


Adult Epilepsy

Adult Epilepsy, First Edition. Edited by Gregory D. Cascino and Joseph 1. Sirven.
© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-74122-1



Adult Epilepsy

Edited by Gregory D. Cascino and Joseph I. Sirven

Mayo Clinic College of Medicine, USA

FWILEY-BLACKWELL

A John Wiley & Sons, Ltd., Publication



This edition first published 2011, © 2011 John Wiley & Sons Ltd.

Wiley-Blackwell is an imprint of John Wiley & Sons, formed by the merger of Wiley’s global Scientific,
Technical and Medical business with Blackwell Publishing.

Registered office: John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19
8SQ, UK

Other Editorial Offices:

9600 Garsington Road, Oxford, OX4 2DQ, UK

The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK
111 River Street, Hoboken, NJ 07030-5774, USA

For details of our global editorial offices, for customer services and for information about how to apply
for permission to reuse the copyright material in this book please see our website at
www.wiley.com/wiley-blackwell

The right of the author to be identified as the author of this work has been asserted in accordance with the
UK Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or otherwise,
except as permitted by the UK Copyright, Designs and Patents Act 1988, without the prior permission of
the publisher.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand
names and product names used in this book are trade names, service marks, trademarks or registered
trademarks of their respective owners. The publisher is not associated with any product or vendor
mentioned in this book. This publication is designed to provide accurate and authoritative information in
regard to the subject matter covered. It is sold on the understanding that the publisher is not engaged in
rendering professional services. If professional advice or other expert assistance is required, the services
of a competent professional should be sought.

The contents of this work are intended to further general scientific research, understanding, and discussion
only and are not intended and should not be relied upon as recommending or promoting a specific
method, diagnosis, or treatment by physicians for any particular patient. The publisher and the author
make no representations or warranties with respect to the accuracy or completeness of the contents of this
work and specifically disclaim all warranties, including without limitation any implied warranties of
fitness for a particular purpose. In view of ongoing research, equipment modifications, changes in
governmental regulations, and the constant flow of information relating to the use of medicines,
equipment, and devices, the reader is urged to review and evaluate the information provided in the
package insert or instructions for each medicine, equipment, or device for, among other things, any
changes in the instructions or indication of usage and for added warnings and precautions. Readers should
consult with a specialist where appropriate. The fact that an organization or Website is referred to in this
work as a citation and/or a potential source of further information does not mean that the author or the
publisher endorses the information the organization or Website may provide or recommendations it may
make. Further, readers should be aware that Internet Websites listed in this work may have changed or
disappeared between when this work was written and when it is read. No warranty may be created or
extended by any promotional statements for this work. Neither the publisher nor the author shall be liable
for any damages arising herefrom.

Library of Congress Cataloging-in-Publication Data

Adult epilepsy / edited by Gregory Cascino and Joseph Sirven.
p.; cm.
Includes bibliographical references.
ISBN 978-0-470-74122-1 (cloth)
1. Epilepsy. 2. Adult. I. Cascino, Gregory. II. Sirven, Joseph L.
[DNLM: 1. Epilepsy. 2. Adult. WL 385]
RC372.A44 2010
616.8'53—dc22
2010037013

A catalogue record for this book is available from the British Library.

This book is published in the following electronic formats: ePDF: 978-0-470-97502-2; Wiley Online
Library: 978-0-470-97503-9; ePub: 978-0-470-97619-7

Set in 10.5/13pt Times Roman by Laserwords Private Limited, Chennai, India

First Impression 2011



This book is dedicated to our spouses Teresa Griffin Cascino and Joan
Sirven who have been so gracious of their efforts and remarkable talents
to support our personal and professional careers.



Contents

List of contributors xiii
Preface xvii
1 Introduction: epilepsy 1
Gregory D. Cascino
1.1 Epilepsy care: beginnings of observation and recognition 1
1.2 Epilepsy care: initial understanding and treatment
1.3 Epilepsy care: the Mayo Clinic 3

Section 1 Pathophysiology and epidemiology of seizures

and epilepsy 7

2 Seizure and epilepsy syndromes classification 9
Jerry J. Shih

2.1 Introduction 9

2.2 The classification of epileptic seizures 9

2.3 Conclusion 16

3 Epidemiology of seizure disorders 19

Joseph I. Sirven

3.1 Incidence and prevalence of epilepsy 19
32 Incidence and prevalence of acute symptomatic seizures 21



viii

33

34
35

CONTENTS

Looking beyond epidemiology: the state of epilepsy care
in the United States

Risk factors for epilepsy

Conclusion

Section 2 Diagnostic evaluation

4 The role of routine scalp electroencephalography
Terrence D. Lagerlund and Gregory A. Worrell
4.1 Introduction
4.2 Clinical application of EEG
43 Scalp EEG recording methods
4.4 Activation procedures
4.5 Interictal discharges correlated with epilepsy
4.6 Epileptic syndromes and the role of EEG
4.7 Conclusions
5 Neuroimaging in epilepsy
Gregory D. Cascino
5.1 Introduction
5.2 Magnetic resonance imaging
53 Functional neuroimaging
6 Video-EEG monitoring data
Elson L. So
6.1 Introduction
6.2 Pre-monitoring evaluation and preparation
6.3 Management during monitoring
6.4 Discharge management
Acknowledgments
7 Etiologies of seizures
Katherine H. Noe and Korwyn Williams
7.1 Introduction
7.2 Acute symptomatic seizures
7.3 Febrile seizures
7.4 Unprovoked seizures

22
23
24

27

29

29
30
32
33
34
42
45

49

49
50
57

67

67
67
68
78
78

83

&3
83
86
87



CONTENTS

8 The evaluation of nonepileptic paroxysmal events
Joseph F. Drazkowski and Matthew Hoerth

8.1 Introduction

8.2 Syncope

8.3 Transient ischemic events (TIAs)
8.4 Transient global amnesia (TGA)
8.5 Movement disorders

8.6 Sleep disorders
8.7 Psychogenic nonepileptic seizures (PNESs)
8.8 Summary

Section 3 Principles of medical management

9 Mechanisms of action of antiepileptic drugs
Jeffrey W. Britton, Tarek M. Zakaria, and Eduardo Benarroch

9.1 Introduction

9.2 Treatment of epilepsy

9.3 Excitatory mechanisms targeted by AEDs
94 Inhibitory mechanisms targeted by AEDs
9.5 Mechanism of action-specific drugs

9.6 Conclusions

10 Antiepileptic drugs: pharmacology, epilepsy indications, and
selection
Jeffrey W. Britton and Julie Cunningham

10.1 Introduction

10.2 AED selection

10.3 Generic AED therapy

10.4 The AEDs: summary of clinical use, pharmacokinetics, and efficacy

Section 4 Generalized epilepsies

11 Idiopathic generalized epilepsies
Raj D. Sheth

11.1 Overview of the generalized epilepsies
11.2 Introduction
11.3 Differentiating generalized seizures from partial seizures

ix

99

99
101
103
104
105
105
107
108

113

115

115
116
118
120
122
126

131

131
132
145
147

171

173

173
174
175



X CONTENTS

114 Clinical and EEG characteristics of generalized seizures
11.5 Generalized epilepsy syndromes

11.6 Treating generalized seizures

11.7 Treatment algorithm

11.8 Prognosis/outcomes

12 Symptomatic generalized epilepsies
Katherine C. Nickels and Elaine Wirrell

12.1 Introduction

12.2  Infantile onset syndromes

12.3 Childhood onset syndromes

124 Symptomatic generalized epilepsy syndromes of known cause

Section 5 Partial epilepsies

13 Overview of diagnosis and medical treatment
of partial epilepsies
Joseph 1. Sirven

13.1 Diagnosis and evaluation

13.2  Electroencephalography (EEG)

13.3 Imaging

13.4 Treatment and management

13.5 Which patient should be treated with antiseizure drugs?
13.6 Evidence-based guidelines

13.7 How well do seizure medications work?

13.8 Conclusion and summary

14 Medial temporal lobe epilepsy
William O. Tatum IV

14.1 Introduction

142 Functional neuroanatomy of the temporal lobe
14.3 Pathology

14.4  Differential diagnosis

14.5 Diagnosis

14.6  Concluding statements

176
178
180
180
182

183

183
184
190
196

211

213

213
214
215
216
216
218
218
219

221

221
222
223
225
227
239



CONTENTS

15 Substrate-directed epilepsy
Gregory A. Worrell

15.1
15.2
15.3
15.4
15.5
15.6
15.7
15.8
15.9

Intractable partial epilepsy

Epilepsy surgery

Localization of the epileptogenic zone

Lesional MRI (or substrate-directed epilepsy syndromes)

Functional neuroimaging and intracranial EEG

Symptomatic partial epilepsy

Non-lesional MRI (non-substrate-directed partial epilepsy)
Non-lesional temporal lobe epilepsy (surgically remediable syndrome?)
Surgical advances

16 Non-substrate-directed partial epilepsy
Korwyn Williams and Katherine H. Noe

16.1
16.2
16.3
16.4

Introduction

Genetic or IPE syndromes

Medically refractory non-substrate-directed partial epilepsy
Conclusions

17 Surgical treatment
Cheolsu Shin

17.1
17.2
17.3
17.4
17.5

Index

Introduction

The process of presurgical evaluation
Intracranial monitoring

Surgical procedures

Conclusion

xi

247

247
248
250
253
253
258
261
262
263

271

271
272
272
279

285

285
286
287
289
294

297



List of contributors

Eduardo Benarroch, MD
Department of Neurology
Division of Autonomic Disorders
Mayo Clinic

200 First Street SW

Rochester, MN 55905

USA

Jeffrey W. Britton, MD

Department of Neurology

Divisions of Clinical
Neurophysiology-EEG
and Epilepsy

Mayo Clinic

200 First Street SW

Rochester, MN 55905

USA

Gregory D. Cascino, MD, FAAN

Professor of Neurology, Mayo
Clinic College of Medicine, and

Chair, Division of Epilepsy,

Mayo Clinic and Mayo Foundation

200 First Street SW

Rochester, MN 55905

USA

Julie Cunningham, Paarm D
Department of Pharmacy
Mayo Clinic

200 First Street SW
Rochester, MN 55905

USA

Joseph F. Drazkowski, MD
Division of Epilepsy

Mayo Clinic Arizona

5777 East Mayo Boulevard
Phoenix, AZ 85054

USA

Matthew Hoerth, MD
Division of Epilepsy

Mayo Clinic Arizona

5777 East Mayo Boulevard
Phoenix, AZ 85054

USA



xiv LIST OF CONTRIBUTORS

Terrence D. Lagerlund, MD

Consultant, Department of
Neurology,

Division of Clinical
Neurophysiology

Mayo Clinic, and

Associate Professor of Neurology,

Mayo Clinic College of Medicine,

200 First Street SW

Rochester, MN 55905

USA

Katherine C. Nickels, MD

Child and Adolescent Neurology
and Epilepsy

Mayo Clinic

200 First Street SW

Rochester, MN 55905

USA

Katherine H. Noe, MD, PuD

Assistant Professor of Neurology

Mayo Clinic College of
Medicine, and

Consultant, Department of
Neurology

Division of Epilepsy

Mayo Clinic Arizona

5777 East Mayo Boulevard

Phoenix, AZ 85054

USA

Raj D. Sheth, MD
Professor of Neurology
Mayo Medical School, and
Department of Neurology
Division of Epilepsy
Mayo Clinic

4500 San Pablo Road
Jacksonville, FLL 32224,
Chief of Neurology
Division of Pediatric Neurology
Nemours Children’s Clinic
807 Children’s Way
Jacksonville, FL 32207
USA

Jerry J. Shih, MD
Department of Neurology
Division of Epilepsy
Mayo Clinic

4500 San Pablo Road
Jacksonville, FLL 32224
USA

Cheolsu Shin
Department of Neurology
Division of Epilepsy
Mayo Clinic

200 First Street SW
Rochester, MN 55905
USA



LIST OF CONTRIBUTORS

Joseph I. Sirven, MD

Professor of Neurology, Mayo
Clinic College of Medicine,

Chairman of Education, Mayo
Clinic Arizona, and

Department of Neurology,
Division of Epilepsy

Mayo Clinic Hospital, 5 East

5777 East Mayo Boulevard

Phoenix, AZ 85054

USA

Elson L. So, MD

Professor of Neurology

Director, Section of
Electroencephalography

Mayo Clinic College of Medicine

200 First Street SW

Rochester, MN 55905

USA

Korwyn Williams

Department of Pediatrics
University of Arizona College
of Medicine

Phoenix, AZ 85004;

