lists till evaluation by a specialist, further
complicate the management of children with epilepsy [8].

8.1 Epilepsy in schools

It is important to review epilepsy status in school settings where children spend
most of their time. Schools in Sudan rarely have dedicated clinics to accommodate
children’s health needs, and while school teachers should act as caregivers, most of
them are usually ill-informed or lacking appropriate knowledge about epilepsy, and
none of them have had any sort of training to help in case of a seizure, so a consider-
able proportion does not know what to do when a child develops a seizure [27, 28].
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Many teachers fall as victims of the communities’ misconceptions and could even
play a passive role in the stigma, contributing to the child’s anxiety. Many had no
idea about possible causes of epilepsy and guessed that parents would not sign

up their children with epilepsy to school due to suspected mental sub-normality,
stigma, or fear of unattended falls or attacks. On the other hand, figures demon-
strated a significant amount of children ditch school altogether because of the
illness. Other students do not mind having a classmate with epilepsy at school but
they share their teachers’ beliefs and misconceptions, and would sometimes, as a
result, engage in bullying and discriminatory behaviors against them. The condition
is barely touched in school curriculums and students do not undergo any sort of
training to help them act properly around their peers who have epilepsy.

9. Women with epilepsy

Globally, 50% of women and girls with epilepsy are in the reproductive age
range [29]. Epilepsy in the developing countries has a slight male predominance;
this is likely due to underreporting of epilepsy in women due to negative attitudes
and stigma facing them, that include difficulties in getting married, increased
divorce rates, having children or even being abandoned by their families because
of their illness, and harder chances of being employed. This underreporting of
epilepsy in women leads to deficits in health care seeking behavior, hence contribut-
ing to the epilepsy treatment gap in women.

Apart from the aforementioned social difficulties, women with epilepsy are
challenged with many issues that include the effect of epilepsy and AEDs on their
sexual function, contraception, pregnancy, fetal abnormalities, childbirth, and
breastfeeding [30-33].

Due to the shortage of neurologists in Sudan, the majority of women with
epilepsy are managed and counseled by non-specialized doctors. A study con-
ducted in Sudan to assess doctors’ knowledge of women issues and epilepsy using
standardized knowledge of women issues and epilepsy (KOWIE II) questionnaire
concluded that the majority of Sudanese doctors’ knowledge was unsatisfactory.
They were unaware of sexual dysfunction among women with epilepsy, that women
with epilepsy should continue taking their AEDs when they are pregnant, and that
women can safely breastfeed while taking AEDs [34].

10. Conclusion

Sudan has been a victim of war, poverty, substandard infrastructure, and a
failing healthcare system. These factors along with epilepsy stigma, misconceptions
and false believes represent major challenges in epilepsy management in Sudan.

11. Recommendations

All these challenges must be approached systematically to ensure the best
management for patients with epilepsy. Such approaches include the need for a
mass movement against epilepsy headed by individuals experienced in the field,
and fundamental governmental partnership and aid to provide organizational
efforts and funding for instituting and decentralizing neurology facilities outside
Khartoum, and ensuring the availability and affordability of investigations and
medications especially the new generation AEDs. Epidemiologic studies are needed
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to outline the treatment gap of epilepsy and guide nationwide strategies and efforts
to increase the awareness of communities about epilepsy are needed especially

in the rural areas to fight disease stigma, Special groups need further attention

such as making efforts for prevention of infections leading to epilepsy in children,
the involvement of other healthcare providers such as social workers, speech and
language therapists, nutritionists, and special teachers in the management of
children with epilepsy can never be overemphasized. Lastly, telemedicine should be
implemented in the management of epilepsy in Sudan.
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Chapter13

Presurgical Evaluation of Epilepsy
Surgery

Tak Lap Poon

Abstract

Drug-resistant epilepsy (DRE) is defined as failure of two adequate trials of
appropriately chosen and administered antiepileptic drugs. Approximately about
30% of epilepsy patients are drug resistant. Accountable reasons to treatment
failure including failure to recognize epilepsy syndrome, poor drug compliance,
lifestyle factors, etc. In modern era of medicine, DRE patient should be encour-
aged to have early referral to tertiary epilepsy centre for presurgical evaluation.
Comprehensive neurophysiology, structural neuroimaging, and neuropsychological
and psychiatric assessment are regarded as essential elements. Invasive electroen-
cephalography (EEG) monitoring in terms of subdural electrodes, depth electrodes,
foramen ovale electrodes, and more advanced technique using stereoelectroen-
cephalography (SEEG) are strong armamentarium for epilepsy surgeon. Epilepsy
surgery in terms of resection, disconnection, or neuro-modulation should be
recommended after a multi-disciplinary agreement.

Keywords: epilepsy surgery, drug resistant epilepsy, presurgical evaluation,
anatomo-electro-clinical hypothesis

1. Introduction

Drug-resistant epilepsy (DRE) is defined as failure of two adequate trials of
appropriately chosen and administered antiepileptic drugs. Approximately about
30% of epilepsy patients are drug resistant. Accountable reasons to treatment
failure including failure to recognize epilepsy syndrome, poor drug compliance,
lifestyle factors etc. In modern era of medicine, DRE patient should be encour-
aged to have early referral to tertiary epilepsy centre for presurgical evaluation.
Comprehensive neurophysiology, structural neuroimaging, neuropsychological
and psychiatric assessment are regarded as essential elements. Invasive elec-
troencephalography (EEG) monitoring in terms of subdural electrodes, depth
electrodes, foramen ovale electrodes, and more advanced technique using stereo-
electroencephalography (SEEG) are strong armamentarium for epilepsy surgeon.
Epilepsy surgery in terms of resection, disconnection or neuro-modulation should
be recommended after a multi-disciplinary agreement.

2. Background and definition of drug-resistant epilepsy (DRE)

Patients with epilepsy whose seizures do not respond successfully to anti-
epileptic drug (AED) therapy are considered to have drug-resistant epilepsy (DRE).
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The prior equivalent term included medically intractable epilepsy or pharma-
resistant epilepsy. This group of patient have the greatest burden of epilepsy related
disabilities, and also added the significantly the healthcare resources expenses.

In 2010, a consensus proposal from task force of the International League
Against Epilepsy (ILAE) commission on therapeutic strategies. A framework com-
prises two “hierarchical” levels is proposed for definition of drug-resistant epilepsy
(DRE). Level 1 is categorization of outcome to a therapeutic intervention and level
2 is core definition of DRE based on how many “informative” trials of antiepileptic
drugs (AEDs) resulted in a “treatment failure” outcome. The definition of DRE
usually requires failure of two adequate trials of appropriately chosen and adminis-
tered antiepileptic drugs (be it sequential monotherapy or combined polytherapy)
[1]. It is also important to include the impact of seizure factors (frequency, severity,
associated behavioural problem) on individual psychosocial wellbeing. Such impact
will lead to the physicians’ decision on drug options and the urgency of considering
non-medical therapies.

Other important areas in the clinical assessment of DRE include the following.

2.1 The epidemiology

The prevalence of epilepsy patients aged 15 years or over in Chinese communi-
ties has been estimated at about 3-5.7 per 1000 [2], and about 40,000 Hong Kong
people could be expected to have active epilepsy. The cumulative probability of a
second attack at 1, 2, and 3 years was 30, 37 and 42% respectively. DRE comprised
about one third of all epilepsy patients. A more recent study in 2008 showed the
crude prevalence of active epilepsy and seizure disorder were estimated to be
3.94/1000. So the cases that should have under tertiary care for consideration of
intensive work up will be around 1000 cases annually. There existed a treatment
or referral gap of 20 years in the United States for this group of patient [3, 4]. Itis
foreseen that the local condition will be similar and an unmet need should call for
more escalated awareness.

2.2 The pathogenesis

Prospective studies with chronic epilepsy patients suggested that 70-80% of
patients retain their status as intractable versus in remission [5]. In other words,

a minority, around 20% of initial intractable seizure cases will archive seizure
freedom in long run and vice versa. Postulated mechanism leading to intractability
includes glial proliferation and dendritic sprouting with synaptic recognition [6] in
mesial temporal sclerosis. The concept of paroxysmal depolarization shift (PDS) is
cellular events in which rapidly repetitive action potentials are not followed by the
usual refractory period, thereby generating a prolonged membrane depolarization.
Repetitive neuronal firing probably underlies the interictal and ictal unit and local
field recording of high frequency oscillations (HFO).

Another compelling theory is the build-up of epileptic “neuronal network”
(NN), via alternation in neuronal circuitry [7, 8]. A well-defined NN example is
the limbic network with sequential propagation path via hippocampus, amygdala,
lateral temporal neocortex and entorhinal cortex, medial thalamus and frontal
inferior lobes. The interest on neuronal network analysis in epilepsy had gained
strength with the use of high resolution recording techniques. Seizures start in a
well-defined brain area and spread at great speed to connected brain area recruiting
specific neuronal networks into typical oscillatory behaviour. Therefore, epilepsies
should be considered as resulting from disturbed network interactions that implies
“multi-targeted treatments” [9-13].

188



Presurgical Evaluation of Epilepsy Surgery
DOI: http://dx.doi.org/10.5772/intechopen.93602

2.3 Clinical course or trajectories and complications

In a recent study using incident cohort of drug resistant epilepsy, which adopt
ILAE DRE criteria, there are different patterns of disease progression or trajec-
tories observed [14]. The 30% proportion of patient eventually suffered from
DRE was again observed. A long delay from disease onset to failure of second
AED was also found. This finding might give insights to the pathogenesis as
mentioned earlier.

The mortality and morbidity of DRE, is in general, believed to be higher than
that of seizure free patients or patient with good seizure control [15-17]. Even in
those that suffered from infrequent seizure, their daily life and subjective well-
being are also jeopardized in various extents [18].

2.4 The classification

It is a common practice, among epileptologist, to subdivide the refractory
epilepsy cases into temporal lobe epilepsy (TLE) and non-temporal lobe epilepsy
(NTLE). The former also constitute two distinct groups, namely, mesial temporal
lobe epilepsy (mTLE) and neocortical temporal lobe epilepsy (NeTLE), according
to the clinical and radiological manifestations. Both mTLE and NTLE shared similar
pathological substrates (Table 1) apart from the mesial temporal sclerosis only found
in the former. The TLE patients usually present with complex partial seizures, with or
without generalized seizure, depending on the neuronal network involved. Though
a minority of these TLE will became seizure free after repeated drug trials [15], most
of the patients will run a clinical course of refractory seizure attack, and indeed, they
form the most well-known surgically remediable epilepsy syndrome [19].

For the non TLE cases, the clinical and radiological features are diverse and also
depend on the underlying etiologies or pathological substrates. In general, the seizure
semiology is less well defined and the MRI abnormalities are variable and they are chal-
lenging in the perspective of seizure focus localization. Usually concerted effort and
multi modalities investigations (in phase 1 of presurgical evaluation) are required [20].