Division of Neurology Children’s
Neuroscience Institute

Phoenix Children’s Hospital

Phoenix, AZ 85004

USA

Elaine Wirrell

Professor of Neurology
Divisions of Epilepsy and

Child and Adolescent Neurology
Mayo Clinic

200 First Street SW

Rochester, MN 55905

USA

Gregory A. Worrell, MD, PuD

Department of Neurology

Divisions of Epilepsy and Clinical
Neurophysiology

Mayo Systems Electrophysiology
Laboratory

Mayo Clinic

Rochester, MN 55905

USA

William O. Tatum IV, DO

Professor Department of
Neurology

Division of Epilepsy

Mayo College of Medicine

Mayo Clinic

4500 San Pablo Road

Jacksonville, FLL 32224

USA

Tarek M. Zakaria, MD

Director, Epilepsy Monitoring
Unit

Co Director Epilepsy surgery
program

Norton Neuroscience Institute

Louisville, KY 40241

USA



Preface

The idea for this book came from a Mayo Clinic Clinical Neurophysiology course
that is held annually in January or February. Colleagues from the Division of
Epilepsy participate as course faculty in the EEG and Epilepsy didactic sections
and workshops for the attendees. We are fortunate to have three Mayo Clinic
comprehensive epilepsy programs in Jacksonville, FL, Scottsdale/Phoenix, AZ,
and Rochester, MN. All authors of this monograph are actively involved in patient
care and clinical research, are members of the Mayo Clinic Division of Epilepsy,
and have academic appointments at the Mayo Clinic College of Medicine. Similar
to our Mayo Clinic educational program, the target audiences for this textbook
are health care professionals involved in the diagnostic evaluation or management,
or both, of patients with seizure disorders. Our goal is provide a contemporary
and concise review of information pertinent to the management of individuals
with epilepsy.

Greg Cascino
Rochester, MN

Joe Sirven
Phoenix, AZ

July 2010



1 Introduction: epilepsy

Gregory D. Cascino

Department of Neurology, Division of Epilepsy, Mayo Clinic, Rochester,
MN, USA

1.1 Epilepsy care: beginnings of observation
and recognition

Epilepsy historically has been one of the most commonly recognized and distinct
neurological disorders [1, 2]. In fifth-century Bc Greece, Hippocrates, the father
of medicine, made several profound observations regarding epilepsy that have
survived many centuries [1]. He was a follower of the Greek god of medicine
Asclepius whose symbol of a serpent-entwined staff has been representative of
medical practice to the present. On the island of Cos in the Aegean Sea, Hip-
pocrates observed patients with a malady referred to as the “sacred disease.” He
indicated that seizures appeared no more divine or spiritual than any other illness.
Hippocrates also implicated the brain as the site of seizure onset and recognized the
genetic predisposition in selected patients. Galen was another outstanding physi-
cian of Greek origin who was born in 129 ap and was influenced by the teachings
of Hippocrates. Upon traveling to Rome he made several seminal observations in
medicine and introduced the term ‘“aura” to describe the patients’ symptoms that
recognized the onset of a seizure. Initially Galen recognized the abdominal com-
plaints that may occur in patients prior to the impairment in consciousness. The
aura was compared to a “breeze” that may indicate an oncoming weather storm.

Adult Epilepsy, First Edition. Edited by Gregory D. Cascino and Joseph 1. Sirven.
© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-74122-1



2 INTRODUCTION: EPILEPSY

Epilepsy in the Middle Ages was considered to be emblematic of the absence
of a spiritual or divine presence [1, 2]. The paroxysmal behavior was thought to
be related to an external evil force that was possessing the soul of the unfortunate
individual. The removal of “demons” was necessary to control the “convulsions”
that gripped the patient. Later, patients were often isolated from the general pop-
ulation and placed in institutions or epilepsy colonies. The segregation of people
with epilepsy had a profoundly negative impact on the ability of these individuals
to successfully integrate and live in “normal” society.

1.2 Epilepsy care: initial understanding and treatment

The contemporary care of patients with seizure disorders began with the pivotal
observations and writings of John Hughlings Jackson (1835-1911), the father of
epilepsy, at the National Hospital for Diseases of the Nervous System includ-
ing Paralysis and Epilepsy in Queen Square, London [1-4]. Jackson influenced
the Scottish neurologist Sir David Ferrier working in London to confirm the
relationship between nervous system physiology and structure to better eluci-
date the pathophysiology associated with seizures [4]. Ferrier performed electrical
stimulation of the motor cortex in the dog providing evidence that focal motor
seizures were associated with excitation of the precentral gyrus [1-4]. Prior to
the works of Jackson in the mid nineteenth century, there was considered to be
only one prominent seizure type, the generalized tonic-clonic seizure. There was
a broad consensus that the “grand mal seizure” involved the lower brainstem
or upper cervical cord, or both structures. Jackson postulated that the cerebral
cortex was the site of seizure onset and that the ictal behavior correlated with
the region of functional anatomy. A focal or lateralized neurological abnormality
may indicate the region of hemisphere of seizure onset. Further, he introduced
the concept of partial epilepsy indicating that “part” of the cerebral cortex was
involved in seizure onset [3]. This area of cerebral cortex was considered to be
abnormal resulting in a focal neurological deficit and seizure activity. The poten-
tial therapeutic importance of Jackson’s brilliant conclusions was that surgical
treatment may be effective as an underlying pathology or structural lesion was
presumed to be associated with the site of epileptogenesis [4]. Resection of the
lesional pathology was entertained as an effective means of rendering the patient
seizure-free [4]. These seminal observations occurred prior to the development of
electroencephalography (EEG), neuroimaging, or use of antiepileptic drug therapy.
Subsequently, beginning in 1886 Dr. Victor Horsley, a young surgical colleague of
Hughlings Jackson, performed neurosurgical procedures for epilepsy in patients
at the National Hospital [4]. The localization of the epileptogenic brain tissue
was based on the ictal semiology, the neurological examination, and knowledge
of functional neuroanatomy. The efforts of Jackson and colleagues began the



1.3 EPILEPSY CARE: THE MAYO CLINIC 3

rewarding and productive relationship between neurology and neurosurgery in the
management of patients with intractable epilepsy [4].

1.3 Epilepsy care: the Mayo Clinic

Dr. Willam J. Mayo and Dr. Charles H. Mayo, the brothers who founded the
group practice in Rochester, Minnesota, were close colleagues of the “fathers”
of contemporary neurosurgery, Dr. Harvey Cushing of Johns Hopkins University
and later Harvard University, and Dr. Charles H. Frazier of the University of
Pennsylvania [5, 6]. The strong relationship between Dr. Cushing and the Mayos
lasted until the time of the brothers’ deaths in 1939 [6, 7]. Dr. C. Mayo published
his initial experience with neurosurgery in 1891 [8]. The importance of seizures
as a diagnostic symptom of neurological disease and the effect of neurosurgery
on seizure tendency were recognized. Ultimately, in 1917, Dr. Alfred W. Adson
became the first full-time neurosurgeon at the Mayo Clinic [5]. The growth of
neurology and neurosurgery at this institution were forever intertwined during
this period as Dr. Walter D. Shelden had come to the Mayo Clinic in 1913 and
founded the neurology section. Perhaps most importantly, Dr. Adson had insisted
that neurosurgery should be a separate department from surgery and a unique
subspecialty at the Mayo Clinic. Advances in diagnostic technology would be
necessary to expand the care of patients with epilepsy.

The first EEG study at the Mayo Clinic was performed by Dr. E.J. Baldes, a
biophysicist, on Dr. Charles LeVant Yeager who was a Mayo neurology fellow in
1936 [9]. Dr. Yeager was an amateur radio operator who became interested in the
works of Hans Berger when the first publication of EEG appeared in 1929. He
personally translated the 10 works of Berger on EEG into English. Dr. Frederick
Moersch, one of the pioneers in neurology at the Mayo Clinic, had visited Nobel
Laureate Lord Edgar Douglas Adrian’s laboratory working on EEG at the Uni-
versity of Cambridge in 1935, and encouraged development of this innovation in
Rochester, MN [9]. The initial EEG recordings were performed at the Rochester
State Hospital and the laboratory was subsequently moved to Saint Marys Hos-
pital. The development of EEG at the Mayo Clinic was selected by Dr. Henry
Woltman, the section head of neurology, as Dr. Yeager’s “research project.” Work-
ing closely with Dr. Adson the diagnostic utility of EEG was analyzed in patients
with known intracranial lesions. Dr. Adson had insisted that only the ages of the
patients and not the clinical information be made available to the EEG readers.
The results of EEG studies in a series of patients demonstrated the favorable diag-
nostic importance of the “new” technique for structural localization compared to
other studies, for example, ventriculography and pneumoencephalography. EEG
was also demonstrated to assess the seizure tendency in these individuals and
indicate the likely site of seizure onset.
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After World War II the clinical and basic research activities of the EEG
laboratory were expanded. The recruitment in 1948 of Dr. Reginald G. Bickford
from the University of Cambridge increased the research interests of EEG to
include the evaluation of patients with seizure disorders [9]. Dr. Bickford had
worked with E.D. Adrian and EEG pioneer Dr. W. Grey Walter during the war and
had had the opportunity to perform intracranial EEG recordings in patients with
penetrating head injuries undergoing neurosurgical treatment [9, 10]. He brought
to the Mayo Clinic his interest in reflex epilepsy and intracranial EEG recordings.
Therefore, Rochester, MN was one of the earliest centers in North America
performing these depth electrode recordings in patients with seizure disorders.
A symposium on “intracerebral electrography” was held in 1953 summarizing
the outcome of these studies in patients with epilepsy [10]. Beginning in 1948,
Dr. Bickford and colleagues also performed motion picture recordings for
diagnostic classification of seizures and nonepileptic events. Dr. Donald W. Klass
started as neurology resident at the Mayo Clinic in 1953 and went on to become
head of the EEG section in 1967 [11]. Dr. Klass had described the epileptogenic
potential of several paroxysmal EEG patterns and recognized the benign nature
of selected discharges. Importantly, he also educated a generation of neurologists
in EEG interpretation [9].

In 1968, Dr. Frank W. Sharbrough joined the staff at the Mayo Clinic after
completing his training at the University of Michigan and serving in the military.
His interests included routine EEG, intraoperative EEG monitoring during cere-
brovascular surgery and epilepsy surgery, evoked potentials, and use of computer
applications to monitor neurophysiological techniques. Focal cortical resections
for patients with epilepsy and excisions of potentially epileptogenic lesions were
performed by several neurosurgeons including Dr. Ross H. Miller who served as
chair of the department of neurosurgery (1975-1980) and performed over 4000
operations for intracranial tumors [5]. Surgical treatment for intractable partial
epilepsy achieved a significant advance with the arrival of Dr. Edward P. Laws,
Jr. at the Mayo Clinic in 1972 [S]. Dr. Laws was trained in neurosurgery at the
Johns Hopkins University by the renowned neurosurgeon Dr. A. Earl Walker and
collaborated with famed electroencephalographer, Dr. Ernst Niedermeyer. At the
Mayo Clinic he was a prominent academic neurosurgeon and educator actively
involved in epilepsy surgery as well as resection of pituitary tumors and cranio-
pharyngiomas [12, 13].

In 1973 the Mayo Clinic was the first institution in the United States to have an
x-ray computed tomography (CT) scanner installed [14]. The use of CT and the
subsequent development of magnetic resonance imaging (MRI) had a profound
effect on the evaluation of patients with epilepsy. The pivotal importance of MRI
in identifying structural abnormalities and the potential for performance of intra-
operative imaging to guide surgical procedures and implantation of intracranial
electrodes had an enormous impact on the care and management of epilepsy.
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In 1984, Dr. Patrick J. Kelly joined the staff in neurosurgery [5]. After his
neurosurgery residency he completed training at the Hospital Sainte Anne in Paris
with the founder of stereotactic neurosurgery, Dr. Jean Talairach. The emergence
of the new imaging technology and Dr. Kelly’s experience combined for the use
of stereotactic neurosurgical procedures to resect epileptogenic lesions and for
computer-assisted placement of intracranial depth electrodes [15, 16]. Stereotactic
“lesionectomy” was particularly useful for intra-axial lesions involving functional
cerebral cortex [15].