Pathological substrate Mesial TLE Neocortical TLE

Mesial temporal sclerosis Most common Not present

The others: present in both

Neoplastic High grade or low grade glioma
Developmental Focal cortical dysplasia
Infective Viral encephalitis
Vascular Cavernous angioma
Migrational disorder DNET, ganglioglioma
Trauma Encephalomalacia

Table 1.

Temporal lobe epilepsy (TLE) pathology.

3. Approach to drug treatment failure

Before considering referral to tertiary centre for work up of DRE for surgical
intervention, there are certain reasons of treatment failure that should be considered:
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1. Failure to recognize a generalized epilepsy syndromes e.g. West’s syndrome,
Rasmussen’s syndrome, autosomal dominant nocturnal frontal lobe epilepsy
(ADNLE), early myoclonic encephalopathy (EME) etc.

2. Inappropriate choice of first line anti-epileptic drug (e.g. carbamazepine) that
will aggravate seizures.

3.Poor drug compliance and lifestyle factors contributing to seizure recurrence.
These factors are often quoted as “pseudo-resistance” [21-23].
3.1 Guideline
There has been a number of regional and international consensus and guidelines
related to comprehensive management of epilepsy surgery. In Hong Kong, the first
guideline, The Hong Kong Epilepsy Guideline 2009, was published by the Hong Kong
Epilepsy Society with the aim as a general guideline for the medical practitioner
[24]. The Guideline included the following aspects:
1. Diagnosis, review, and referral
2. Patient education
3. Following a first seizure
4.Investigations
5. Classification
6. Principles of management
7.Pharmacological or AED management
8.Management of drug-resistant epilepsy
9.Side-effects of AEDs
10. Presurgical evaluation of drug-resistant epilepsy
11. Other forms of treatment
12. Prolonged seizures in the community
13. Treatment of status epilepticus
14. Perioperative management of seizure
15. Older people with epilepsy

16. Children and young people with epilepsy

The guidelines had the updated version in 2017-2018 and the whole guideline
was divided into four sections addressing the following aspects including use of
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antiepileptic drugs, guideline on status epilepticus, drug resistant epilepsy, and
woman and epilepsy [25].

3.2 Selection of eligible candidate

There is observation that the longer the delay between the onset of DRE and
the surgery, the lower the chance of postoperative seizure freedom and improved
psychosocial outcome [26]. So a timely referral is mandatory for quality care of such
group of patients.

Anyhow, before recruiting the patient, the first step is to identify the appropriate
candidate. Conceptually, the eligibility criteria will include the following:

1. Patient and patient’s family understand and accept the surgical treatment and
the potential risk

2.The seizure is disabling despite adequate and appropriate drug trial

3.The available imaging and neurophysiological data should be consistent with
the possibility of a surgical remediable epileptic syndrome.

3.3 Presurgical evaluation

The first objective is to identify the epileptogenic zone, EZ by various invasive
and non-invasive modalities of investigations. The more sophisticated or invasive
approach will also depend on the clarity of structural identifiable pathologies in
neuroimaging and the link with the clinical semiology.

The second objective, after screening of the potential epileptogenic zone, is to
develop strategies to safeguard the lesion can be safely resected with no significant
physical or cognitive sequelae.

The ultimate goal in presurgical evaluation is to identify the concept of “Six
cortical zones” (Figure1).

From pragmatic point of view, detailed interview of patient and patient’s family
and friends who can give detailed witness history and past background is mandatory.
The interview should aim for recapitulating all relevant past history and probably
risk factor or etiological factors. The latter will also give insights to prognosis of the
epileptic disorder with respect to surgical treatment. A good example will be a case of
post encephalitic epilepsy will render surgical intervention less successful [27].

There should be a multi-disciplinary team and the respective investigations
should include neuroimaging, psychiatric, neuropsychological and electrophysi-
ological assessment. A tertiary level or above epilepsy centre should have the
available epilepsy surgery presurgical investigations of in two different levels:

* Level 1 investigations are compulsory to all epilepsy patients for better local-
ization of epileptogenic zone by means of: (1) improvement of detection of
structural lesion on MRI, (2) mapping the source of interictal epileptiform dis-
charges, (3) detection of focal interictal brain dysfunction, and (4) detection
of ictal focal brain hyperperfusion, and for assessment of risk of postoperative
deficits by means of: (1) determination of hemisphere dominant for language,
(2) prediction of risk of postoperative memory decline, (3) reduction of risk of
visual field deficit, and (4) reduction of risk of motor deficit.

* Level 2 investigations are indicated for possible epilepsy surgery candidates
with no formal conclusion about the localization or extension of epileptogenic
zone. They are generally referring to those invasive monitoring tools.
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Seizure-
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Figure 1.
Six cortical zones.

3.4 Neurophysiology

The neurophysiological evaluation includes interictal and ictal EEG sampling,
which can be attained by non-invasive or invasive means in a long term recording
manner.

The inter-ictal EEG will provide important hint to lateralization or localization
of EZ. This is particularly true in cases of TLE solely unilateral anterior temporal
spike is a strong predictor of post-operative seizure freedom [28]. Anyhow, it is
not uncommon to have unilateral MTS with bitemporal interictal epileptiform
discharges found [29]. Another interictal EEG pattern with good localizing value is
short bursts of low-voltage, high frequency oscillations associated with focal corti-
cal dysplasia [30].

Conceptually, the video EEG recording will capture the habitual seizures and the
ictal EEG discharge and the lateralization and localization of the ictal onset zone
can be deduced from analysis of adequate number of captured events.

After combined analysis of ictal and interictal EEG data, the irritative and ictal
onset zones can be estimated [31].

Invasive recording is indicated when there is a hypothesis of epileptogenic zone
that is not fully supported by the non- invasive diagnostic modalities results. These
difficult scenarios are especially found in the non-lesional cases [32, 33].

3.5 Structural neuroimaging
Magnetic resonance imaging (MRI) of brain constitutes the basic, yet the most
important investigation of choice in presurgical evaluation. It is particularly true in

some epileptic disorder like temporal lobe epilepsy, of which mesial temporal scle-
rosis is the pathological substrate, got its unique radiological-anatomical correlates:
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(b)

(c) (d)

Figure 2.

Patient was regarded to be non-lesional epilepsy initially in 1.5 T MRI (a) and found to have cortical dysplasia
in left temporal stem in 3 T MRI (b). Another epilepsy patient had very subtle lesion in right subependymal
region in 1.5 T MRI (c) and confirmed to be subependymal heterotopia by 3 T MRI (d).

The MRI features of hippocampal sclerosis include (1) hippocampal atrophy
onT1, (2) increased signal on T2-weighted images or fluid-attenuated inversion
recovery (FLAIR) sequences, and (3) decreased signal on inversion recovery
sequences [34, 35].

The detection of these abnormalities should be carried out with optimized imag-
ing techniques, which include angulated coronal sections obtained perpendicular to
the long axis of the hippocampal structures.

For the extratemporal substrates, MRI can also define hemimegalencephaly,
schizencephaly, and focal subcortical heterotopia. Focal cortical dysplasia is the
most common developmental pathology in children with extratemporal lobe sei-
zures, and there is an international classification to define the underlying histopa-
thology and foretell the outlook of surgical success [36].

3 T MRI system has better signal-to-noise ratio, spatial and tissue contrast resolu-
tion than a 1.5 T system. Studies have shown that for initially nonlesional cases scanned
by 1.5 T system with standard MRI brain protocol, more than half had new findings
after rescanned by 3 T MRI system with multichannel phased-array coils (Figure 2).

The recommended MRI epilepsy protocol includes:

1. Volume acquisition TIW sequence acquired in oblique coronal orientation,
orthogonal to long axis of hippocampus, covers whole brain in 0.9-1 mm

partition
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2.0blique coronal T2ZWTSE an T2W FLAIR sequences, orientated perpendicular
to long axis of hippocampus, 2-3 mm slice thickness

3. Axial T2W or T2W FLAIR sequence of 3 mm slice thickness of whole brain

Diffusion tensor imaging (DTI) and tractography can be used for fiber
tracking and noninvasive structural network mapping and is an optional imag-
ing sequence to aid preoperative planning for surgical trajectory. Recent study
reported identification of significant diffusion abnormalities of tract sections in
ipsilateral dorsal fornix and contralateral parahippocampal white matter bundle
in patients with poor postoperative seizure control. Though more studies are war-
ranted to make conclusion, these results may help in understanding the mecha-
nism of postoperative persistent seizure and may act as imaging prognosticator
for operation outcome.

However, there are pathological substrates that go beyond the detection of MRI
analysis. As a result, multi-modality imaging of the brain will come into play [37-39].

There are some functional neuroimaging modalities, namely PET, SPECT, fMRI
and magnetoencephalography (MEG). Some of these scans can be co-registered
with MRI to give more detailed structural-functional correlated imaging analysis.
They will aid the localization of epileptogenic zone, and the sensitivity will largely
depend on the epileptic syndrome. MEG helps to localize the epileptogenic zone
and delineate the relationship between the suspected abnormality and the relevant
regions in the brain. The placement of invasive electrodes can be guided by the
MEG findings. A MEG-guided review of MRI may reveal subtle abnormalities and
permit a precise surgical excision of the irritative zone. MEG is also indicated in
patients with multiple intracerebral lesions, such as multiple cavernomas, in whom
a sole epileptogenic lesion may be identified for lesionectomy [40-43].

With such information, the indication of further invasive studies will also be
justified (Figure 3).

MRI lesion
Yes No
mesiotemnporsl J~Eatramesi|::—temp|::-ml Invasive EEG J
Convergenceof Adjacentto
selzure semiology eloguent cortex
EEG & neurcpsych (IME1)
Resaction PET and SPECT
convergent

Figure 3.
Algorithm of workup of refractory epilepsy.
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3.6 Neuropsychological assessment

Conceptually, the principle of neuropsychological batteries of test lies on the
functional neuroanatomy(Table 2). It is controversial to state the prediction of
postoperative cognitive outcome should be based on the side that was to be resected
or the side that would remain following surgery.

There is always a long debate between the usage of WADA test and fMRI in deter-
mination of language dominance. In majority of cases, fMRI can clearly lateralize the
language localization. However, in cases having agitation or mental compromise, or
there is bilateral activations in fMRI, WADA test should be considered as a definitive
test (Figure 4). Anyhow, the lower the mental reserve and the higher the functional
adequacy of the resected tissue will preclude the surgical feasibility [44, 45].

3.7 Psychiatric assessment

It is recommended that the presurgical evaluation should include a thorough
psychiatric assessment [32]. There are several reasons:

1. The prevalence of psychiatric disorder is prevalent in epilepsy patients, and
psychopathology is common in patients with TLE.

2. Appropriate assessment might help to anticipate acute anxiety, delusions, and
the latter symptoms might be aggravated in some temporal epilepsy cases, in
perioperative period

3.The life time history of psychiatric disorder was associated with worst post-
surgical seizure outcome, though the existence of stable psychiatric disorder

does not preclude epilepsy surgery.

The areas of assessment should include four domains, namely, behavioural,
psychiatric, self-esteem profile and quality of life.

3.8 Invasive EEG studies

In general, the indications to consider invasive EEG monitoring are as the
followings:

1. To define precisely the epileptogenic zone when non-invasive data are not
concordant

2.To conclude the divergence of non-invasive data in different regions

3. To map eloquent cortical and subcortical function for resective surgery planning

Cognitive function Remark

Temporal lobe Memory and language Left side represents verbal memory
Right side represents visual memory

Frontal lobe Executive and behavior
Posterior part Perception and higher sensory
Table 2.

Functional neuroanatomy.
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Figure 4.
Clinical photo showing the setup for WADA test.

Figures.

Types of invasive EEG studies: (a) subdural strips and grids, (b) intracevebral depth electrodes,

(c) insular depth electrodes insertion with neuro-navigation guidance, (d) foramen ovale electrodes,
and (e) stereoelectroencephalography (SEEG).
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4.To further validate the epileptogenic zone or provide information of
prognostic value

5.To perform therapeutic treatment for active regions using thermocoagulation

Traditionally, modalities of invasive EEG monitoring include subdural elec-
trodes, intracerebral depth electrodes, epidural peg electrodes and foramen ovale
electrodes. A comprehensive review on risks and benefits in using subdural and
depth electrodes showed that the related complications include epidural or subdural
haemorrhage, intracerebral haemorrhage or contusion, meningitis, oedema around
electrode, cerebral oedema, increased intracranial pressure etc. The overall compli-
cation rate ranges from 0.4% to 6.6%.

Stereoelectroencephalography (SEEG) is getting its popularity to enable precise
recordings from deep cortical areas in bilateral and multiple lobes without subject-
ing the patients to have bilateral large craniotomies. The key and most important
concept in considering SEEG is to test individualized anatomo-electro-clinical
hypothesis. Based on clinical history, semiology, preoperative imaging and vEEG
data, the findings of SEEG help the clinicians to understand the spatial and tempo-
ral dynamics of seizure i.e. where it starts, when and when it spreads. Study from
Italian group showed that SEEG is a useful and relatively safe tool to localize the
epileptogenic zone with procedure-related morbidity 5.6%. Other centres incorpo-
rate the neuro-robotic system in performing SEEG and showed comparable results.
In general, SEEG had equivalent efficiency in determination of epileptogenic
zone with lower operative morbidities and complications including CSF leak and
intracranial haemorrhage, and better tolerance to patients. Current application of
EEG recordings is not only limited to scalp EEG and intracranial EEG with subdural
electrodes and depth electrodes (Figure 5) [46-49].

4. Epilepsy surgery for drug resistance epilepsy

The decision of surgical intervention is usually made in a consensus agreement
among the discipline which carry out the investigation in a multi-disciplinary
patient management conference in each epilepsy surgery centre. Basically it is a
rational estimation of the precision of the epileptogenic zone (thus the success rate
of seizure cure) and the risk benefit analysis of the potential post-operative risk.

In general, the outcome will be more favorable for lesional epileptic syndrome
with concordance of investigation results and neuropsychological proof of
“absence” of important cognitive function within the resected areas. On the con-
trary, the lack of concordance, the presence of important function in the pathologi-
cal substrate will preclude the surgical feasibility. Besides the disease factor, there
are also patient factors like seizure frequency, duration of illness, comorbidity that
will govern the prognostication [50].

Conventionally, the operative outcome will be categorized in four classes accord-
ing to Engel’s classification [51] (Table 3).

Class1 Free of disabling seizures
Class IT Rare disabling seizures (“almost seizure-free”)
Class I1I Worthwhile improvement
Class IV No worthwhile improvement
Table 3.

Engels classification.
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The rationale is to have complete resection of the epileptogenic zone. Broadly
there are three types of epilepsy surgery

1. Curative, respective surgery in terms of resection surgery involves temporal
lobe surgery and extratemporal lobe surgery. Among the different epileptic
syndrome, the mesial temporal sclerosis usually has the most favorable seizure
outcome: 70% of the patients have Engel’s Class I [52, 53].

2. Palliative surgery in terms of disconnection surgery includes corpus calloso-
tomy, hemispherectomy (anatomical/functional), hemispherotomy, multiple
subpial transections. All these procedure are often performed in pediatric
group of patients and they had been shown to have seizure reduction ranged
from 40 to 50% [54].

3.Modulatory, in terms of deep brain stimulation (DBS), vague nerve stimulation
(VNS), responsive neurostimulation (RNS) and gamma knife radiosurgery [55]

5. Long-term outcome after epilepsy surgery

Epilepsy surgery for temporal lobe epilepsy is usually recommended because
of promising result. One study including 80 patients with temporal lobe epilepsy
showed that the cumulative proportion of patients who were free of seizures impair-
ing awareness was 58% in the surgical group and 8% in the medical group [56]. The
Early Randomized Surgical Epilepsy Trial (ERSET) included 38 patients with mesial
temporal lobe epilepsy and showed that zero of 23 participants in the medical group
and 11 of 15 in the surgical group were seizure free during year 2 of follow-up [57].
Another study including more than 3000 patients from Germany concluded that the
number of non-lesional patients and the need for intracranial recordings increased,
and more than 50% of evaluated patients did not undergo surgery [58].

6. Treatment consideration for non-lesional epilepsy

There is always difficulty in identification of the epileptogenic zone in non-
lesional neocortical epilepsy. Seizure free outcomes are about 55% for non-lesional
temporal lobe epilepsy and 43% for non-lesional extratemporal lobe epilepsy
patients. Concordance with two or more presurgical evaluations including interictal
EEG, ictal EEG, FDG-PET, and ictal SPECT was significantly related to a seizure-free
outcome. Another study showed that 38% of non-lesional epilepsy patients had an
excellent outcome after resective epilepsy surgery after long-term intracranial EEG.
In temporal lobe epilepsy with MRI negative and PET positive findings, surgery could
achieve Class I surgical outcomes at postoperative 2 years in about 82% [59, 60].

7. Factors related to failure in epilepsy surgery

Failure of epilepsy surgery may be caused by wrong localization of the epilepto-
genic zone, very widespread epileptogenic zones and very limited resection of the
suspected epileptogenic zone.

In patient after mesial temporal resection, seizure may arise from neocortical
regions instead of from residual hippocampal structure. This may imply the exis-
tence of regional epileptogenicity. Hippocampus represents the area of cortex with
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the lowest threshold for seizure generation and the surrounding neocortical tissue
also exhibiting epileptogenicity then becomes the site of ictal onset. About 25% of
patients with seizure relapse after mesial temporal sclerosis may have seizure onset
in the contralateral temporal region.

Extensive reevaluation of these patients is suggested for consideration of reop-
eration if epileptogenic focus can be localized.

8. Recent advance in epilepsy surgery

Minimally invasive intracranial endovascular EEG monitoring by means
of nanowire and catheter and stent-electrode recordings is evolving [61]. High
frequency Oscillations (HFOs) are believed as a potential marker for detection of
epileptogenicity and predictive factor for epilepsy surgery outcome. However, a
meta-analysis was able to show the significant but small relation between removal
of HFO-generating brain region and outcome [62-64].

9. Conclusion

The prerequisite of seizure origin in a well circumscribed area of brain and
the precision of localization of such epileptogenic zone by epilepsy work up make
modern epilepsy surgery a promising treatment modality for refractory epilepsy.

The pre-operative assessment, which include multiple disciplines, however,
should be focused on two important conceptual facets

1. Data concordance: the individual seizure pattern is ascribed to the hypothetical
brain lesions, as suggested by neurophysiological and radiological data.

2. Functional reserve: the brain pathological region, if being resected, will not
leave patient with significant morbidities

The advent of wide range of diagnostic tests and available surgical techniques
has widened the applicability of surgical treatment. The success rate of these
surgical interventions range from 10 to 20% of seizure reduction to more than 70%
seizure freedom, depend on the different scenario.

In conclusion, epilepsy surgery for drug resistance epilepsy involves close
collaboration and teamwork by multi-disciplinary specialties. Epilepsy surgery
could be performed in different epilepsy centres. Patients should be referred early
in their refractory disease course to a higher level epilepsy center for evaluation of
the complex surgical options. Public education and promotion on management of
refractory epilepsy by surgical treatments should be encouraged and lead by our
local professional bodies and health organizations.
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Chapter 14

Pyramid Exploration Intervention,
Environmental Enrichment,
Aerobic Swimming Exercise

and Brain Neuroplasticity in the
Kainate Rat Model of Temporal
Lobe Epilepsy

Vasavi R. Gorantla, Sabyasachi Maity and Richavd M. Millis

Abstract

Previous studies have shown that environmental enrichment increases neurogenesis
and reverses learning and memory deficits in rats with kainate-induced seizures. We
tested the hypothesis that exploring a wooden pyramid for 3h/d augments neurogen-
esis and attenuates the learning and memory deficits following chemical lesioning
of the hippocampus and motor cortex with kainic acid (KA). A pyramid exploration
intervention (PEI) was created by subjecting rats to residing in a pyramidal wooden
structure of 3 h/d for 30 d. We also compared the effects on neurogenesis for PEI to
those for aerobic (swimming) exercise (EX) and environmental enrichment via explo-
ration of a rectangular-shaped wooden cage. Following KA seizures, the PEI increased
brain neurogenesis. Differences in measures of neurogenesis were not significantly dif-
ferent than those for EX and EE. Aerobic (swimming) exercise and novel environment
exposures appear to increase neural plasticity and may be considered a complementary
treatment for epilepsy.

Keywords: neurogenesis, neural plasticity, environment, learning, memory,
behavior, amygdala, hippocampus, motor cortex, complementary and alternative
medicine

1. Introduction

Previous studies from our laboratory have shown that regimens of short
periods of daily swimming exercise and environmental enrichment increases
brain neurogenesis, learning and memory in the kainate rat model of temporal
lobe epilepsy [1-3]. Temporal lobe epilepsy (TLE) is associated with oxidative
stress, a putative mechanism for neuronal apoptosis [1] and decrements in
neural plasticity that impairs the brain’s cognitive functions [2]. Oxidative stress
is known to reduce neuronal antioxidant and anti-apoptotic activity which dam-
ages the brain’s learning and memory networks [3]. Epilepsy is often resistant
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to treatment with antiepileptic drugs that are also known to produce oxidative
stress and to promote neuronal apoptosis [4]. Manipulation of an animal’s envi-
ronment appears to have the potential for producing physiological, therapeutic
effects and are purported to function as environmental enrichment schemes for
improving responsiveness to drug treatments. We have reported increases in neu-
rogenesis and improvements in performance of rats on learning and memory tasks
associated with environmental enrichment by allowing rats to explore a novel cage
with different objects in different configurations for 3 h/d, for 30 d. Another such
environmental enrichment intervention involves subjecting rats to stress restraint
in a pyramidal wooden structure. This environmental intervention is shown to
reduce the physiological and oxidative stresses associated with immobilization
and restraint [5].