The last decade of the twentieth century was remarkable for major advances
in neuroimaging at the Mayo Clinic that significantly improved the ability to
care for patients with intractable seizure disorders. Colleagues in neuroradiology,
neurology, neurosurgery, and nuclear medicine were critical for the development
of MRI hippocampal formation volumetry and subtraction ictal single photon
emission computed tomography (SISCOM) [17, 18]. The former structural neu-
roimaging study has proven beneficial in correlating quantitative hippocampal
atrophy with neuronal cell loss, neuropsychometric studies, and seizure outcome
in patients undergoing temporal lobe surgery for intractable epilepsy [17]. The
latter functional neuroimaging procedure has been adapted to the evaluation of
patients with nonlesional partial epilepsy or if the preoperative evaluation has
conflicting findings regarding the localization of the epileptogenic zone [18].

The practice of epileptology at the Mayo Clinic is predicated on the motto for
medical care since the pioneer practice of Dr. William W. Mayo in the nineteenth
century: “The needs of the patient always come first.” At the three Mayo Clinic
sites in Arizona, Florida, and Minnesota the goals of epilepsy treatment are to
reduce seizure tendency and improve the quality of life enabling the individual to
become a participating and productive member of our society.
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2 Seizure and epilepsy
syndromes classification

Jerry J. Shih

Department of Neurology, Division of Epilepsy, Mayo Clinic, Jacksonville,
FL, USA

2.1 Introduction

Understanding the classification of epileptic seizures is the first step towards the
correct diagnosis, treatment, and prognostication of the condition. The initial man-
agement of a patient with seizures begins with an understanding of the patient’s
seizure type and, if pertinent, epilepsy syndrome. The classification of epileptic
seizures is still largely based on clinical observation and expert opinions. The
International League Against Epilepsy (ILAE) first published a classification sys-
tem in 1960. The last official update for seizures was published in 1981 [1], and
the last official update for the epilepsies was in 1989 [2]. These updates form
the officially accepted classification system, although there is a new proposal to
amend the current system [3].

2.2 The classification of epileptic seizures

By definition, epilepsy is diagnosed after a patient has two or more unprovoked
seizures.

Adult Epilepsy, First Edition. Edited by Gregory D. Cascino and Joseph 1. Sirven.
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Partial seizures

Partial or focal seizures comprise one of the two main classes of epileptic seizures,
with generalized seizures being the other. Partial seizures are subdivided between
simple and complex partial seizures, which are distinguished by the presence or
absence of impairment of consciousness. Simple partial seizures are defined as
seizures without impairment of consciousness while complex partial seizures are
defined as seizures with impairment of consciousness. Partial seizures manifest
themselves in many different forms, depending on which area of the cortex is
involved in the onset and spread of the ictal discharge. Partial seizures originate
from a focal area of cerebral cortex and may spread to other cortical regions
either unilaterally or bilaterally. A partial seizure may manifest with motor signs,
autonomic symptoms, somatosensory or special sensory symptoms, or psychic
symptoms. The term aura is synonymous with a simple partial sensory or psychic
seizure. An aura often reflects the location of the seizure onset zone.

Simple partial motor seizures can cause clonic activity in the contralateral hand,
arm, shoulder, face, and leg. Focal seizures originating from the language area may
cause speech arrest or vocalization. Epilepsia partialis continua (EPC) is defined
as a continuous focal motor seizure which remains confined to a specific body part
and usually consists of clonic movements which can persist for up to months with
preserved consciousness. After a focal motor seizure, postictal weakness (Todd’s
paralysis) can last for minutes to hours.

Simple partial seizures can also have autonomic symptoms such as vomiting,
sweating, piloerection, pupil dilation, pallor, flushing, boborygmi, and inconti-
nence. Simple partial seizures originating from the postcentral gyrus may include
feelings of focal paresthesias, numbness, warmth, or electrical sensations. Sensory
seizures from the insular cortex often manifest with throat paresthesias, warmth,
or a sense of strangulation or suffocation [4]. Visual seizures may present with
primary visual hallucinations such as flashing lights, or more complex visual hal-
lucinations such as persons or scenes. Auditory seizures arise from the lateral
temporal region, and manifest as sensations of buzzing, hyper- or hypoacusis,
sound distortion, or hearing words or music. Olfactory seizures originating from
the uncinate gyrus or mesial temporal region typically involve smelling unpleasant
odors. Gustatory sensations originating from the temporal lobe, insula, or parietal
operculum can be pleasant or unpleasant and usually are described as a metallic
taste but can also be bitter or sweet.

Simple partial seizures with psychic symptoms indicate a disturbance of higher
cortical function. Symptoms involve a distortion of memory and include déja vu,
Jjamais vu, dreamy states, distorted time sense, derealization, or a sense of unre-
ality. Psychic auras often originate from the temporal lobe.

Complex partial seizures are partial seizures with impairment of conscious-
ness. They may start as simple partial seizures (auras) and progress to complex
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partial seizures or may begin as complex partial seizures with impairment of
consciousness at the onset of the seizure. They may or may not involve automa-
tisms. The clinical features of the complex partial seizure depend on the region
affected by abnormal electrical activity. Complex partial seizures usually originate
in the frontal or temporal lobes but can occur in parietal or occipital lobe.

Generalized seizures

Absence seizures are characterized by a sudden onset behavioral arrest, a blank
stare, unresponsiveness, and sometimes a brief upward rotation of the eyes. The
duration is typically a few seconds to half a minute. There is little to no pos-
tictal confusion, and the patient typically resumes the activity he/she was doing
prior to the seizures. The ILAE 1981 classification also recognizes five subtypes
of absence seizures: absence with impairment of consciousness only, with mild
clonic components, with atonic components, with tonic components, and with
automatisms. The ictal EEG pattern in absence seizures is a 3 Hz generalized
monomorphic spike and wave with abrupt onset and termination.

Atypical absence seizures are usually seen in patients with symptomatic gen-
eralized epilepsy. They are similar to absence seizures in that they have both
simple and complex presentations. One distinguishing feature is that they are less
abrupt in onset clinically. The seizures are usually less than 10 seconds but may
be prolonged and result in absence status. They also are not usually induced by
hyperventilation or photic stimulation.

Tonic-clonic seizures, also known as grand mal seizures, are characterized by
abrupt loss of consciousness followed by tonic contraction of the muscles. This
often leads to the ictal cry, where air is forcefully expired against a closed glottis.
The upper extremities often symmetrically abduct and flex at the elbows while
the lower extremities may briefly flex and then extend and adduct with the toes
pointed. Clonic activity then ensues which is initially rapid and then slows. The
patient may become cyanotic. Tongue biting and urinary incontinence may occur.
The patient is usually postictally disoriented and fatigued. Tonic-clonic seizures
may occur independently, may arise from other generalized seizures, or may occur
during secondary generalization of a partial onset seizure.

Mpyoclonic seizures are generalized seizures characterized by brief, irregular,
shock-like jerks of the head, trunk, or limbs. They can be symmetric or asymmetric
and involve the whole body, regions of the body, or focal areas. They tend to occur
close to sleep onset and upon awakening from sleep. Myoclonic seizures can be
a feature of some idiopathic generalized epilepsies (juvenile myoclonic epilepsy,
JME), symptomatic generalized epilepsies (myoclonic-astatic epilepsy), the pro-
gressive myoclonic epilepsies (Lafora disease), and infantile spasms. Myoclonic
seizures can occur in clusters and evolve into clonic-tonic-clonic seizures, with
resultant loss of consciousness and postictal confusion. The ictal EEG pattern is
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characterized by brief generalized polyspike or polyspike and wave discharges
which correspond to the myoclonic jerk.

Tonic seizures are seizures which involve tonic contraction of the face, neck,
axial, or appendicular musculature lasting from 10 seconds to 1 minute. They can
involve extension or flexion of the muscles and often lead to falls and head injuries.
They are usually seen in patients with symptomatic generalized epilepsy such as
Lennox-Gastaut syndrome (LGS). They can also occur in epilepsy with myoclonic-
astatic seizures. The ictal EEG usually shows a brief generalized attenuation of
cerebral activity followed by generalized paroxysmal fast activity in the beta
frequency range. Clonic seizures are generalized seizures that are characterized
by repetitive rhythmic clonic jerks (1-2 Hz) with impairment of consciousness
and a short postictal phase. They can lead into a clonic-tonic-clonic seizure.

Atonic seizures are characterized by a sudden loss of muscle tone which can lead
to a head drop, a limb drop, or a drop of the whole body (a.k.a. drop attack). A brief
loss of consciousness and injuries, particularly to the face, may occur [1]. Atonic
seizures may be preceded by a brief myoclonic jerk or tonic component. Atonic
seizures are usually seen in the symptomatic generalized epilepsies such as LGS.

The classification of epilepsies and epileptic syndromes

An epileptic disorder can be symptomatic, idiopathic, or cryptogenic. Symptomatic
indicates the etiology is known—usually a structural lesion within the brain. Idio-
pathic refers to an epilepsy of presumed genetic etiology without a structural
brain lesion or other neurological signs or symptoms. Cryptogenic refers to an
epilepsy that is presumed to be symptomatic but the etiology is unknown [2].
The term cryptogenic has been replaced by “probably symptomatic” [5]. The
currently used 1989 classification system is divided into four main categories:
localization-related (focal, local, or partial), generalized, epilepsies and syndromes
undetermined whether focal or generalized, and special syndromes (see Table 2.1).

An epilepsy syndrome is defined as “a complex of signs and symptoms that
define a unique epilepsy condition” [5]. The groups of syndromes are: idio-
pathic focal epilepsies of infancy and childhood, familial (autosomal dominant)
focal epilepsies, symptomatic (or probably symptomatic) focal epilepsies, idio-
pathic generalized epilepsies, reflex epilepsies, epileptic encephalopathies, pro-
gressive myoclonus epilepsies, and seizures not necessarily requiring a diagnosis
of epilepsy (see Table 2.1). There are over 25 specific syndromes in the 1989 ILAE
report. A discussion regarding a few of the more common syndromes affecting
adolescents and adults follows.