Nikola Tesla was a mathematician-physicist and the inventor of many of today’s
most advanced electromagnetic technologies [6]. Among Tesla’s hypotheses more,
than a hundred years ago, is the prediction that the architectural design of the
great pyramid of Egypt produces electromagnetic effects within its chambers [7].
Pyramids are reported to augment local electric fields via a lightning-rod effect [8]
and function as electromagnetic conductors [7]; although, the mechanisms remain
unclear. It may, therefore, not be an accident of nature that pyramidal-shaped neu-
rons evolved to generate and focus electromagnetic energy in the brain. Pyramidal-
shaped neurons comprise 12 billion of the 16 billion neurons in the human cerebral
cortex [9]. A psychiatrist-inventor, Hans Berger, in the 1920s, was the first person
to demonstrate electroencephalographically-measured brain waves (EEG) [10]. It is
now known that each brain wave represents the synchronized action potentials of
millions of pyramidal cells in the cerebral cortex [11]. In view of these interesting
aspects of pyramids and pyramidal cells in the brain, the present study is designed
to test the hypothesis that a pyramid exploration intervention (PEI) augments brain
neurogenesis and improves the brain’s learning and memory functions in an animal
model of TLE.

2. Methods

These studies were approved by the institutional animal care and use review
board of Manipal University, Bangalore India, in partnership with the American
University of Antigua College of Medicine.

2.1 Animals

The animal subjects were 4-month-old male Wistar rats maintained under
conditions of 12-hour light-dark diurnal cycles in Manipal University’s Animal
Research Facility. The animals were fed ad libitum with a normal balanced rat chow
diet.

2.2 Experimental design

Figure 1 depicts the study design intended to determine the effects of a pyramid
exploration intervention (PEI) on neurogenesis, learning and memory func-
tions in rats. The animals were grouped as follows: 1. Normal control rats (NC);
2. Normal control rats with exposure to the PEI (NC + PEI); 3. Sham control rats
with exposure to the PEI (SC + PEI); 4. Kainic acid-lesioned rats; and 5. Kainic acid
lesioned rats with exposure to the PEI (KA + PEI). NC animals were undisturbed
in their home cages. NC + PEI animals were subjected to the PEI for 3 h/d. SC + PEI
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Normal Control Normal Control Sham Control Lesion Only Lesion+Pyramid
(NC) (n=12) (NCAPE) (n-12) (SC+PE) (n=12) (LO) (n=12) (L+PE) (n=12)
No treatment No treatment Sham surgery KA lesioning KA lesioning

Undisturbed l No treatment
PE for 30 days PE for 30 days PE for 30 days.
| | | l I I
Passiveavoidance test
T- Maze test
Sacrifice
Cresyl violet staining, Golgi staining
(Hippocampus, Motor cortex, Amygdala)
PE- Pyramid Environment, KA-Kainic acid
Figure 1.

Experimental design. Summary of the experimental design for demonstrating the effects of an environmental
intervention involving exploration of the pyramid structure (PE) shown in Figure 1 in groups of 4-month-old
male Wistar rats.

animals were subjected to sham surgery followed by exposure to the PEI. The sham
surgery involved fixing the rats in a stereotaxic apparatus under general anesthesia
after which burr holes were drilled in the skull using stereotaxic coordinates for

the lateral ventricles taken from a standard rat brain atlas. A Hamilton syringe was
inserted into the lateral ventricles bilaterally and removed without administration
of any fluids or drugs. Following suturing of the scalp wounds, the rats were placed
back in their home cages and were subjected to the PEI 3 h/d for 30 d. KA animals
were administered kainic acid (KA) bilaterally into the lateral ventricles using a
Hamilton syringe. Animals in the KA lesioned + PEI group were administered KA and
then underwent PEI for 3 h/d for 30 d. The PEI was initiated 1-d after grouping in the
NC animals, 1-d after surgery SC + PEI animals and starting on the first postictal
day in the KA + PEI group.

2.3 Surgical and related experimental procedures

SC and KA animals were anesthetized with a mixture of ketamine (50 mg/mL),
xylazine (4.5 mg/mL) and acepromazine (0.4 mg/mL) at a dose of 0.70 mL/kg body
weight and were fixed in the stereotaxic apparatus with the incisor bar situated
3.7 mm below the inter-aural line. The skull was exposed and a burr hole was drilled
guided by the stereotaxic coordinates as follows: 3.7 mm from bregma, 4.1 mm
lateral from the midline [12]. KA lesioning was accomplished using a Hamilton
syringe needle filled with 0.5 pg/pL KA, 1.0 pl of which was administered slowly
over 20 min. The KA-filled syringe was lowered from the stereotaxic syringe holder
4.5 mm to reach the lateral ventricles. After the needle was withdrawn, the skin was
sutured and the animals were returned to their home cages.

2.4 Pyramid exploration intervention (PEI)

Exposure of animals to PEI was accomplished in a wooden cage of larger
dimension than the steel home cage (Figure 2). Rats were allowed to explore the
PEI environment for 3 h every d for 30 d, beginning immediately following either
grouping (normal control group), sham operation (sham-operated control group)
or KA + lesioning (kainate experimental group) for 3 h/d for 30 d beginning 1-d the
grouping (normal controls), sham operation (sham controls) or KA lesioning.
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Figure 2.

Pyramid exploration environmental intervention. Rats were allowed to explore this pyramid-shaped wooden
structure for 3 h every d for 30 d, beginning immediately following either grouping (novmal control group),
sham operation (sham-operated control group) or kainate lesioning (kainate experimental group).

2.5 Morphological procedures

Identification of surviving neurons. Surviving neurons were identified by
cresyl violet staining of neuronal Niss] substance. Rats were deeply anesthetized
with ether and fixation was performed by transcardial perfusion of the left ventricle
with 15 ml of 0.9% heparinized saline at 1 mL/min, followed by perfusion with
approximately 250 mL of 10% formalin at 1 mL/min. Brains were excised following
decapitation. Coronal sections (5-6 mm thickness) were cut and were post-fixed for
24 h using 10% formalin. Tissues were then dehydrated in 70% alcohol for 2 h, 90%
alcohol for 2 h, 3 changes in 100% alcohol for 2 h, clearing with xylene for 2 h and
embedded in paraffin. A rotatory microtome was used to cut 5 pm thick sections
from the mid-dorsal hippocampus and motor cortex. Sections were then mounted
serially on gelatinized slides and stained with 0.1% cresyl violet at pH 3.5-3.8. Cresyl
violet staining was followed by sequential treatment with 90% and 100% alcohol
for 1-2 minutes each, xylene for 2 minutes, followed by mounting in DPX.

Cell counting. Surviving neurons were counted using light microscopy. Total
number of surviving neurons were counted in 10 randomly-selected fields, at
40x magnification (Magnus, Olympus Pvt. Ltd. New Delhi, India) and were aver-
aged. Cells with pyknotic nuclei were excluded from the count. The researcher doing
the counting was blinded to the animal grouping and experimental treatment.

Identification of dendritic branch points and intersections. Dendritic branch
points and intersection were identified by the Golgi-Cox staining procedure with
some modifications [13]. Using the same procedure as described above for anes-
thetization, the brains were quickly removed and incubated in Golgi-Cox fixative,
without perfusion or post-fixation. Tissue collected from individual animals were
fixed in individual bottles as follows: Brains were maintained as fresh as possible,
placed in clean bottles on glass wool or gauze, covered with Golgi-Cox solution and
left at room temperature in a room without light to limit oxidation. After 2 days,
the Golgi-Cox solution was changed. The brains were exposed to the fixative for
2 weeks followed by impregnation in Golgi-Cox solution and dehydration in the
following order: 50% ethanol and 70% ethanol for 1 hour each, 90% ethanol for
2 hours, 100% ethanol for 1 hour. The tissue blocks were then blotted to remove
the alcohol from their surface, after which they were carefully mounted on a tissue
holder by applying 2 drops of Fevikwik adhesive on the wooden block and the tissue
was fixed. Sections were then cut using a base sledge microtome to a thickness
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of 120 pm. Using a soft brush, sections were collected in 70% ethanol, washed

in distilled water for 5 minutes, 5% sodium carbonate for 20 minutes, distilled
water for 5 minutes, 70% ethanol-10 minutes consisting of 2 washes for 5 minutes
each, 90% ethanol for 10 minutes consisting of 2 washes for 5 minutes each, 100%
ethanol for 10 minutes consisting of 2 washes for 5 minutes each, Cedar wood oil
for 1 hour, xylene for 10 minutes consisting of 2 washes for 5 minutes each. Sections
were mounted on a glass slide using DPX.

Counting of dendritic branch points and intersections. The dendritic branch
points and intersections of darkly-stained neurons throughout their arborizations
were counted using camera lucida tracing equipment (Dutta Scientific, Bangalore).
Neurons exhibiting truncated dendritic branches within a 100 pm radius of
the soma were excluded. Interference from adjacent neurons was eliminated as
described for neuronal counts. Counting of dendritic branch points and intersec-
tions was accomplished by Sholl’s concentric circle method [14]. Concentric circles
were drawn on a transparent sheet with 20 pm as the radial distance between two
adjacent circles. The concentric circles template was placed on the camera lucida-
traced neuron so that the center of the neuron’s soma coincided with the center of
acircle. Then, the number of branch points between the two adjacent circles were
counted. Intersections were defined as points of dendrite touching or intersecting
with a circle. Branch points and intersections were counted up to a radial distance of
100 pm from the neuronal cell body.

2.6 Behavioral testing

Behavioral tests were administered on the 42nd day following grouping for
the NC group and on the 42nd day following surgery or KA-induced seizures for
the other groups. All testing was done at approximately 7:00 PM to control for the
diurnal variation of night-time activity in rodents.

The T-maze task. Rats were subjected to left-right discrimination, a spatial
memory task testing the animal’s ability to discriminate the left or right arm of
a'T-maze for a food reward. The animals were food-deprived for 2 days prior to
testing to enhance motivation. The rats were subjected to an orientation period by
being placed in the start box for 60 s. The animals were then permitted to explore
the T-maze for 30 minutes and to ingest 15 pellets (10 mg/pellet) in each goal area.
The animals were then returned to the start box. The orientation was done for 2
consecutive days followed by 6 trials/day for 4 consecutive days.

Spontaneous alternation test. Each animal, after being placed in the start
box, was allowed to move into the maze structure where they selected one of the
branches of the maze, and once they ingested a food pellet in the goal area they
were placed back in the start box for the next trial. The interval between trials was
one minute and the maze branch selected by the rat was recorded. At the end of the
4-day experimental period, the total number of branch alternations was used to
compute percent bias as follows: (Number of selections of most frequently selected
branch + Number of trials) x 100.

Rewarded alternation test. One day after completing the spontaneous alterna-
tion test described above, six trials of the rewarded alternation test were performed
daily. Each trial included two runs consisting of a forced and a selection run. For
the forced run, the animals were forced into one of the branches of the maze by
blocking the other branch and they were permitted to ingest the food pellets within
the goal area. After eating the food in the goal area, they were placed back in the
start box to perform the selection run. For the selection run, the goal area of the
forced branch of the maze was kept empty and food pellets were placed in the goal
area of the alternate branch. Both maze branches were accessible to the animals;

209



Epilepsy - Update on Classification, Etiologies, Instrumental Diagnosis and Treatment

a one-minute pause separated each forced and selection run and there was another
one-minute pause between each trial. Maze branch selection was predetermined
and was the same for all animals on a given day; on the next day, the forced branch
was changed. For the selection run, a correct response was recorded whenever the
branch opposite to the forced branch was selected and vice versa for recording of
an incorrect response. Percentage of correct responses was computed as follows:
(Number of correct responses + Number of trials) x 100.