Temporal lobe epilepsies

Temporal lobe seizures are the most common type of partial epilepsy. Temporal
lobe seizures often begin with an aura [6]. Auras may include viscerosensory
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Table 2.1 ILAE’s 1989 international classification of epilepsies and epileptic syndromes

1 Localization-related epilepsies and syndromes

1.1

1.2

1.3

Idiopathic

Benign childhood epilepsy with centrotemporal spikes

Childhood epilepsy with occipital paroxysms

Primary reading epilepsy

Symptomatic

Chronic progressive epilepsia partialis continua of childhood (Kojewnikow’s
syndrome)

Syndromes characterized by seizures with specific modes of precipitation

Temporal lobe epilepsies

Frontal lobe epilepsies

Parietal lobe epilepsies

Occipital lobe epilepsies

Cryptogenic

2 Generalized epilepsies and syndromes

2.1

2.2

23

Idiopathic
Benign neonatal familial convulsions
Benign neonatal convulsions
Benign myoclonic epilepsy in infancy
Childhood absence epilepsy
Juvenile absence epilepsy
Juvenile myoclonic epilepsy
Epilepsy with GTCS on awakening
Other generalized idiopathic epilepsies not defined above
Epilepsies with seizures precipitated by specific modes of activation
Cryptogenic or symptomatic
West syndrome
Lennox-Gastaut syndrome
Epilepsy with myoclonic-astatic seizures
Epilepsy with myoclonic absences
Symptomatic
2.3.1 Nonspecific etiology
Early myoclonic encephalopathy
Early infantile epileptic encephalopathy with suppression burst
Other symptomatic generalized epilepsies not defined above
2.3.2 Specific syndromes
Diseases in which seizures are a presenting or predominant feature

3 Epilepsies and syndromes undetermined whether focal or generalized

3.1

3.2

With both generalized and focal seizures

Neonatal seizures

Severe myoclonic epilepsy in infancy

Epilepsy with continuous spike-waves during slow wave sleep

Acquired epileptic aphasia (Landau-Kleffner syndrome)

Other undetermined epilepsies not defined above

Without unequivocal generalized or focal features (i.e., sleep-related GTCS; when the
EEG shows both focal and generalized ictal or interictal discharges, and when focal or
generalized onset cannot be determined clinically)

(Continued)
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Table 2.1 (Continued)

4 Special syndromes
4.1 Situation-related seizures
Febrile convulsions
Isolated seizures or isolated status epilepticus
Seizures occurring only when there is an acute metabolic or toxic event (alcohol,
drugs, eclampsia, nonketotic hyperglycemia)

Source: Reproduced from “Proposal for revised classification of epilepsies and epileptic syndromes.”
Commission on Classification and Terminology of the International League Against Epilepsy [2], with
permission from John Wiley & Sons Ltd.

symptoms or sensory illusions or hallucinations. The ictal event is usually char-
acterized by a blank stare, loss of contact with the environment, oroalimentary
automatisms, hand automatisms, upper limb tonic or dystonic posturing, early
head or eye deviation. Oroalimentary automatisms often have the appearance of
chewing or lip-smacking. Hand automatisms are repetitive, purposeless move-
ments of the hands including grasping, fumbling, and searching movements.
Unilateral automatisms are typically ipsilateral to region of seizure onset, and
postictal dysphasia lateralizes to the dominant hemisphere [7]. Mesial temporal
lobe seizures (MTLES) are often characterized by an initial epigastric sensation
or viscerosensory sensation, longer seizure duration, delayed loss of contact, and
delayed oroalimentary and upper limb automatisms while lateral temporal lobe
seizures are characterized by an initial sensory illusion or hallucination (mainly
auditory), an initial loss of contact, a shorter duration (<1 minute), and frequent
secondary generalizations. Distinguishing between mesial (limbic) and lateral
(neocortical) temporal lobe epilepsy is important because prognosis after epilepsy
surgery differs. Hippocampal sclerosis is the most common pathological substrate
found in patients with medial temporal lobe epilepsy who undergo surgical resec-
tion. The majority of patients who undergo surgical resection for MTLE become
seizure-free [8].

Frontal lobe epilepsies

Frontal lobe seizures are the second most common type of focal epilepsy and occur
in approximately 30% of patients with partial epilepsy [9]. Frontal lobe seizures
are often confused with pseudoseizures due to the bizarre clinical semiology [10].
Frontal lobe seizures are usually brief (less than 30 seconds), tend to occur in
clusters, can occur multiple times per day, and often have minimal or no postictal
confusion. The clinical semiology includes an abrupt onset of stereotyped hyper-
motor behavior and may include vocalizations, gestural or sexual automatisms,
and bilateral leg automatisms consisting of pedaling or bicycling movements. The
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seizure semiology of frontal lobe seizures depends on what region of the frontal
lobe is involved. Because of the extensive inter-regional connectivity within the
frontal lobe and rapid seizure propagation, frontal lobe seizures are difficult to
localize on the basis of clinical semiology.

Juvenile absence epilepsy

Juvenile absence epilepsy (JAE) is classified as an idiopathic generalized epilepsy.
The age of onset is typically at or after puberty between the ages of 10 and 17.
Unlike in childhood absence epilepsy (CAE) where absence seizures can occur
many times per day, absence seizures in JAE may only occur sporadically. There
is less impairment of consciousness with absence seizures in JAE compared to
absences in CAE. Patients with JAE can have generalized tonic-clonic seizures
(GTCS) (usually upon awakening), myoclonic seizures, and even absence status
epilepticus. There is a strong genetic component with linkage to chromosomes
5, 8, 18, and 21. The response to antiepileptic medication is usually excellent [11].

Juvenile myoclonic epilepsy

JME is also classified as an idiopathic generalized epilepsy. The age of onset is
usually mid-teens. Patients may present with myoclonic jerks upon awakening
in the morning. The myoclonus usually involves the neck, shoulders, arms, or
legs with the upper extremities being more frequently affected. Consciousness is
usually not impaired during the myoclonic seizures. Generalized tonic-clonic and
absence seizures are also seen. The ictal EEG consists of generalized polyspike
and wave discharges >3 Hz. There is a strong genetic component with linkage
to chromosomes 2, 3, 5, 6, and 15. The response to antiepileptic drug (AED)
treatment is excellent but needs to be continued lifelong in most patients due to
a high rate of relapse [11].

Lennox-Gastaut syndrome

Lennox-Gastaut syndrome (LGS) is classified as an epileptic encephalopathy. The
age of onset is usually before eight with a peak age of onset between three and
five years of age. The syndrome is characterized by a triad of multiple seizure
types (tonic and atypical absence are the most common), slow spike and wave
on EEG (1-2.5 Hz), and some degree of mental retardation. The etiology can be
symptomatic or cryptogenic. Tonic seizures are considered a prerequisite for the
diagnosis. The interictal EEG is characterized by slow spike and wave complexes
(<2.5 Hz) and activation of generalized paroxysmal fast activity during sleep. The
seizures in LGS are typically refractory to medical treatment [12].
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2.3 Conclusion

The current ILAE classification system for seizures and the epilepsies has formed
the basis for a worldwide standardized approach to diagnosing, treating, and
studying seizure disorders. The seizure classification system is primarily based on
clinical semiology and EEG correlation, with a major distinction made between
focal and generalized seizures. Focal seizures are further subdivided into sim-
ple and complex partial seizures, with the presence or absence of impairment
of consciousness distinguishing the two. Generalized seizures are divided into
absence, tonic, tonic-clonic, myoclonic, or atonic seizures. The epilepsy classifi-
cation system highlights specific syndromes defined from anatomic-pathological
bases (mesial temporal lobe epilepsy with hippocampal sclerosis) to electroclinical
bases (LGS). This system has been useful for both clinicians and researchers over
the past 20 years, but new data from modern neuroimaging techniques, molecular
biology studies, and genetics research will likely lead to a substantive revision
of the current classification system in the near future. However, until that time
arrives, the current classification system for seizures and the epilepsies provides
a common language for clinicians and researchers worldwide.
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3.1 Incidence and prevalence of epilepsy

Epilepsy is one of the most common neurological disorders encountered by most
physicians. Regardless of whether one resides in an industrialized country or a
developing nation, seizures are frequent occurrences and the condition of repeated
seizures (epilepsy) is extraordinarily widespread. In order to follow a discussion
on the epidemiology of epilepsy, it is important to define the terminology.

A seizure is characterized by an abnormal discharge of synchronized neurons
in a discrete or generalized portion of the brain. Acute provoked seizures [1]
are ones that occur in the context of an acute brain insult or systemic disorder
such as head trauma, stroke, or metabolic condition. Conversely a seizure that
occurs in the absence of an acute provoked event is considered an unprovoked [1]
event. Epilepsy is the occurrence of at least two unprovoked seizures separated
by a minimum of 24 hours. The condition of having recurrent, repeated events
underlies the definition of an epileptic disorder. Because the diagnosis of epilepsy
is a clinical diagnosis and there is not a fixed test or biomarker that conclusively
designates an individual as having epilepsy, studies that address the epidemiology
of seizures or epilepsy can be fraught with error. This is due to the fact that
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Table 3.1 Incidence and prevalence of epilepsy as reported in various population-based studies
around the world

Author Year Country Age Incidence Prevalence/
groups 100 000/year 1000
Annegers et al. 1999 [23] USA All 35.5 —
Beilmann et al. 1999 [4] Estonia 0-19 — 3.6
Karaagac et al. 1999 [29]  Turkey All — 10.2
Jallon 1997 [30]  Switzerland All 45.6 —
Camfield et al. 1996 [8] Canada <16 41 —
de la Court et al. 1996 [15] Netherlands  55-95 — 9
Mendizabal & Salguero 1996 [31]  Guatemala All — 5.8
Olafsson et al. 1996 [7] Iceland All 47 —
Aziz et al. 1994 [32]  Pakistan All — 10.1
Snow et al. 1994 [33] Kenya All — 4
Loiseau et al. 1990 [34] France All 24-42 —
Li et al. 1985 [35]  China All — 4.4
Bharucha et al. 1988 [36] India All — 4.7
Hauser & Kurland 1975 [37] USA All — 5.4

Source: Adapted with permission from Berg [2].

multiple lines of converging data, that is, history and diagnostic tests are the
basis to make a diagnosis and there is not one single point that is utilized to
confirm the disorder. Therefore it is essential to know the population on which an
epidemiologic study is conducted in order to extrapolate accurate incidence and
prevalence data.

Table 3.1 [2] provides results displaying the incidence and prevalence of
epilepsy as reported in several population-based studies throughout the world.
Clearly, the incidence rates for epilepsy are estimated to be typically between
30 and 50 per 100000 population although some studies have reported higher
approximations between 60 and 80 per 100000 per year [2].

In order to provide context comparing epilepsy incidence rates versus other
neurological disorders, the American Academy of Neurology systematically ana-
lyzed the incidence and prevalence of common neurological maladies [3]. Their
results showed that epilepsy ranks among the top disorders in children, adults,
and older adults. In four Class I studies [4—7] and six Class II studies [8—12] of
incidence, the median estimate was 46 per 100000 per year, (range 32—71). The
incidence of epilepsy is related to age. Analyzing studies restricted to children
and adolescents alone led to a higher median estimate of 57 per 100 000 per year,
(range 41-65) [3]. Even higher incidence rates occurred among infants younger
than one year and among people older than 60 years [3]. Most studies do not
show any gender differences.
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Six Class I [4, 13—17] and seven Class II studies [6, 10, 12, 18—21] have
addressed the prevalence of epilepsy. Three Class I studies in children and ado-
lescents up to age 19 [4, 14, 16] found the median prevalence value is 3.9 per 1000
and among the Class II studies that included all age groups [6, 7, 12, 20, 21] the
median estimate was 7.1 per 1000 population. Observably, seizures and epilepsy
have a fairly high incidence and prevalence globally.

3.2 Incidence and prevalence of acute symptomatic
seizures

Acute symptomatic seizures differ from epilepsy in that each seizure has a clear,
identifiable, proximal cause. Potential etiologies can include metabolic causes such
as medications or electrolyte derangements, trauma, stroke, neoplasms, and many
other possibilities. The incidence of acute seizures has been provided by several
studies. Two often-cited studies based on the population of Rochester, Minnesota
reported age-adjusted incidence rates of 39 per 100000 person years in 1970
[22, 23]. This represents about 40% of all cases of a febrile seizure identified in
the community. This result has been replicated in European studies.

The incidence of acute symptomatic seizures tends to be higher in men than in
women [22]. Just like epilepsy, the age-specific incidence of acute symptomatic
seizures is highest during the first year of life. This is attributed to the high
incidence of acute symptomatic seizures associated with metabolic, infectious,
and encephalopathic causes during the neonatal and perinatal periods. Incidence
declines in childhood and early adult years and reaches a nadir among those
between the ages of 25—-34 years of age [22]. After 35 years of age the incidence
increases progressively, reaching 123/100 000 among those more than 75 years of
age [22]. Therefore acute symptomatic seizures have a bimodal age distribution.

The most commonly reported cause of acute symptomatic seizures arises from
metabolic conditions. Several conditions can precipitate seizures and this is further
discussed in Chapter 7, “Etiologies of Seizures.” Common conditions that need to
be considered when evaluating a patient presenting with a seizure include hypo-
glycemia and hyperglycemia which are often reported in patients with diabetes.
Hyponatremia, uremia, and hypocalcemia are also well represented in the litera-
ture. Abrupt discontinuation of antiepileptic drugs, sedative, and anxiolytic agents
is a prominent cause of seizures as well. All barbiturates and benzodiazepines
present a risk of withdrawal seizures. The use of medications that lower the seizure
threshold is an important cause of acute seizures. Drugs, such as phenothiazines,
tricyclic antidepressants, theophylline, bupropion, antibiotics such as new genera-
tion quinolones and certain pain medications such as meperidine can cause seizures
as well. Recently stimulant agents, such as ephedra often found in over-the-counter
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herbal/botanicals and weight loss preparations, have been causally implicated in
seizures [24].