Passive-avoidance learning and memory test. This test has the following 3
parts: i) an exploration test, ii) an aversive stimulation and learning phase (passive-
avoidance acquisition), and iii) a retention test.

Exploration test. Each animal performed three exploration tests per day. The
interval between trials was five minutes and each trial was three minutes in dura-
tion. Each animal was placed in the center of a large compartment facing away from
the entrance to a dark small one. The door between the large and small compart-
ments was open and the animal was permitted to explore both the large and small
compartments for three minutes. Time within the large compartment, time within
the small compartment and number of crossings from large to small compartments
were recorded as a measure of exploration. Animals were then replaced in the home
cage, where they were maintained for the five-minute interval between trials and
this sequence was repeated three thrice for each animal.

Aversive stimulation and learning phase: passive-avoidance acquisition test.
Each animal was forced into the smaller compartment and the sliding door between
the two compartments was closed following the last exploration trial. Then, 3 strong
electric foot pulses of 50 Hertz, 1.5 milliamps, 1.0 second in duration were adminis-
tered at five-second intervals, and the animal was returned to their home cage.

Memory retention task. The memory retention task was done twenty-four
hours after the previously described acquisition test. For this test, the animals were
maintained in the center of the large compartment and each animal was permitted
to explore the compartments for three minutes after which they were returned to
their home cages. This sequence was repeated three times with an interval between
trials of five minutes. Time in the large compartment, time in the small compart-
ment and number of crossings from large to small compartment were recorded as
measures of exploration.

2.7 Data analysis

Analysis of variance (ANOVA) with Bonferroni’s post-hoc test was performed
to estimate the statistical significance of differences between groups (GraphPad
Prism, version 5). Across the groups, correlations between the most relevant
morphometric and behavioral measurements were evaluated by Pearson’s product
moment correlation coefficient (r). Neurogenesis parameters were compared for
similar experiments performed under conditions of PEI, aerobic (swimming)
exercise and another form of environmental enrichment [1-3]. Statistical signifi-
cances were guaranteed at P < 0.05.

3. Results
3.1 Morphometric measurements in hippocampus, amygdala and motor cortex
Figure 3 shows the effects of the PEI, with and without KA lesioning, on

the CA3 area of hippocampus by light microscopy. The PEI was associated with
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Figure 3.

Ef]g”ects of a pyramid explovation environmental intervention on neurons in area CA3 of hippocampus.
Photomicrographs showing the surviving neurons in groups of 4 month-old male Wistar rats exposed to the
following conditions: Normal control (NC), normal control followed by pyramid exploration, PE (NC + PE),
sham-operated control followed by environmental envichment (SC + PE), kainic acid-induced lesioning and
seizures (LO) followed by immediate, 1-d post-lesion exposure to the PE (L + PE). Magnification 40x.

\| SC+PE Lo \ ‘ L+PE

Figure 4.

Effects of a pyramid explovation envivonmental intervention on dendritic branching depicted by camera
lucida. Effects of pyramid exploration (PE) on the dendritic branch points and intevsections of the surviving
neurons in hippocampal area CA3 depicted by light microscopic camera lucida tracings subjects are groups
of 4 month-old male Wistar vats exposed to the following conditions: Normal control (NC), normal control
followed by PE, (NC + PE), sham-operated control followed by PE (SC + PE), kainic acid-induced lesioning
and seigures (LO) followed by PE (L + PE).

significant increases in the numbers of surviving neurons in the normal and
sham-operated control groups and after KA lesioning in the experimental
group (data not shown). The PEI also produced significant increases in the num-
bers of surviving neurons in hippocampal area CA1, dentate gyrus, basolateral
amygdala and motor cortex in the controls and in the KA-lesioned animals (data
not shown).

Figure 4 depicts the effects of the PEI on the dendritic branching of the surviving
neurons in hippocampal area CA3 by light microscopic camera lucida tracings.

Figure 5 shows the morphometric measurements of the effects of the PEI on
the counts of branch points and intersections in hippocampal area CA3. These
data demonstrate that exposure to the PEI produced significant increases in the
branch points and intersections both in the presence and in the absence of KA
lesioning. Similar increases were found in dentate gyrus, amygdala and motor
cortex and in animals subjected to delayed exposure to the PEI after a delay of 60 d,
postictal.

3.2 Behavioral measurements
The PEI was associated with significant increases in the percent bias, percentage

of correct responses and the number of alternations on the T-maze learning task.
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Figures.

Effects of a pyramid exploration envivonmental intervention on dendritic branch points and intersections

in hippocampus. Morphometric cell counts of the surviving neurons in hippocampal area CA3 for groups

of 4 month-old male Wistar rats exposed to the following conditions: Normal control (NC), normal control
followed by pyramid exploration PE (NC + PE), sham-operated control followed by PE (SC + PE), kainic acid
esioning and seizures (LO) followed by PE (L + PE). Panels A and C: Effects of the PE intervention initiated
1-d following grouping in the controls, 1-d postsurgical in the sham-operated controls and 1-d postictal in the
kainate-lesioned rats. Panels B and D: Effects of the PE intervention initiated 60-d following grouping in the
normal controls, 60-d postsurgical in the sham-operated controls and 60-d postictal in the kainate-lesioned
rats. Intergroup differences significant at *P < 0.05, *P < 0.01.

Percentage of correct responses for the animals subjected to the PEI for 30 d starting
at the first postictal day was positively correlated with the number of surviving
neurons in all the brain areas studied, across the five study groups (r = 0.92-0.97,

P < 0.001). Percentage of correct responses for these animals was also positively
correlated with the number of apical and basal dendritic branch points and
intersections in the same brain areas, across the five study groups (r = 0.88-0.94,

P <0.01).

Figure 6 presents the effects of the PEI on the exploration and retention phases
of passive-avoidance testing. The PEI was associated with significant decrements in
the time spent within a small compartment where an aversive stimulus was previ-
ously administered and in the number of crossings. The same pattern of behavioral
responses was observed in animals subjected to the PEI for 30 d immediately, starting
1-d postictal, as well as, after a 60-d delay postictal. Similar to the morphometric and
T-maze data, these changes were observed in the animals subjected to the PEI. Time
spent in the small compartment avoiding the aversive stimulus was negatively cor-
related with the number of surviving neurons in all the brain areas studied, across the
five study groups (r = —0.93 to —0.99, P < 0.001). Time spent in the small compart-
ment was also negatively correlated with the number of apical and basal dendritic
branch points and intersections in the same brain areas, across the five study groups
(r = —0.88t0—0.95, P < 0.01).

Table 1 summarizes comparisons of the effects of the pyramid exploration
intervention (PEI), environmental enrichment in the absence of pyramid explora-
tion (EE) and aerobic (swimming) exercise (EX) on the numbers of surviving
neurons in hippocampal area CA3. There were no significant differences in neuro-
genesis between these three interventions (P > 0.1). Similar results were found for
the dendritic branch points and intersections in area CA3 (data not shown).
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Figure 6.

Effects of a pyramid explovation environmental intervention on a memory passive-avoidance task. Bars
compare means * standard deviations of time spent in a small compartment where there was previous
exposure to an aversive stimulus, expressed in s/trial) and total number of crossings in groups of 4 month-old
male Wistar vats exposed to the following conditions: Normal control (NC), normal control plus pyramid
exploration, PE (NC + PE) and sham-operated control plus PE (SC + PE), kainic acid lesioning and seizures
(LO) followed by PE (L + PE). Panels A and B: Effects of the PE intervention initiated 1-d following grouping
in the normal controls, 1-d postsurgical in the sham-operated controls and 1-d postictal in the kainate-lesioned
rats. Panels C and D: Effects of the PE intervention initiated 60-d following grouping in the normal controls,
60-d postsurgical in the sham-operated controls and 60-d postictal in the kainate-lesioned rats. Intergroup
differences significant at *P < 0.05, “P < 0.01.

PEI 104.3 + 4.457 EE 108.8 + 3.601 EX 105.7 + 4.412
SC 103.3 + 8.359 SC 104.3 + 4.457 SC 98.83 + 7.055
KA 60.33 £ 1.966 KA 68.50 + 3.146 KA 64.83 + 4491

PEI = pyramid explovation intervention; EE = environmental envichment; EX = aerobic swimming exercise;
SC = sham control; KA = kainic acid lesion.

Data expressed in means + standard deviations.

PEI vs. EE vs. EX weve not significantly different, P > 0.1.

Table 1.
Number of surviving neurons in hippocampal area CA3.

4. Discussion

The main findings of this study are that morphometrically-measured rat brain
neurogenesis and performance-measured learning and memory behavioral tasks
are augmented by a pyramidal exploration intervention (PEI). The PEI permitted
rats to explore a wooden pyramid for 3 h/d. The PEI was associated with incre-
ments in the numbers of surviving neurons, apical and basal dendritic branch
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points and intersections at hippocampal areas CA1 and CA3, amygdala and motor
cortex suggestive of increased neurogenesis and improved learning and memory
under control and postictal conditions. This evidence of increased neurogenesis
is bolstered by highly significant correlations, across the five study groups. We
found significant positive correlations between the animals’ percentage of correct
responses on a T-maze (learning) task, the numbers of surviving neurons and the
numbers of dendritic branch points (r = 0.88-0.94). We found similar significant,
but negative, correlations between the time the animals spent in a small compart-
ment avoiding an aversive stimulus (memory task) and the numbers of surviving
neurons, dendritic branch points and intersections (r = —0.88 to —0.99). These
findings demonstrate that, whether a control or an experimental animal, rats with
more neurons and more dendritic intersections (synapses) in the four brain areas
studied had greater learning of a T-maze strategy, as well as, greater memory for
avoiding an aversive stimulus.

We have previously shown increases in rat brain neurogenesis and improvements
in performance on the same learning and memory tasks as employed in the present
study associated with an environmental enrichment intervention involving explora-
tion of a wooden square structure containing novel objects in novel configurations
for 3 h/d [3]. We designed the present study to expand the previous studies to a
different type of environmental intervention, the exploration of a pyramid-shaped
wooden house for 3 h/d. We used a pyramid-shaped structure to emulate prior
studies demonstrating that housing in pyramid while exposed to restraint stress
counteracts the parameters of oxidative stress associated with the animal restraint
[5]. Oxidative stress causes accumulation of superoxide and other free radicals—
highly reactive oxygen and nitrogen species such as superoxide and hydroxyl
radical anions, nitric oxide, nitrogen dioxide and peroxynitrite [15]. These highly
reactive oxygen and nitrogen species (ROS/RNS) do not accumulate under normal
conditions because they are neutralized/scavenged by antioxidant enzymes such as
superoxide dismutase, catalase and glutathione reductase synthesized by, and stored
in, each normal healthy cell [16]. Oxidative stress occurs when the balance between
production and neutralizing/scavenging favors accumulation of ROS/RNS [17].
Such accumulation of ROS/RNS causes peroxidation of lipids in the cell’s plasma and
organelle membranes [16]. ROS/RNS-dependent enzymes are known to function
normally under conditions of very low, physiological levels of ROS/RNS [17].