Central nervous system and systemic infections such as meningitis, pneumonia,
and urosepsis can promote seizures. Acute trauma, embolic, and hemorrhagic
strokes are also common causes of seizures. It is important to consider all of
these risk factors when assessing a patient with an acute symptomatic seizure as
this is a relatively common occurrence in any age group.

3.3 Looking beyond epidemiology: the state
of epilepsy care in the United States

In 2005, the United States (US) Centers for Disease Control and Prevention (CDC)
conducted surveillance work to assess the state of epilepsy and seizure care in
the United States based on 19 reporting states [25]. The US CDC worked with
the Behavioral Risk Factor Surveillance System (BRFSS) and assessed a num-
ber of epilepsy and seizure-related variables to better characterize how well the
US healthcare structure was handling epilepsy care. The BRFSS is an ongo-
ing, state-based, random digit dial telephone survey of non-institutionalized US
adults over the age of 18. This system collects information on health risk, behav-
iors, and preventative health services that relate to the leading causes of death
and morbidity.

The surveillance system included a total of 2207 adults from 19 states or 1.65%
with a reported history of epilepsy [25]. Moreover 0.84% had active epilepsy
defined as either a history of epilepsy and currently taking medications, or report-
ing one or more seizures during the past three months. 0.75% were classified
as having inactive epilepsy or a history of epilepsy or seizure disorder but not
currently taking medicine to control epilepsy and no seizures in the three months
preceding the survey [25]. There were no differences among the states with regards
to prevalence of lifetime epilepsy, active epilepsy, or inactive epilepsy. Prevalence
estimates for active and inactive epilepsy revealed no significant difference by sex,
race, or ethnicity.

However, American adults with a history of epilepsy and active epilepsy were
much more likely to report fair or poor health by being unemployed or unable
to work [25]. These individuals also lived in households with the lowest annual
incomes, had a history of concomitant disorders such as stroke or arthritis. Adults
with a history of epilepsy and active epilepsy also reported significantly worse
health-related quality of life. Individuals with epilepsy were more likely to be
obese, physically inactive, and smoking. In adults with active epilepsy with recent
seizures, 16.1% reported not taking their epilepsy medications and 65.1% reported
having had more than one seizure in the past month [25]. Among adults with a
history of epilepsy almost 24% reported cost as a barrier to seeking care from a
physician over the previous year [25]. A total of 35% of adults with active epilepsy
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with seizures reported not having seen a neurologist or an epilepsy specialist in
the previous year [25].

This study showed that the incidence and prevalence rates that are reported by
population-based studies as previously outlined are relatively accurate. Seizures
and epilepsy are a frequent occurrence among the American population. Yet, the
CDC analysis also demonstrated the significant burden of disease that cannot be
assessed from epidemiological studies. A number of public health interventions
are necessary in order to better educate the public, understand the barriers to care,
financing of the care and how to improve quality of life for patients with epilepsy.

3.4 Risk factors for epilepsy

The risk factors for epilepsy in adults are somewhat established and are fur-
ther discussed in Chapter 7, “Etiologies of Seizures.” There are several known
risk factors for epilepsy in adults including head trauma, central nervous sys-
tem infections, strokes, both embolic and hemorrhagic, central nervous system
malignancies, particularly cortically based tumors such as gliomas and metastatic
lesions, Alzheimer’s disease and other neurodegenerative conditions. However,
the relationship between epilepsy and other conditions such as subcortical white
matter diseases, demyelinating conditions, and certain psychiatric conditions (i.e.,
depression and schizophrenia) have not been sufficiently characterized.

Of all the various potential risk factors toward epilepsy there are three that
merit further review: Alzheimer’s disease, head trauma, and neurocysticercosis.
The underlying pathology of Alzheimer’s disease appears to be associated with
a potential increased susceptibility toward seizures. Given that the diagnosis of
Alzheimer’s disease is confirmed only by autopsy, makes it difficult to establish
whether some patients may have concurrent epilepsy because of the overlapping
similar presentations. One study found a 10-fold increased risk for unprovoked
seizures in Alzheimer’s disease [22]. Another reported new onset seizures devel-
oped in 16% of patients with probable Alzheimer’s disease after they became
severely demented [23]. Moreover, a Class I study of geriatric epilepsy in a
veterans population found that neurodegenerative conditions accounted for almost
11% of epilepsy disorders in this group [26]. Clearly more investigations are
needed to understand this relationship.

Because trauma is a relatively preventable but common condition, its role in
epileptogenesis has been evaluated. There are three major categories of traumatic
head injury loosely divided as mild, moderate, and severe [27]. Severe head
injuries have a significant relative risk (RR) of development of epilepsy over
the course of one’s life with a commonly reported RR of 29 compared to a nor-
mal population of 1 [27]. Moderate head injury has a RR of 4 and a mild head
injury is equivocal with regards to seizure risk as compared to a normal-aged
population [27].
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Neurocysticercosis deserves special mention due to its frequent nature in
developing countries. This infection is caused by the taenia solium tapeworm
by ingestion of uncooked pork. The tapeworms have a predilection for
brain tissue and the ensuing inflammatory response often results in epilepsy.
Neurocysticercosis is one of the most common causes of epilepsy in the third
world and one that is completely preventable by adequately cooking pork and
simple hygiene [28]. Given recent immigration patterns and globalization with
easy transport to and from various parts of the world, this condition has become
endemic in areas with no previous history of this problem. It is important to
understand the highly preventable aspect of this condition and be aware of the
increasing regularity of this epilepsy cause.

3.5 Conclusion

This chapter has served to outline the incidence and prevalence of epilepsy in
the world. Epilepsy and acute symptomatic seizures are common disorders which
can present as an independent condition or can often be associated with other
co-morbidities such as cerebrovascular disease, neurodegenerative disorders, and
traumatic brain injuries. The disorder is seen in the extremes of age, but can afflict
anyone. The plight of individuals with epilepsy in the US based on current public
health estimates suggests that there is a significant psychosocial, economic, and
quality of life burden for patients who have seizures and epilepsy.
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4.1 Introduction

Routine electroencephalography (EEG) involves the recording of electrical poten-
tials from electrodes applied to the scalp. It continues to be the core technology
for the diagnosis and management of epilepsy and seizures. EEG is a unique
method because of its ability to directly detect the collective electrical activity
generated by cortical neuronal populations with unsurpassed temporal resolution.
Because scalp EEG is a noninvasive technique without risk to patients, the char-
acteristics of EEG recordings of normal and pathologic brain activity have been
investigated thoroughly and are well established for large populations of healthy
control patients and patients with various disease states. The EEG changes asso-
ciated with most neurologic disorders affecting the central nervous system are
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nonspecific. Epilepsy, defined as the spontaneous, recurrent generation of unpro-
voked seizures, is an exception.

Advanced imaging techniques, such as CT, MRI, functional MRI, positron
emission tomography (PET), and single-photon emission computed tomography
(SPECT) may offer the best spatial resolution for evaluation of structural and
functional abnormalities of the brain in patients with epilepsy. However, EEG still
provides the best temporal resolution of cortical function. In particular, interictal
epileptiform discharges (IEDs), which are due to the pathologic coordinated activ-
ity of epileptogenic neuronal populations and thus represent the electrophysiologic
signature of the epileptogenic brain [1], are best identified by their temporal char-
acteristics (i.e., morphologic features and duration). These characteristics include
epileptiform spikes, sharp waves, and temporal intermittent rhythmic delta activity.
Thus, scalp EEG continues to be an essential tool in the diagnosis and treatment
of epilepsy [2, 3] because of the high specificity and high sensitivity of IEDs for
seizures [4, 5]. Of note, for patients with known central nervous system disease
and no history of epilepsy, the specificity of IEDs may be considerably lower [6].

Although the fundamental concepts of EEG recording have stayed the same
for the past 80 years, advances in digital computer technologies have led to
tremendous practical improvements in how the EEG is recorded, viewed, and
archived. Because of their numerous practical advantages, digital EEG systems
have replaced older, analog EEG systems in most clinics and hospitals. These
digital advances have led to substantial improvements in EEG over the past few
decades and include the extension of the bandwidth beyond the classic Berger
bands (1-25 Hz) (Figure 4.1) and computational EEG analysis.

This chapter summarizes the role of routine scalp EEG recordings in the eval-
uation of suspected seizure disorders, particularly the advantages and limitations
of routine scalp EEG in the diagnosis of epilepsy. We describe the morphologic
characteristics of IEDs, as well as common benign EEG transients that can be
misinterpreted as IEDs, and review the clinical importance and predictive value
of IEDs in the diagnosis of epilepsy.

4.2 Clinical application of EEG

The possibility of a seizure disorder is frequently considered for a patient who
reports paroxysmal clinical events involving sensory, motor, and psychic phenom-
ena, including alteration of consciousness. The neurological examination often has
normal results for patients who have paroxysmal events with neurological mani-
festations. Only rarely is a clinician able to witness one of the paroxysmal spells
in question. Therefore, patient history is of paramount importance (especially a
description of the paroxysmal events by the patient and family members).
Following history taking and physical examination, a routine EEG is the most
common neurodiagnostic test performed for evaluation of suspected seizures [2].
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Figure 4.1 The frequency range of human brain electrophysiology. The electrical activ-
ity recorded from the scalp is limited to oscillations below approximately 25 Hz. However,
the low-frequency end of the spectrum recorded with scalp electroencephalography (EEG)
extends well below 1 Hz and, with nonpolarizable electrodes, it is possible to record ultraslow
oscillations. The potential clinical applications of wide-bandwidth EEG is an active area of
current research.

Definitive proof for the diagnosis of epilepsy can be obtained when a habit-
ual seizure is recorded and the EEG shows a pattern typical for a partial or
generalized seizure. However, because of the intermittent nature of a partial or
generalized seizure, there is only a small chance of recording the patient’s stereo-
typic events during a routine sleep-and-awake EEG recording [2, 7]. Despite this
limitation, a routine scalp EEG often provides important supportive information
for the diagnosis of a seizure disorder.

IEDs are highly correlated with the diagnosis of a seizure disorder, and their
presence on an EEG performed after a single seizure has been found to be helpful
in predicting the risk of seizure recurrence. However, the decision to initiate
antiepileptic drug therapy must be made on the basis of the individual clinical
scenario. The classification system for epilepsy syndromes incorporates interictal
EEG abnormalities with the clinical features [8].

Although the presence of IEDs on a routine EEG is helpful for the appropriate
diagnosis of a seizure disorder, patients with epilepsy may have no IEDs, even on
repeated EEG studies [7]. Rarely, patients without epilepsy may have IEDs [6, 9].
When a routine EEG fails to show IEDs of a patient with a suspected seizure
disorder, repeating the EEG may increase the diagnostic sensitivity. In addition,
to obtain an ictal EEG recording, a long-term ambulatory or long-term video-EEG
should be considered.
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Patients with seizures not eliminated with medical therapies often benefit from
long-term video-EEG monitoring to capture their habitual clinical events. For
example, patients may have coexisting nonepileptic behavioral events, even those
patients with an existing diagnosis of epilepsy. Also, patients may have both gen-
eralized and partial epilepsy that would benefit from medication changes. Finally,
patients with medically refractory partial epilepsy may be candidates for poten-
tially curative epilepsy surgery.

4.3 Scalp EEG recording methods

Because of the advances in digital computer technologies, digital EEG instru-
ments have largely replaced analog instruments. Digital EEG makes the process
of recording, storage, and retrieval of large quantities of EEG data more effi-
cient [10]. Furthermore, with the use of digital systems, it is possible to select
the most appropriate montage, filters, sensitivity, and time base at the time the
EEG is reviewed. Also, signal processing techniques can be applied, including
automated spike and seizure detection algorithms that can increase substantially
the efficiency in reviewing long-term video-EEG and ambulatory EEG [11-13].
The ability to remontage the EEG presents an important advantage of digital EEG
over analog EEG and has been shown to reduce the variability between electroen-
cephalographers for identifying EEG abnormalities and determining whether these
abnormalities are generalized or focal [14].