The aforementioned pyramid exposure appears to protect against the restraint
stress-induced atrophy of the hippocampus [5]. Oxidative stress is shown to be a
pathophysiologic feature of KA-induced seizures [18]. The PEI in the present study
is, like the aforementioned pyramid study involving stress restraint, associated with
physiologically-significant effects, evidenced by significant correlations between
morphometric and behavioral measurements across the five study groups. Pyramid
exposure is also shown to increase the amplitude of electroencephalographically-
measured alpha waves [19], and positive mood responses associated with medita-
tion [20, 21]. Electroencephalography and monitoring of emotional functions were
beyond the scope of the present study. However, hippocampus is an important
source of emotional responsiveness and theta waves [22]. Theta and alpha waves
propagate together in the neocortex when cognitive tasks are performed [23]. It is,
therefore, plausible that the increases in neurogenesis and improvements in behav-
ior observed in the present study are likely to have been reflected in brain waves and
emotional responses.

KA-induced seizures are also a stimulus for neurogenesis, associated with
increased numbers of neural progenitor (stem) cells within the subgranular zone of
hippocampus, amygdala sensorimotor cortex [24] but motor cortex neurogenesis
has not been extensively studied. It was beyond the scope of the present study to
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identify neural stem cells and to measure the immediate effect of the KA-induced
seizures but we assume that our morphometric counts of surviving neurons, den-
dritic branch points and intersections after a 30-d period is a fair reflection of the
seizure-induced neuronal death followed by neural stem cell proliferation known to
occur in the KA rat model of TLE.

5. Conclusion

The results of this study demonstrate that regular exposure of rats to a wooden,
pyramidal-shaped environment for their exploration 3 h/d increases neurogenesis
learning and memory, under normal control conditions, after a (sham) surgical
intervention and following KA-induced seizures. These findings should be inter-
preted cautiously because previous studies from our laboratory have shown that the
same benefits accrue from an environmental enrichment by exposing animals to
exploration of a rectangular wooden cage with novel objects in novel configurations
for 3 h/d and aerobic (swimming) exercise [1-3]. It is, therefore, likely that pyramid
effects are nonspecific and are the result of exposing animals to any novel environ-
ment. We, therefore, conclude that pyramid exposure is probably not different
than other modes of environmental enrichment for augmenting brain neurogenesis
and improving learning and memory functions. Future studies should determine
whether exposure to novel environments are effective as complementary or alterna-
tive treatments for the wide variety of neurological diseases wherein full recovery
of learning and memory functions may be limited by ineffective neurogenesis.
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Chapter 15

Current Status and Potential
Challenges of Cell-Based Therapy
for Treating Status Epilepticus and
Chronic Epilepsy

Huifang Zhao and Zhiyuan Li

Abstract

Epilepsy is the fourth most common neurological condition characterized by
recurrent unprovoked seizures. Chronic and recurrent seizures may give rise to cell
necrosis, astrocyte activation, neuron death, reactive oxygen species (ROS) produc-
tion, and mitochondria dysfunction. Recent studies have shown that cell-based
therapy is a promising treatment option for epilepsy. Various stem cell types were
used for treatment of epilepsy in basic and experimental researches. It is especially
vital to gauge the efficacy of distinct donor cell types, such as the embryonic stem
cells and induced pluripotent stem cells (iPSCs), mesenchymal stem cells (MSCs),
hippocampal precursor cells, y-aminobutyric acid-ergic progenitors, neural stem
cells. The goal of this chapter is to evaluate the progress made hitherto in this area
and to discuss the prospect for cell-based therapy for epilepsy.

Keywords: epilepsy, seizures, mesenchymal stem cells, neural stem cell
transplantation

1. Introduction

Epilepsy is a neurological disorder, characterized by recurrent (two or more)
epileptic seizures resulting from excessive and abnormal cortical neural activity.
There are tens of millions people experiencing epilepsy [1]. Causes of epilepsy are
complex, such as a toxic ingestion, serious head injury, stroke, tumor, complications
of other brain diseases and genetic mutation. Epilepsy may occur after some brain
infections such as meningitis, herpes simplex encephalitis, pork tapeworm (cysticer-
cosis), cerebral malaria, toxoplasmosis, and toxocariasis. Genetics is believed to be
involved in the majority of cases, either directly or indirectly. Around 0.095% of all
deaths are on account of status epilepticus or seizure [2]. Approximately 30% of epi-
leptic patients have temporal lobe epilepsy(TLE) which causes neuronal cell death,
aberrant mossy fiber sprouting (MFS) [3], hippocampal damage [4] and cognitive
deteriorations [5]. The past 30 years have seen the introduction of over fifteen kinds
of third-generation antiepileptic drugs (AEDs) that provide more options for differ-
ent types of seizures [6]. However, approximately 30% of patients continue to have
process of epilepsies [7, 8]. For drug-resistant epilepsy, AEDs are unable to prevent
or reverse the process of disease. The treatment was not effective [9]. Furthermore,
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the patients that respond to AEDs typically experience adverse systemic side effects,
underscoring the urgent need to develop new therapies that target epileptic foci
rather than more systemic interventions.

Based on the high incidence of this disease and the limited treatment options
available, it makes sense to explore and analyze the new treatment strategies to
inhibit or prevent epileptic-related neuronal changes. Due to the potential for
providing neuroprotection, diminishing inflammation and curbing epileptogen-
esis of Mesenchymal stem cells, the development of chronic epilepsy typified by
spontaneous seizures and learning and memory impairments may be restrained.
In this chapter, the efficacy of MSCs to restrain neurodegeneration, inflammation,
and epileptogenesis were discussed [10]. Neural stem cells and neural progenitors
(NSC/NPCs) have broad application prospect in neuro-restorative therapy due
to their survival of intracerebral grafting, remarkable capacity for self-renewal,
release a multitude of neurotrophic factors, plasticity, and ability to integrate into
host brain circuitry [11]. This paper reviewed different cell sources and strategies
of using MSC and progenitor cells to treat epilepsy by establishing new neurons
that incorporate into host brain circuits.

2. Mesenchymal stem cells and epilepsy
2.1 Properties of mesenchymal stem cells

MSCs were discovered in bone marrow in 1966 for the first time [12]. The
therapeutic potential of bone marrow mesenchymal stem cell (BMSC) transplanta-
tion has recently been investigated in various pathological conditions of the central
nervous system (CNS) [13-16]. Subsequently, MSCs were widely and gradually
isolated from various tissues, including adipose, tooth root, umbilical cord, muscle
[17-19]. For more scientific comparison and contrast of research results, the
minimal criteria for MSCs was defined by the International Society for Cellular
Therapy (ISCT) including plastic adherent growth, express CD105, CD73 and
CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79 or CD19 and
HLA-DR surface molecules [20]. MSC were able to differentiate into adipocytes,
cardiomyocytes, chondrocytes, osteocytes, and myoblasts, both in vitro and in vivo.
Early studies showed that MSC can differentiate into CNS glia and neurons and
express neural cell markers in vivo. In addition, these cells are readily available as
donor cells because MSCs can be obtained freshly from human umbilical cord, bone
marrow and cord blood. MSCs or MSC-like cells can also be amplified from fresh
and frozen samples of several other tissues.

2.2 MSC-based therapy for epilepsy

Some evidence shows that MSC secretes a large number of cytokines and growth
factors through a paracrine mechanism to stimulate endogenous protection and
recovery responses [21, 22]. In addition, mesenchymal stem cells express gene-
encoded proteins, which are involved in a variety of biological activities, including
immunity, angiogenesis, and neuronal functions [23]. After an experimental
stroke in rats, intravenous injection of human mesenchymal stem cells can enhance
the production of neurotrophins and reduce the death of ischemic tissue [24].
Direct implantation of human mesenchymal stem cells into the hippocampus of
mice can induce the proliferation, migration, differentiation and neurogenesis of
endogenous neural stem cells [25]. Mesenchymal stem cells have neuroprotective
properties by enhancing the antioxidant effect of cells in nerve cells in vitro. At the
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same time, they also show immunomodulatory effects in vitro, including inhibiting
the maturation of dendritic cells and the proliferation of T cells and B cells [26].
Mesenchymal stem cells have the ability to transdifferentiate into nerve cells and
have the properties of immune regulation and neuroprotection. Thus, mesenchymal
stem cells are involved in many physiological and pathological processes, including
cell homeostasis, aging, tissue damage, and inflammatory diseases.

A number of approaches have been tested using cell therapy in epilepsy models
(Table 1). The pilocarpine model of rat epilepsy is the most common model in
the study, because it is similar to the characteristics of human epilepsy. After the
injection of pilocarpine, the animal has cholinergic effects, seizures and subsequent
chronic epilepsy symptom. 3 x 10° rat autologous BMSCs in 500 pl PBS were injected
intravenously to adult male Sprague-Dawley rats 24 and 36 hours after the first
seizure. The results of the behavioral test revealed that the number of seizures in
the treatment group was significantly reduced. The histopathology of untreated rat
tissue showed cell death and neurophagy. The digital density of neurons in each area
was significantly higher in the treated group than in the untreated group [27].

Gianina Teribele Venturin et al. found that bone marrow mononuclear cells
(BMMCs) transplantation to chronic epileptic rats via tail vein injection decreased
the frequency of spontaneous recurrent seizures (SRS), prevented the learning and
memory deterioration [28]. In that work, 1 x 10 cells were administered 22 days
after Status epilepticus (SE). Here, they showed for the first time that BMMCs
reduced the frequency but not the duration of SRS. To evaluate whether BMMCs can
reverse the cognitive deficits, the Morris water maze was used to test spatial mem-
ory. A 60-s probe test confirmed that lithium—pilocarpine impairs the acquisition of
spatial memory and that BMMCs reverse this effect. In other words, Transplantation
of BMMCs improved the learning and long-term spatial memory impairments after
cell transplantation. This is a pioneering study providing behavioral evidence sup-
porting cell-based therapy for chronic epilepsy. Further research is needed to clarify
the mechanism by which transplanted cells exert their effects.

Another study in a mouse model examined the effects of intravenous route of
EGFP transgenic mice or male Wistar rats BM-derived MSCs [29]. Transplantation
of BMCs prevents spontaneous seizures in pilocarpine-treated rats. They also
examined the electrophysiological properties of rat brain sections from the different
experimental groups. In saline-epileptic animals, the field excitatory postsynaptic
potentials (fEPSPs) by stimulation of Schaffer’s vein was reduced 10 days after
SE compared with the non-epileptic rats in the control group; however, an incre-
mental increase in fEPSPs amplitude was observed in the BMC-epileptic animals.
Qualitative analysis of Nissl-stained neurons showed histological lesions in the
epileptic rats including neuron shrunken, pycnotic nuclei and severe reduction in
the neuronal density. The digital density of neurons in each area was significantly
higher in the treated group than in the untreated group. After transplantation, cells
were localized in the cortex and/or hippocampus, perirhinal cortex and basomedial
amygdale. In addition, no tissue damage or tumor formation was found in animals
transplanted with BMSCs, and no systemic complications or increased morbidity
occurred in epileptic animals with intravenous BMSCs.

Several studies have also examined the bystander effects of the mesenchymal
stem cells that modulate the host environment. Daejong Jeon et al. demonstrate that
a cytosolic extract of human ASCs (ASCs-E) mitigated the activity of seizure spikes
following diazepam treatment and inhibited SRS in mice [30]. The evidence indicates
that ASCs-E can effectively regulate the pathogenesis in epilepsy models and improved
behavioral performance. They also suggest a stem cell-based, noninvasive therapy for
the treatment of epilepsy. Further investigation of the capability of MSCs for anticon-
vulsant potential showed matching results.
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The results of Filip et al. [31] clearly demonstrated that gabapentin enhances
GABA-ergic neurotransmission and reduced the severity of epilepsy caused by
PTZ kindling. Their results showed that the injection of mesenchymal stem cells
enhanced the level of GABA inhibitory neurotransmitter and had a greater reduc-
tion in the severity of epilepsy [32]. In addition, research results showed that MSCs
can not only improve the severity of seizures and oxidative stress damage, but also
improve pentylenetetrazol (PTZ)-induced motor incoordination and cognitive
impairment. These functions may benefit from the ability of mesenchymal stem
cells to migrate and return to damaged areas, and self-renewal and differentia-
tion potential for neuronal death during epilepsy [33, 34]. In this study, they also
found that the expression of microglia and neuronal markers were increased after
injections of MSCs, which can be clearly seen from the immunohistochemical
expression of the glial cell marker S100f protein. Previous studies have reported
that mesenchymal stem cells can differentiate into glial cell-like cells in phenotype
and function, and can be used as a suitable glial cell substitute for nerve repair and
regeneration in clinical applications [35]. In addition, transplanted cells can provide
alarge amount of neurotrophic factors including brain-derived neurotrophic factor,
nerve growth factor, and neurotrophic factor-3 [36]. In conclusion, MSCs could be
a promising therapeutic option in the management of chronic epilepsy.

Indeed, a follow-up study using a mouse model of status epilepticus demon-
strated that transplantation of human umbilical mesenchymal stem cells (HUMSCs)
into bilateral hippocampi ameliorated seizure activity [37]. They examined the
effects of intra-hippocampal transplantation of HUMSCs on pilocarpine-treated
rats. The results of video and electroencephalography (EEG) recordings from two
to four week after PBS injection or HUMSC implantation showed that pilocarpine-
induced SE in terms of onset, incidence, and duration were attenuated. In addition,
other pathological changes after pilocarpine-induced SE such as brain edema,
hippocampal cytoarchitecture, and integrity of the hippocampal pyramidal neurons
were evaluated. Magnetic resonance imaging [MRI] was performed on each rat at
one week before SE and one, eight, 15, 22, and 29 days afterward. The edema in the
lateral ventricles, piriform cortex, and hippocampus at eight days was similar to that
at one day after HUMSCs transplantation. Then, histo-morphologically on Niss]
stained coronal sections was performed to examine possible changes in the cytoar-
chitecture. The dorsal hippocampus was significantly enlarged in the SE + HUMSC
group than those in the SE group, suggesting the neuroprotective potential of trans-
planted HUMSCs. In general, intra-hippocampal transplantation of HUMSCs can
prevent tissue damage and neuronal loss, provide supplemental neuronal protection
and stimulate neurogenesis, and suppress the spontaneous recurrent seizures in a
pilocarpine TLE model.

Another study examined the effects of implantation of Bone marrow derived
mesenchymal stem cells either through intravenously (IV) or in hippocampus
bilaterally (IC). BMSCs treatment reduced the hippocampal excitatory amino
acid neurotransmitters, downregulated inflammatory cytokines (TNF-«, IL-1p),
ameliorated histological changes, and reduced oxidative insult and inflammatory
markers [38]. After 22 days of Pilocarpine induction of status epilepticus [SE],
intrahippocampal injection of BMSCs was performed. Hippocampal GABA content
is lower in SE epileptic animals than the sham control group. BMSCs transplanta-
tion through both routes significantly elevated hippocampal GABA content as
compared to SE rats. In addition, the frequency of epileptic seizures in video sur-
veillance analysis showed a significant reduction in the number of animals injected
with MSC compared with the carrier group.

One study reported that BMSCs transplantation reduced hippocampal excitatory
amino acid neurotransmitters and inhibited BDNF-mediated excitatory toxicity
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by either IV. or I.C. pathways, similar to inhibition of synaptophysin immune
response. The observed improvements extended to neurotransmitter balance, in
which inhibitory tension was increased and excitatory metastases were observed in
rats with epilepsy restored to normal balance. Bone marrow mesenchymal stem cell
therapy improved the neurochemical and histological changes induced by triclosan,
retained amino acid neurotransmitters to normal levels, down-regulated immune
responses to insulin growth factor 1 receptors, synaptophysin, and caspase-3,

and reduced detection of oxidative damage and inflammatory markers in epilep-
tic models.

The number of GAD67+ GABAergic inhibitory neurons was significantly
decreased in the CA1 and DH regions in the vehicle group at 2 months after SE
inducing by the lithium-pilocarpine [39]. Furthermore, both Manganese-enhanced
magnetic resonance imaging (MEMRI) and Timm (zinc) staining showed that the
abnormal mossy fiber sprouting of the hippocampus in the MSC group was lower.
Therefore, their results showed that intravenous infusion of bone marrow mesen-
chymal stem cells reduced the occurrence of epilepsy by inhibiting abnormal MFS
in the SE rat model. Moreover, previous research has focused on reducing the loss of
inhibitory neurons as a therapeutic mechanism for infused mesenchymal stem cells.
Injection of mesenchymal stem cells inhibited the onset of epilepsy after SE and
retained cognitive function. Injected GFP+ MSCs accumulated in the hippocampus
and were related to the preservation of GAD67+ and NeuN+ hippocampal neurons.

3. Neural stem/progenitor cell and epilepsy
3.1 Potential of NSC/NPC for epilepsy

Epilepsy affects 1%-2% of the population worldwide [40]. Approximately 40%
of epilepsy patients have temporal lobe epilepsy (TLE). Up to 35% of patients
with TLE continue to have chronic seizures due to resistant to antiepileptic drugs
[41, 42]. TLE is characterized by complex partial seizures hippocampal sclerosis,
inhibitive gamma aminobutyric acid-ergic (GABAergic) interneuron loss, gliosis in
hippocampal [43]. The main pathological changes of human temporal lobe epilepsy
are hippocampal sclerosis and mossy fiber sprouting (MFS). Hippocampal sclerosis
is mainly manifested in morphology as hippocampal atrophy and induration, and
in histology, it is mainly manifested as necrosis of selective CA3 pyramidal neurons
and secondary glial fibrosis. Mossy fibers (MF) are the axons of granular cells in the
dentate gyrus, which normally project to the dendrites of pyramidal neurons in the
CA3 and CA4 regions. MFS means that the postsynaptic site of MF is vacant and
the target area of its normal projection disappears, resulting in budding to the inner
molecular layer after the death of pyramidal neurons in these areas [44]. At the
molecular level, the imbalance of excitatory and inhibitory neurotransmitters may
be the main factor of seizures.

Although surgical removal of the hippocampus decreased seizure activity, this
choice is bound to cognitive impairment [45], loss of viable tissue during resec-
tion [46], hemiplegia, hemianopia, and memory impairment. Bilateral resection
is not suitable for patients with bilateral hippocampal sclerosis. Therefore, explor-
ing through neural stem cells transplantation for the repair and reconstruction of
hippocampal function has important clinical significance. Hence, the development
of alternative therapies that have the potential for both reversing the epileptogenic
circuitry and suppressing chronic epileptic seizures is extremely valuable.

Neural stem cells exist in the nervous system. After transplantation into the
damaged central nervous system, they may differentiate into nerve neurons,
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astrocytes and oligodendrocytes by asymmetric division. Release of chemokines
after partial tissue injury attracts neural stem cells to the site of injury. Neural
stem cells also secrete a variety of neurotrophic factors to promote the repair of
damaged cells.

Neural stem cells contribute to strengthen synaptic connections and create new
neural circuits. It is proved that the directional differentiation of neural stem cells
makes the repair and replacement of dead nerve cells possible. In order to reduce
the sequelae of nerve injury, delay or inhibit the further development of the disease,
and achieve better recovery effect, it is very necessary to repair and activate necrotic
nerve cells fundamentally.

Neural stem cells have the capacity of self-renewal and express various growth
factors. Multipotent NSCs can be obtained from multiple sources such as embryonic
stem cells (ESCs), induced pluripotent stem cells (iPSCs), fetal, postnatal and
adult brain tissues [47, 48]. NSCs can survive well intracerebral grafting, migrate
into regions of the brain displaying neuron loss, increase concentration of proin-
flammatory cytokines, positively influence the survival of host cells and tissues,
replace significant numbers of lost interneurons, promote functional recovery and
maintain normal network function [49, 50].

3.2 Efficacy of neural stem/progenitor cell grafts in rat model

Astrocytes have the capable of secreting beneficial neurotrophic factors
that promote neuroprotection, reduce frequencies of SRMS [51] and enhance
neurogenesis. It provides an attractive approach for stimulation neurogenesis
endogenous NSCs in the dentate subgranular zone [52, 53]. NSC transplantation
can suppress neuroinflammation. Therefore, neural stem cells become potential
donor cells for the treatment of brain injury or neurodegenerative diseases.
Transplantation of NSCs in hippocampal injury rat is efficacious for thwarting
mood and memory dysfunction and abnormal neurogenesis [54]. Studies have
shown that in animal models with TLE seizures, the number of hippocampal
GABA-ergic interneurons decreased [55, 56]. Status epilepticus [SE] typically
progresses into temporal lobe epilepsy [TLE].

Several studies have examined the efficacy of NSCs for controlling seizures
when administered in SE model (Table 2). A study reported that the transplant
intravenously of beta galactosidase-encoded human NSCs could prevent sponta-
neous recurrent seizure formation in adult rats with pilocarpine-induced status
epilepticus [57]. Ruschenschmidt et al. [58] have demonstrated that embryonic
stem cell-derived neurons displayed intrinsic and synaptic properties characteristic
of neurons when transplanted into the hippocampus of chronic epileptic animals.
Transplantation techniques using bilaterally placed grafts of striatal precursors
in the acute phase of the disease reduced the frequency of spontaneous recurrent
motor seizures (SRMS) on a long-term basis in the chronic epilepsy period [59].
Adult neural stem cells had anti-epileptic effect in rats with status epilepticus (SE)
induced by kainic acid. NSC transplantation increased the number of neuropeptide
Y (NPY) and glutamic decarboxylase 67 (GAD67) positive interneurons, and
inhibited the moss fiber germination to the inner molecular layer [60, 61].