The bandwidth of the EEG generators is an active area of research [15, 16].
It is widely recognized that the range of cerebral activity extends well beyond
Berger bands. Wide-bandwidth EEG presents specific challenges at both the high-
frequency (>25 Hz) and the low-frequency (<0.1 Hz) ends of the spectrum.
Recording cerebral electrical activity from the scalp in the high-frequency range
is difficult for numerous reasons that include (i) electrical activity greater than
25 Hz has low amplitude in scalp recordings, (ii) the generators of gamma and
ripple frequency oscillations tend to have a highly localized distribution [17] and
the smearing effect of the skull prevents effective conduction of such activity to
scalp electrodes, and (iii) scalp muscle artifact frequently obscures EEG activity
greater than 25 Hz. Similarly, there are challenges in recording EEG activity in
frequencies less than 0.1 Hz, particularly the technical challenge of the polar-
izability of many electrode materials [18] and the generation of artifacts due to
movements and noncerebral sources, such as the galvanic skin response [16].

Standard scalp EEG uses 19 electrodes [19]. Use of greater spatial sampling
with high-density scalp electrodes (e.g., 64—256 scalp electrodes) can help localize
focal regions of epileptogenic brain when combined with use of sophisticated
computational tools to image putative ictal generators by solving the bioelectric
inverse solution [20, 21]. These powerful computational methods can be combined



4.4 ACTIVATION PROCEDURES 33

with other noninvasive methods, such as structural MRI and functional studies
(e.g., interictal and ictal SPECT) [22].

Routine wake-and-sleep EEG

A routine EEG performed for the evaluation of seizures should include a period
of wakefulness, as well as sleep. The total recording period is typically 20—40
minutes, although longer recordings may be necessary to adequately assess the
presence of IEDs. The guidelines established by the American Clinical Neuro-
physiology Society should be used for all recordings [23].

Electrodes should be placed according to the International 10—20 System, which
usually provides adequate coverage. Sometimes, supplemental electrodes may be
added in the anterior temporal head region, which is often a site of IEDs in
temporal lobe epilepsy [24]. Sphenoidal electrodes are used by some epilepsy
centers to supplement the International 10—20 System [25]. The available data
support the improved sensitivity of additional anterior temporal region surface
electrodes for recording IEDs—97% of EEGs that use these electrodes have IEDs
versus 58% of EEGs that use only the International 10—20 System electrodes—but
the advantage of sphenoidal electrodes is less clear [25, 26].

4.4 Activation procedures

Studies have shown the importance of standard activating procedures in increasing
the sensitivity of the routine EEG for detection of IEDs. The yield of recording
IEDs of patients with seizures can be increased by 30—70% through requiring
that the patient be sleep-deprived before the EEG recording [27]. In patients with
both absence seizures and complex partial seizures, hyperventilation can activate
IEDs and, sometimes, ictal EEG discharges [3, 28].

Generalized IEDs can occur during photic stimulation and may outlast the
photic stimulus by one to several seconds. Such a photoparoxysmal response
may evolve into a clinical seizure. It is important to distinguish this response
from the photomyogenic response. The latter response consists of myogenic and
superimposed eye movement artifact induced by photic stimulation, which usually
does not outlast the stimulus. Between 70 and 77% of individuals with general-
ized IEDs activated by photic stimulation have epilepsy [29]. Provocative testing
and suggestion may elicit typical spells in patients with nonepileptic events [30].
Nevertheless, ethical questions exist regarding the use of provocative testing in
patients with nonepileptic spells [31].

The possibility of noninvasively probing the brain through use of external
electrical stimulation or transcranial magnetic stimulation may ultimately prove
useful for identifying and localizing epileptogenic brain regions [32]. The
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concept of interictal activation to localize epileptogenic brain regions is attractive
conceptually and would be important clinically. For many patients with medically
intractable partial epilepsy, no IEDs are apparent and their seizures are difficult
to localize. For patients with normal structural imaging (e.g., MRI, normal
interictal EEG, nonlocalized ictal EEG), there is little to guide the epileptologist
in localizing the region of the brain that is generating the seizures. These patients
generally are poor surgical candidates.

4.5 Interictal discharges correlated with epilepsy

IEDs are seen in a high percentage of patients with epilepsy but are rare in patients
without epilepsy. Because of the high sensitivity and high specificity of IEDs for
seizure disorders and the high correlation of IED localization with seizure onset
localization, IEDs can be interpreted as the electrophysiologic signature of the
epileptogenic brain in the appropriate clinical setting. Evidence from simultaneous
microelectrode and macroelectrode recordings suggests that IEDs represent the
macroscopic field resulting from the summation of potentials from a population
of pathologically synchronized bursting neurons.

The common types of IEDs recorded during routine EEG studies are spikes,
sharp waves, and spike-and-wave complexes [3, 33, 34], which can be either focal
or generalized (Figure 4.2). Spikes and sharp waves are most commonly focal
but may be generalized in distribution. Spike-and-wave patterns (including 3-Hz
spike and wave, slow spike and wave, atypical spike and wave, and polyspike and
wave) and paroxysmal fast activity are frequently generalized but may have a focal
or regional distribution [3, 34]. IEDs include the following features, which help
distinguish them from normal EEG background activity and other nonepileptiform
transients [3, 34].

1 Epileptiform spikes and sharp waves are often followed by a smoothly con-
toured slow wave (forming a spike-and-wave complex) (Figure 4.2), which
disrupts the ongoing EEG background activity.

2 Epileptiform sharp waves and spikes are transient waveforms that arise abruptly
out of the EEG background activity. Sometimes, they occur repetitively in
trains. The waveforms have more than one phase (usually two or three) and are
characteristically asymmetrical. In contrast, nonepileptiform, sharply contoured
transients (such as wicket waves and rhythmic temporal theta of drowsiness)
are usually approximately symmetrical (Figure 4.3).

3 The duration of an epileptiform sharp wave is 70—200 ms and the duration
of an epileptiform spike is less than 70 ms, although the distinction is of no
clinical significance. Waveforms lasting more than 200 ms may be sharply
contoured but are not considered potentially epileptogenic, with the exception
of such periodic discharges as periodic lateralized epileptiform discharges.
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Figure 4.2 Electroencephalographic tracings of epileptiform sharp waves, spikes, and spike-
and-wave discharges. (Adapted from Westmoreland et al. (1994) [35]. Used with permission of
Mayo Foundation for Medical Education and Research.)
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Figure 4.3 Electroencephalographic tracing of a 53-year-old patient showing wicket waves in
the right temporal region. Sometimes called wicket spikes, these waves may occur as single,
sharply contoured focal transients (left side of figure) or in repetitive trains, usually in the theta
frequency range (right side of figure). Wicket waves often occur independently in both temporal
regions and are considered a benign pattern of no clinical significance.

4 An epileptiform discharge has a physiologic field and is not confined to a
single electrode. Waveforms associated with a single electrode are most often
electrode artifacts.

The presence of intermittent rhythmic delta activity in the temporal head region
(Figure 4.4) has specificity for temporal lobe epilepsy similar to that of the pres-
ence of interictal epileptiform spikes and sharp waves [36, 37].

Periodic IED patterns associated with seizures are also recognized [3]. The
patterns include periodic lateralized epileptiform discharges, which are unilateral
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Figure 4.4 Electroencephalographic tracing showing temporal intermittent rhythmic delta
activity (TIRDA) in the right temporal region (maximum at Fg). This activity is considered
to have the same clinical significance as interictal spikes and sharp waves. The bottom tracings
were recorded from right mesial temporal depth electrode contacts (R;—Rs). They show a train
of spike and slow-wave discharges that are correlated with the TIRDA recorded from scalp
electrodes. (Adapted from Worrell et al. [41]. Used with permission.)
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Figure 4.5 Electroencephalographic tracing from a 73-year-old patient with sudden onset
of aphasia showing periodic lateralized epileptiform discharges (PLEDs) in left hemisphere.
PLEDs are often seen in patients with acute or subacute focal neurological deficits and are
often associated with obtundation, as well as partial seizures. Over time, they usually resolve
as the neurological deficit improves (shown here), but they may evolve into focal nonperiodic
interictal epileptiform discharges.

but hemispheric in extent (Figure 4.5), as well as periodic epileptiform discharges
in the midline, generalized periodic epileptiform discharges, bilateral independent
periodic lateralized epileptiform discharges, and multifocal independent periodic
epileptiform discharges [38—40].

True IEDs often lack some of these characteristic features and some waveforms
or patterns of noncerebral origin can have many of these characteristics. The
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electroencephalographer should review possible IEDs using different montages—
for example, bipolar, referential, and Laplacian recording montages—to better
distinguish true IEDs from other waveforms that may mimic IEDs [14]. Use of
different montages also may help both localize focal discharges and distinguish
them from generalized discharges. Of note, the Laplacian montage can make a
generalized discharge appear more focal. In addition, when the reference elec-
trode is active, use of a referential montage may make a focal discharge appear
generalized [10].

Several types of waveforms seen on EEG may be mistakenly interpreted as
epileptiform patterns, including electrode and external interference artifacts,
noncerebral physiologic artifacts, and benign transients and patterns of cerebral
origin. Artifacts can be produced by electrodes, the recording equipment, and
other electrical devices in the vicinity. During recordings performed in the
hospital, especially in intensive care units, such artifacts occur frequently and
can be particularly difficult to recognize. Artifacts of physiologic origin include
those due to eye movements, muscles, swallowing, body movements, sweating,
pulse, and electrocardiogram. In addition, various EEG transients and patterns of
cerebral origin but not associated with epilepsy can be mistaken for IEDs. Among
these transients and patterns are wicket waves (Figure 4.3), small sharp spikes
(Figure 4.6), rhythmic midtemporal theta of drowsiness (Figure 4.7), central mid-
line rhythmic theta (Figure 4.8), subclinical rhythmic electrographic discharge of
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Figure 4.6 Electroencephalographic tracing from a 73-year-old patient that shows small sharp
spikes. They are low-amplitude, short-duration spikes that most commonly occur in the temporal
regions and often occur independently on both sides. These spikes are seen during drowsiness
and light sleep but disappear with deeper sleep.
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Figure 4.7 Electroencephalographic tracing from a 43-year-old patient that shows rhythmic
temporal theta of drowsiness (RTTD) in the left and right temporal regions. RTTD is a common
benign rhythmic pattern seen in the temporal regions during drowsiness, often independently
on the left and the right. It consists of theta frequency waveforms that frequently have a sharp
or notched appearance (shown here).

adults (Figure 4.9), 14&6-Hz positive bursts (Figure 4.10), phantom (6-Hz) spike
and wave (Figure 4.11), and paroxysmal hypnagogic hypersynchrony (Figure 4.12)
[3, 42, 43].

Evidence for the importance of IEDs

There are methodological problems in many studies evaluating the sensitivity and
specificity of IEDs for the diagnosis of epilepsy. Although simultaneous recording
of ictal EEG and associated ictal behavior provides the most convincing evidence
for a diagnosis of epilepsy, this simultaneous recording is seldom achieved during
routine EEG recordings. Thus, epilepsy continues to be a clinical diagnosis in
most cases. Consequently, some studies probably include patients with an incorrect
diagnosis. In addition, in some studies the EEG findings, including the presence
of IEDs, were among the factors leading to a diagnosis of epilepsy and thus
introduced a bias. Also, a substantial referral bias is likely toward patients with
refractory epilepsy, since the studies were performed by major epilepsy centers
using retrospective analysis of patient medical records.