Hong Shen et al. [62] demonstrated that Hippocampal stem cells (HSCs) derived
from the postnatal hippocampus have the potential of promoting repairs in the
epileptic brain. In this study, Hippocampal stem cells were transplanted into the
right hippocampus in rats with kainite acid [KA]-induced epilepsy. At 1, 4, 8, and
24 weeks posttransplantation, Timm’s stain, Nissl staining, electroencephalogram
were performed. The results showed that sharp waves were reduced, Aberrant MFS
induced by KA-lesion was suppressed by HSC grafts, and the loss of CA3 pyramidal
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neurons was partially restored. Given these results, HSC grafts have the therapeutic
potentials for the treatment of epilepsy. Further investigation of the capability of
NSCs for providing neuroprotection using a maximum electroconvulsive shock
(MES) mode showed matching results [63]. Transplantation of medial ganglionic
eminence (MGE) cells altered the course of MES acute onset, increased the onset
threshold, and increased GABA interneuron selectivity compensates for excitatory
activity, thereby reducing susceptibility to epileptic seizures.

Over the past decades, embryonic stem cells, neural stem cells, or neural
precursors have been tested in rat models of epilepsy: Li-pilocarpine-induced
status epilepticus, kainic acid-induced status epilepticus or kindling-based TLE
models. Haejin Lee et al. investigated whether transplantation of human fetal
brain-derived NSPC grafts into the hippocampus in both kindling and pilocarpine
induced TLE models could improve the epileptic phenotypes [64]. In the study,
huNSPCs for transplantation were derived from a cadaver at 13 weeks of gesta-
tion. In vitro, huNSPCs can differentiate into three types of nerve cells in vitro:
neurons, oligodendrocytes, and astrocytes. Differentiation of human NSPCs was
analyzed at 8 weeks posttransplantation in epileptic rats. Confocal microscopic
images revealed that grafted cells differentiated into oligodendrocytes, astrocytes
and TUJ1+ neurons in kindled rats. In the pilocarpine model, TUJ1+ neurons,
GFAP+ astrocytes, and OLIG2+ oligodendrocyte progenitors were observed in
confocal microscopy images. In the kindled rats, EEG examination, behavioral
seizure duration, and seizure stage were substantial decreased. Nevertheless, the
anticonvulsant effect is not persistent and gradually disappeared after 7 weeks. The
frequency and severity of spontaneous recurrent motor seizures (SRMS) were sig-
nificantly reduced at 2 and 3 months after grafting in epileptic rats. Furthermore,
the average total time spent in SRMS was significant decreased at 2 and 3 months
after grafting. Timm staining show that aberrant sprouting of mossy fibers was
not significantly different between the two groups. Water maze testing and probe
test were performed at 9 weeks after grafting. The ability of spatial learning and
memory function in kindled rats showed no significant difference. Another study
examined the effects of transplantation of NPCs from three different donor species
[65]. Clonic seizure thresholds were analyzed by statistical evaluation. Average
clonic seizure threshold increased above pre-grafting control were observed during
this time-point investigation after grafting.

3.3 GABA-ergic progenitors/neuron and epilepsy

Interneurons are a type of nerve cells that can release neurotransmitters such
as GABA. They mainly exist in brain areas such as the cerebral cortex and hip-
pocampus [66]. Interneurons account for about 25% to 30% of the total number of
brain neurons [67] and play an important role in the regulation of brain functions.
Gamma-amino butyric acid (GABA) intermediate neurons refer to nerve cells
with GABA as the main transmitter, accounting for about 20% of total neurons in
cerebral cortex [68]. GABA intermediate neurons form extensive synaptic con-
nections with pyramidal cells and play an important role in regulating the activity
of pyramidal cells and maintaining the excitatory/inhibitory balance of cerebral
cortical circuits [69, 70]. In the cerebral cortex, different types of neurons form
complex circuits and work together to process and store information in a timely
manner. They also interact with glutamate pyramidal cell input in specific ways
and support the temporal dynamics of synapses, network oscillations, selection of
cell combinations, and realization of brain states. This cellular diversity gives the
ability to perform complex biological processes. The relatively uniform pyramidal
cells are supported by a rich variety of GABAergic interneurons, which provide

229



Epilepsy - Update on Classification, Etiologies, Instrumental Diagnosis and Treatment

general inhibition and also regulate pyramidal cell activity over time. The type of
GABAergic interneuron is not unique to the CA1 region. Similar neurons are also
present in the hippocampus and most other areas of the foreign cortex [71]. In
addition, these GABAergic inter-neurons can also be found in the cortex of mice,
rats, cats, monkeys and humans. Examination of epileptic tissue removed from TLE
patients revealed a loss of interneurons that release inhibitory neurotransmitter
GABA [72, 73]. GABA-mediated inhibition has been repeatedly demonstrated to be
weakened in TLE animal models [74] (Table 3).

Several studies have tested the effects of neurons. Neural transplantation of GABA-
producing cells into subthalamic nucleus (STN) aims to correct imbalance between
excitatory and inhibitory neurotransmission. Grafting of GABA-producing cells into
the STN suppressed seizure activity. The STN can be considered a target region [75].
hPSC-derived maturing GABAergic interneurons suppressed seizures and ameliorated
behavioral abnormalities such as cognitive deficits, aggressiveness, and hyperactivity.
In addition, substantial numbers of the GABA-ergic interneurons and GDNF-secreting
cells mediate seizure suppression. Neural cell grafting has shown considerable effi-
ciency for inducing the reactivation of the host hippocampal GABA-ergic interneurons
and diminishing the aberrant mossy fiber sprouting in the dentate gyrus. Furthermore,
the synaptic integration of graft-derived GABA-ergic interneurons effects host brain
activity at both cellular and network levels.

4. Challenges and potential

Currently, MSC-based therapy and Neural stem cell and neurons grafting for
epilepsy has become an increasing focus of research. Stem cells can be targeted
to focal areas of epileptogenesis and tailored to affect only the dysfunctional
constituents of the epileptic circuit. Stem cells could theoretically be used in areas
of eloquent cortex and could be more widely inserted into a region of epilepto-
genesis based on clinical response. Neural stem cells can engraft into the injured
brain areas, positively influence the survival of host cells and tissues, and promote
functional recovery. Afterward, function of these cells for suppressing seizures and
improving cognitive function in chronic epilepsy were determined.

Stem cell therapy for epilepsy mainly involves the replacement of damaged neu-
rons with stem cell differentiation, secretion of protective factors and anti-inflam-
matory factors to prevent clinical deterioration. Mesenchymal stem cells have great
potential in cell therapy because they are easy to obtain, easy to amplify, and can be
autologous transplanted with little immune rejection. There is ample evidence that
mesenchymal stem cells can differentiate into neuronal destinies and secrete a range
of anti-inflammatory, protective cytokines. In addition, bone marrow mesenchymal
stem cells have been shown to point to damaged areas, meaning they could be used as
vehicles for therapeutic drugs. In fact, various beneficial effects have been reported
after transplantation of human bone marrow mesenchymal stem cells into rodent
models of epilepsy, such as neurotrophic factor-mediated protection, enhanced
neurogenesis, inflammation regulation, and removal of abnormal protein aggregates.

At present, the application of NSCs to repair central nervous system damage
mainly takes two ways, namely exogenous transplantation replacement therapy and
endogenous activation complementary therapy. Therefore, the function of NSCs to
treat neurological diseases is of great significance, and certain progress has been exam-
ined in experimental research on the treatment of temporal lobe epilepsy. NSCs have
the capacity of self-renewing, highly migratory, low immunogenic, and differentiate
into different types of nerve cells. In theory, it overcomes many of the above shortcom-
ings of embryonic tissue and is attractive for the treatment of nervous system diseases.
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A number of experimental studies have shown that cell transplantation can
reduce the attack frequency of TLE, inhibit the pathological process of epilepsy,
and repair the damaged nerve structure. However, several key problems still need to
be solved before cell transplantation therapy for epilepsy can move from preclinical
research to clinical research. This means that grafted cells should meet the following
requirements.

(1) The activity of transplanted cells should be guaranteed normal physiological
activities. They can establish functional synaptic connections with the host and
carry out functional integration to meet the requirements of repairing damaged
neural pathways; (2) the transplanted cells have a strong ability to migrate from the
transplanted area to the appropriate cell layer; and (3) the transplanted cells should
have normal differentiation and proliferation ability.

In view of the therapeutic effect of different cell types, application of combined
strategies may be considered. This may include transplanting MSC and nerve cells
(hippocampus or MGE progenitors or NSCs) into the hippocampus: (1) systemic
administration of hippocampal neurogenesis enhancers such as small molecules,
antidepressants, antioxidants, or neurotrophic factors; (2) MSC and Neural stem
cells engineered to release neurogenic enhancers and adenosine. Enhancing the
overall rate of transplantation-derived GABA-ergic intermediate neuron and GDNF
derived cells has enormous potential to significantly reduce the neurogenic regional
recovery of the hippocampus in the pre-clinical models of chronic frame [77, 78].

5. Conclusions

To sum up, it is of great significance to explore the way of cell transplantation,
find a treatment method that can replace the lost neurons, repair the damaged
nervous system, increase the secretion of inhibitory neurotransmitter, and effec-
tively control the occurrence and development of epilepsy. At the same time, the
method can overcome the shortcomings of drug treatment and surgical treatment,
fundamentally cure epilepsy. MSC and Progenitors/Stem cell derived from multiple
sources can reduce epileptogenesis and improved cognitive function with graft-
ing performed to epileptic brain regions. This has been demonstrated in animal
prototypes of chronic TLE, kindling, SE and absence seizures, and in mutant mice
displaying SRS. These abundant studies have laid a solid foundation for the early
application of cell transplantation therapy in clinical practice.
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BBB damage of blood-brain barrier
iPSCs induced pluripotent stem cells
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MSCs mesenchymal stem cells

TLE temporal lobe epilepsy

MFS mossy fiber sprouting

AEDs antiepileptic drugs

NSC neural stem cells

NPC neural progenitors

BMSC bone marrow mesenchymal stem cell
CNS central nervous system

ISCT International Society for Cellular Therapy
BMMCs bone marrow mononuclear cells

SRS spontaneous recurrent seizures

SE status epilepticus

fEPSPs excitatory postsynaptic potentials
ASCs-E extract of human ASCs

PTZ pentylenetetrazol

HUMSCs human umbilical mesenchymal stem cells
EEG electroencephalography

MRI magnetic resonance imaging

IV intravenously

IC hippocampus bilaterally

MEMRI manganese-enhanced magnetic resonance imaging
MF mossy fibers

ESCs embryonic stem cells

SRMS spontaneous recurrent motor seizures
NPY neuropeptide Y

GAD67 glutamic decarboxylase 67

KA kainite acid

HSCs hippocampal stem cells

MES maximum electroconvulsive shock
MGE medial ganglionic eminence
huNSPCs human neural stem/progenitor cells
TUJ p-tubulin III

STN subthalamic nucleus
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