The published retrospective studies show that an initial EEG demonstrated IEDs
in 29-55% of patients with a clinical diagnosis of epilepsy. When one or more
additional EEGs were performed, the fraction of patients having IEDs on at least
one EEG was 80-90% [4, 5, 7, 44]. However, the sensitivity of the initial EEG
and subsequent EEGs is expected to be lower for patients with infrequent seizures.
In one study, only 12% of patients who had had a single seizure showed IEDs
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Figure 4.8 Electroencephalographic tracing showing central midline rhythmic theta. This
benign rhythmic pattern often occurs in elderly patients during drowsiness. It consists of theta
frequency waveforms that typically have an archiform appearance (shown here). (Adapted from
Westmoreland and Klass [43]. Used with permission.) Copyright © (1986) American Medical
Association. All rights reserved.

on their first EEG, and a second EEG showed IEDs in an additional 14%, giving
a cumulative sensitivity of 26% after two EEGs [45]. Even some patients whose
epilepsy is refractory have infrequent IEDs (e.g., patients with mesial frontal
lobe epilepsy) [5, 45]. Continuous long-term EEG recordings have a substantially
greater yield than routine EEG recordings for detection of IEDs. Nevertheless, one
study of patients with proven epilepsy found no IEDs in 19% of patients during
an average of 6.9 days of prolonged recording [46].

The specificity of IEDs for the diagnosis of epilepsy is highly dependent on
the population studied. In a study of 13 658 healthy men who were candidates
for aircrew training, only 69 (0.5%) had IEDs on a routine EEG recording [9]. In
this study, 43 of the 69 patients with IEDs were observed clinically for between
5 and 29 years, and epilepsy eventually developed in only one of the 43 patients.
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Figure 4.9 Electroencephalographic tracing from a 52-year-old patient that shows subclinical
rhythmic electrographic discharge of adults (SREDAs). The discharge often begins abruptly with
a sharply contoured waveform or a series of such waveforms. It then evolves to widespread
sharply contoured theta frequency activity with some intermixed delta frequencies. The dis-
charge causes no clinical symptoms. SREDA is a rare electrographic pattern seen during
wakefulness or light drowsiness.
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Figure 4.10 Electroencephalographic tracing from a 12-year-old patient that shows 14&6-
Hz positive bursts. This benign pattern is seen during sleep or deep drowsiness. It consists
of bursts of arch-shaped waves with sharp peaks of positive polarity, with a frequency of
approximately 14 Hz (range, 13—17 Hz) or 6 Hz (range, 5—7 Hz), typically maximal in the
posterior temporal regions, sometimes unilateral and sometimes bilateral (shown here). Both 6-
and 14-Hz frequencies may occur at different times in the same recording. This pattern is most
common in children and adolescents.



4.5 INTERICTAL DISCHARGES CORRELATED WITH EPILEPSY 41

F Age: 25 yrs
Fps-F3 MMMWMNWMWMVMM/\W
FaCy WWMMWWMW

Ca-Ps MAMWWAWWM/WU\IWWMAWW

P3-O4

Fpa-F4 NWWWMWM(‘MVWW‘W‘MW
F4-C4 WmMWWW\MWMWWWAW

Ca-Py MMMWW/LWWNWWW
P40,
50 uV

1 sec

Figure 4.11 Electroencephalographic tracing from a 25-year-old patient that shows 6-Hz
spike-and-wave discharges. This uncommon benign pattern is seen during drowsiness, con-
sisting of low-amplitude spikes followed by slow waves repeating at 6 Hz that are widespread
but maximal in the occipital regions and without clinical accompaniment. This spike-and-wave
pattern must be distinguished from anterior-predominant, 5- to 6-Hz spike-and-wave discharges
seen during wakefulness, which usually are a variant of atypical spike and wave with potentially
epileptogenic significance.

By comparison, a study of 521 patients with no history of seizures residing in
Rochester, Minnesota, found 64 patients (12.3%) with IEDs on a routine EEG
performed as part of a neurological evaluation [6]. Not surprisingly, 47 (73.3%)
of the 64 patients with IEDs had acute or progressive cerebral disorders at the time
the IEDs were detected. During 230.8 patient-years of follow-up, none of these
patients subsequently had seizures. These findings emphasize that the presence of
IEDs on routine EEG recordings should be interpreted in the context of the clinical
history, especially for patients with neurological disorders, structural lesions, or
previous craniotomy [6, 47].

In general, the clinical usefulness of a diagnostic test depends on the disease
prevalence in the population under consideration. For example, if 55% of patients
with epilepsy have IEDs and 4% of patients without epilepsy have IEDs, then the
positive predictive value of IEDs for the diagnosis of epilepsy does not exceed
80% until the prevalence of epilepsy in the population tested is greater than 20%
[4, 5]. This fact emphasizes the diagnostic complications that can be produced by
an inappropriately ordered EEG.
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Figure 4.12 Electroencephalographic tracing from a 9-year-old patient that shows the drowsy
pattern hypnagogic hypersynchrony. This pattern consists of paroxysmal widespread, high-
amplitude bisynchronous activity of 3- to 7-Hz frequency that is usually maximal in the anterior
head regions (although in small children, a posterior predominance is commonly seen instead).
This normal finding should be distinguished from a similar pattern occurring during wake-
fulness known as frontal intermittent rhythmic delta activity (FIRDA), which is a nonspecific
abnormality associated with diffuse cerebral or diencephalic dysfunction, and from paroxysmal
atypical spike-and-wave bursts (which are potentially epileptogenic).

4.6 Epileptic syndromes and the role of EEG

The most important distinction from the standpoint of choosing appropriate ther-
apy is between localization-related epilepsy and primary generalized epilepsy. In
addition, a diagnosis of a specific epilepsy syndrome may be important for deter-
mining prognosis and treatment. For example, it is known that patients with JME
typically respond to therapy with sodium valproate.

Focal IEDs are seen most often in localization-related epilepsy, whereas gen-
eralized IEDs are typically found in primary generalized epilepsy. However,
two relatively common situations make this distinction challenging. Occasion-
ally, patients with partial seizures have generalized-appearing IEDs through a
phenomenon known as secondary bilateral synchrony. Of note, the generalized
IEDs in primary generalized epilepsy are often higher in amplitude in one region
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(e.g., in a bifrontal distribution) and may sometimes be asymmetrical with a higher
amplitude in one hemisphere, especially in patients who have had previous surgery
with a resulting skull defect. Also, within a specific spike or sharp wave discharge,
a time lag of the peak scalp negativity may exist in one hemisphere compared
with the other hemisphere. Yet, in primary generalized epilepsy, the peak of some
discharges may occur earlier on the left while the peak of other discharges occurs
earlier on the right. Thus, for a reliable diagnosis of secondary bilateral synchrony
from a focal region of onset, it is necessary to find evidence that the general-
ized discharges consistently begin in a specific region and later spread to the
contralateral hemisphere (Figure 4.13) or show a consistent time lag on one side
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Figure 4.13 Electroencephalographic tracing from a 12-year-old patient with a left poren-
cephalic cyst and partial seizures since age 1 year. Near the beginning of the tracing is a left
frontocentrotemporal spike discharge. Later, a focal spike-and-wave discharge is apparent in the
left frontocentrotemporal region (with some reflection on the right) and quickly evolves into a
generalized spike-and-wave discharge.
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compared with the other. Finding such evidence may sometimes be facilitated with
examination of the IEDs on an expanded timescale. The occurrence of focal dis-
charges in the region of onset without secondary bilateral synchrony is also helpful.

In addition, regional “fragments” of the generalized IEDs in primary generalized
epilepsy are often seen [48, 49]. These fragmentary discharges seen in primary
generalized epilepsy are typically maximal in the bifrontal head regions and may
at times be higher in amplitude on the left and at other times be higher in ampli-
tude on the right. Especially during drowsiness and sleep, fragments that appear
unilateral and relatively focal may be seen. As long as these focal-appearing IEDs
have morphologic characteristics similar to the generalized discharges and show
no consistent predominance in one location or one hemisphere, it is reasonable to
classify them as focal fragments of generalized discharges and not to conclude that
the patient has partial, as well as primary, generalized seizures. Nevertheless, in
some cases, the distinction between localization-related and primary generalized
epilepsy based on the IEDs seen during routine EEG can be inaccurate. Record-
ing the patient’s habitual seizures during prolonged video-EEG monitoring may
be the best way to make an accurate diagnosis.

Ictal EEG recordings

Partial seizures originating from the temporal lobes have been studied in detail
by Ebersole and Pacia [50]. They reviewed 391 scalp-recorded ictal EEGs from
93 patients with temporal lobe epilepsy, and localization was ultimately deter-
mined by intracranial monitoring. They identified seven patterns of temporal-onset
seizures and proposed that in many cases, the scalp-recorded seizure can be used
to determine whether seizures originate from the medial temporal versus temporal
neocortical region (Table 4.1).

Table 4.1 Temporal lobe seizure patterns

Seizure type Earliest ictal rhythms Likely site of origin
1A Inferotemporal rthythm of 5—9 Hz that is regular for Hippocampus
at least 5 sec and often longer
1B Vertex rhythm of 5-9 Hz that is regular for Hippocampus
>5 sec
1C Seizure type 1B followed by type 1A Hippocampus
2A Temporal and/or frontocentral rhythm of 2—5 Hz Temporal neocortex
that is irregular or is regular for only brief periods
2B Seizure type 2A followed by type 1A Temporal neocortex
2C Seizure type 2A or 2B preceded by irregular or Temporal neocortex
repetitive sharp or slow waves
3 Nonlateralized or diffuse arrhythmic change in Temporal neocortex

background
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Localization of the seizure onset zone from scalp EEG in extratemporal epilepsy
can be challenging [51] because of multiple factors that include the large size of the
epileptogenic zone, the rapid propagation of the ictal discharge, and the presence
of focal or generalized attenuation seen with focal-onset seizures. The presence of
a focal beta frequency discharge has been shown to be associated with localized
seizure onset from the dorsal lateral convexity [52] and is associated with a good
surgical outcome.

4.7 Conclusions

Routine EEG continues to be a cornerstone in the diagnosis and treatment of
epilepsy. In the appropriate clinical context, the presence of IEDs is highly specific
for the diagnosis of a seizure disorder. The sensitivity for recording IEDs can be
increased substantially during a single EEG through the recording of serial EEGs
or a prolonged EEG recording. However, the results of EEG should always be
interpreted within the entire clinical setting, since the sensitivity and specificity
of IEDs depend on the population studied.
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5.1 Introduction

Partial epilepsy is the most common seizure disorder [1—-3]. The most frequently
occurring seizure-type in the adult patient is a complex partial seizure of mesial
temporal lobe origin [1-3]. Approximately 45% of patients with partial epilepsy
will experience medically refractory seizures that may be physically and socially
disabling [1]. Patients with intractable epilepsy are at increased risk for serious
morbidity and mortality. “New” AEDs do not appear to be more effective than
“older” drugs. In add-on trials of patients with refractory epilepsy, new AEDs
reduce seizure frequency by 30-50%; complete control is rare [3—7]. Very few
patients become seizure-free on new AEDs [5-7]. Patients who “fail” two AED
medications used appropriately are likely to have a medically refractory seizure
disorder and should be investigated for alternative forms of treatment [3]. The
goals of therapy in patients with medically refractory seizures include significantly
reducing seizure tendency, avoiding adverse effects, and permitting the individual
to become a participating and productive member of society [2]. This chapter
will discuss the importance of neuroimaging in the evaluation and treatment of
patients with partial seizure disorders [8].
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Epilepsy surgery is an effective and safe alternative form of therapy for selected
patients with intractable partial epilepsy [1, 2, 9-16]. Patients with medial
temporal lobe epilepsy and substrate-directed epilepsy may be favorable candi-
dates for epilepsy surgery and have a surgically remediable epileptic syndrome [2,
9—14]. The majority of these patients experience a significant reduction in seizure
tendency following surgical ablation of the epileptic brain tissue [2, 9-14]. The
hallmark pathology of medial temporal lobe epilepsy is mesial temporal sclerosis
(MTS) [16—18]. The resected hippocampus in these patients shows focal cell loss
and gliosis [13, 14, 16—18]. Patients with a substrate-directed epilepsy may have a
primary brain tumor, vascular anomaly or a malformation of cortical development
(MCD) [10, 11, 14, 15, 18]. The common surgical pathologies encountered
in patients with “lesional” or substrate-directed epilepsy include a low-grade
glial neoplasm, cavernous hemangioma, and focal cortical dysplasia [10, 11].
Individuals with MTS and lesional pathology usually have an abnormal structural
MRI study [2, 8, 10, 18—20].

MRI has a pivotal role in the selection and evaluation of patients for surgical
treatment of intractable partial epilepsy [8, 10, 13, 16—18]. The MRI in these indi-
viduals may detect a specific intra-axial structural abnormality that may suggest the
likely site of seizure onset and the surgical pathology [8, 20]. The rationale for the
presurgical evaluation is to identify the site of ictal onset and initial seizure prop-
agation, that is, epileptogenic zone, and determine the likely pathological findings
underlying the epileptic brain tissue [12, 13]. In patients with an MRI-identified
lesion or unilateral MTS the purpose of the electroclinical correlation is essentially
to confirm the epileptogenicity of the structural abnormality [13, 15, 16, 18]. The
demonstration of concordance between the pathological substrate and the ictal
onset zone indicates a highly favorable operative outcome in selected individuals.
Approximately 80% of patients with unilateral MTS, a low-grade glial neoplasm,
or a cavernous hemangioma are rendered seizure-free following surgical treatment
[2,9, 11, 13-16, 18]. Over 90% of patients with these pathological findings will
experience an excellent surgical outcome, that is, auras only or rare nondisabling
seizures [9]. The operative outcome is distinctly less favorable in individuals with
focal cortical dysplasia and other MCDs [19]. The most common operative strat-
egy in patients with intractable partial epilepsy involves a focal cortical resection
of the epileptogenic zone with an excision of the surgical pathology [10, 11]. The
goals of surgical treatment are to render the individual seizure-free and allow the
patient to become a participating and productive member of society [1, 2, 9].

5.2 Magnetic resonance imaging

MRI has been demonstrated to be the most sensitive and specific structural neu-
roimaging procedure in patients with partial or localization-related epilepsy [2, 8].
Importantly, MRI is a noninvasive technique that has no known biological toxicity
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and does not involve ionizing radiation [18]. The presence of an MRI-identified
structural abnormality may suggest the localization of the site of seizure onset
[4-8] (Figures 5.1-5.3). The high diagnostic yield of MRI to delineate foreign-
tissue lesions, for example, tumor or vascular malformation, has been confirmed
[11]. MRI findings have been used to select favorable candidates for epilepsy
surgery, tailor the operative resection, and confirm the extent of corticectomy
postoperatively [16].

The sensitivity and specificity of MRI in patients with partial epilepsy is directly
related to the underlying pathology [8, 20]. The high diagnostic yield of MRI to

Figure 5.1 (a) MRI head: A T1-weighted pulse sequence in the coronal plane revealing an
enhancing lesion in the region of the left amygdala and hippocampus. The pathological finding
showed a dysembryoplastic neuroepithelioma (DNET). (Note: the left hemisphere is on the
right side of the figure.) (b) MRI head: T2-weighted pulse sequence in the axial plane also
demonstrates this lesion. (Note: the left hemisphere is on the right side of the figure.)
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Figure 5.2 MRI head: A T1-weighted pulse sequence in the sagittal plane revealing frontal
lobe cavernous hemangioma.

Figure 5.3 MRI head: A T1-weighted pulse sequence in the oblique-coronal plane a structural
abnormality consistent with focal encephalomalacia related to remote head trauma in the left
hemisphere. (Note: the left hemisphere is on the right side of the figure.)
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“reveal” the common pathological alterations, for example, MTS, post-traumatic
alterations, vascular malformation, tumor, MCD, has been demonstrated in patients
undergoing epilepsy surgery. The optimal technique in adult patients with partial
epilepsy must include coronal or oblique-coronal images using T1-weighted and
T2-weighted sequences [15, 16]. Studies are performed on 1.5 or 3.0T MRI
scanners. The most common imaging alteration in the adult with intractable
partial epilepsy is medial temporal lobe atrophy with a signal intensity change
[15, 16]. Fluid attenuated inversion recovery (FLAIR) sequences have been shown
to increase the sensitivity of MRI to indicate a signal change. An enhanced study
will be performed if a probable structural lesion, for example, tumor, is detected
in the unenhanced study.

Substrate-directed epilepsy

Low-grade, slowly growing tumors are most commonly associated with a chronic
seizure disorder [21] (Figure 5.1). The histopathology includes the following
tumors: oligodendroglioma, fibrillary astrocytoma, pilocytic astrocytoma, mixed
glioma, ganglioglioma, and a dysembroblastic neuroepithelial tumor (DNET)
[18, 20]. The DNET probably is more closely related to a disorder of cortical
development that a primary brain neoplasm (Figure 5.1). Imaging features
common to all these tumors include a typically small size, localization at or
near a cortical surface, sharply defined borders, little or no surrounding edema
and, with the exception of the pilocytic astrocytomas, little or no contrast
enhancement. Most patients with primary central nervous system tumors and
chronic epilepsy do not present with progressive neurological deficits, “changing”
neurological examination or evidence for increased intracranial pressure.

There are four types of congenital cerebral vascular malformations: arteriove-
nous malformations (AVMs), cavernous hemangiomas, venous angiomas, and
telangiectasias [11]. The epileptogenic potential of these pathological lesions is
quite different. The common malformations resected for partial epilepsy are cav-
ernous hemangiomas and AVMs (Figure 5.2). Seizures may in fact be the only
clinical manifestation with these lesions. Venous angiomas and telangiectasias are
often incidental findings in patients with seizure disorders. MRI is essential for the
recognition and diagnosis of cavernous hemangiomas and occult AVMs. AVMs
may be associated with a flow signal on MRI. Cavernous hemangiomas char-
acteristically have a target appearance on T2-weighted images with a region of
increased T2 signal intensity surrounded by an area of decreased signal produced
by remote (often occult) hemorrhage with methemoglobin deposition [18]. Resec-
tion typically leads to complete or significant improvement in seizure control.

MCD is an important etiology for symptomatic partial epilepsy [19, 22]
(Figures 5.4-5.6). The use of MRI has allowed recognition of these lesions and
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Figure 5.4 MRI head: Fluid attenuated inversion recovery sequence (FLAIR) in the oblique-
coronal plane revealing an abnormality in the right frontal lobe consistent with a malformation
of cortical development. The pathological finding showed focal cortical dysplasia. (Note: the
right hemisphere is on the left side of the figure.)

demonstrated the frequency and importance of cortical developmental malfor-
mations in patients with intractable partial epilepsy. A variety of developmental
abnormalities have been recognized that are commonly associated with medically
refractory seizures and neurocognitive decline [22]. Cerebral developmental
malformations could previously only be diagnosed by postmortem examination.
MRI is essential for the diagnosis and proper classification of these pathological
lesions. Central nervous system insults can produce a cerebral developmental
malformation between the 5th and 10th weeks of gestation when the telencephalon
is developed until the 25th week when cell migration is completed.

Medial temporal lobe epilepsy

Approximately 80% of patients with partial epilepsy have temporal lobe seizures
[1, 2, 9]. The epileptogenic zone in the temporal lobe involves the amygdalohip-
pocampal complex in nearly 90% of patients [16]. The pathological hallmark of
medial temporal lobe epilepsy is MTS [17]. MRI findings in patients with MTS
include hippocampal formation atrophy (HFA) and an increased mesial temporal
signal intensity [8, 13—15] (Figure 5.7). Inspection of MRI will allow detection
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Figure 5.5 MRI head: A T1-weighted pulse sequence in the oblique-coronal plane bilateral
periventricular gray matter heterotopia.

of 80-90% of the cases of MTS [8, 13—15]. The HFA is most obvious using
the T1-weighted image in the oblique-coronal plane [13]. The signal intensity
alteration can be identified using T2-weighted imaging or the FLAIR sequence in
the oblique-coronal plane. The coronal or oblique-coronal planes are useful for
MRI studies in patient MTS because of the capability to compare the two hip-
pocampi for any side to side asymmetry [8, 13, 14]. Potential limitations of visual
inspection of the MRI in patients with suspected MTS includes the following:
head rotation, symmetrical bilateral HFA, subtle unilateral HFA or signal inten-
sity alteration. Most importantly, visual inspection is a subjective determination
that is strongly dependent on the inspector’s expertise for appropriate interpreta-
tion. Three-dimensional images are helpful since they are reformatted into true
anatomic coronal plane.

MRI-based hippocampal formation volumetric studies have been developed to
objectively determine the degree of hippocampal volume loss in patients with
MTS [13, 14, 16, 18]. Absolute hippocampal volume measurements are performed
using a standardized protocol with the results being compared to age-matched
normal controls to assign abnormal values [13]. A unilateral reduction in hip-
pocampal volume has been shown to be a reliable indicator of the temporal lobe
of seizure origin in patients with medically refractory partial epilepsy. Jackson
et al. described T2 relaxometry to objectively determine the medial temporal lobe
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Figure 5.6 MRI head: A T1-weighted pulse sequence in the oblique-coronal plane showing
changes consistent with bilateral perisylvian syndrome associated with polymicrogyria involving
the sylvian fissure and opercular cortex.

Figure 5.7 (a) MRI head: A T1-weighted pulse sequence in the oblique-coronal plane reveal-
ing left hippocampal atrophy. (Note: the left hemisphere is on the right side of the figure.) (b)
MRI head: Fluid attenuated inversion recovery sequence (FLAIR) in the oblique-coronal plane
revealing a left hippocampal signal intensity alteration. (Note: the left hemisphere is on the
right side of the figure.)
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signal intensity [17]. Quantitative MRI studies have limited clinical application
because of the high diagnostic yield of visual inspection. The most important use
of hippocampal formation volumetry and T2 relaxometry is for research studies.
HFA correlates with an early age of seizure onset, a history of a febrile seizure of
childhood, and the diagnosis of medial temporal lobe epilepsy [13, 14, 16—18].
A history of a neurologic illness in childhood, for example, febrile seizure, head
trauma, or meningitis, appears to be an important risk factor for the development
of MTS [16]. The duration of epilepsy and age at the time of surgery have not
correlated with volumetric results in most studies [13, 14, 16].

The identification of MTS in the surgically excised temporal lobe has been a
favorable prognostic indicator of seizure control following epilepsy surgery [9].
Nearly 90% of patients with unilateral hippocampal atrophy have been rendered
seizure-free [16]. MRI is now recognized as being predictive of neurocognitive
outcome in patients undergoing an anterior temporal lobectomy [18]. Patients with
normal left hippocampal volumes are at greater risk for experiencing a significant
decline in cognitive performance following a left medial temporal lobe resection
than those with left HFA [16-18].

Potential limitations of visual inspection of the MRI in patients with suspected
MTS includes the following: head rotation, symmetrical bilateral HFA, subtle
unilateral HFA or signal intensity alteration. Most importantly, visual inspection
is a subjective determination that is strongly dependent on the inspector’s expertise
for appropriate interpretation. Three-dimensional spoiled gradient echo images are
helpful since they are reformatted into true anatomic coronal plane.

5.3 Functional neuroimaging

Patients with partial seizure disorders and a normal or indeterminate MRI study
require additional neuroimaging procedures to assist in localizating the epilep-
tic brain tissue [23]. The anatomical localization of the epileptogenic zone in
these individuals commonly involves the neocortex, that is, extrahippocampal
[15]. The most frequent site of seizure onset in patients with neocortical nonle-
sional partial epilepsy is the frontal lobe [15, 18]. The surgical pathology in these
patients includes gliosis, focal cell loss, MCD, or no histopathological alteration
[18]. The MRI may rarely be indeterminate in selected lesional pathology, for
example, focal cortical dysplasia [18]. Only a minority of patients with neocorti-
cal, extratemporal seizures are rendered seizure-free following surgical treatment
[15, 18]. An estimated 20-30% of these patients with extratemporal, mainly
frontal lobe, seizures will enter a seizure remission following a focal cortical resec-
tion [18]. An important reason for the unfavorable operative outcome in patients
with non-substrate-directed partial epilepsy is the inherent difficulty in identify-
ing the epileptogenic zone [18]. The potential limitations of interictal and ictal
extracranial and intracranial EEG monitoring in patients with partial seizures of
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extratemporal origin have been well defined [18]. The anatomical region of seizure
onset may represent a continuum in these patients that lends itself to an incom-
plete focal resection of the epileptogenic zone. A large resection increases the
likelihood of rendering the patient seizure-free, but it also increases the potential
for operative morbidity [18, 20]. Advances in peri-ictal imaging (see below) have
assisted the selection of operative candidates with MRI negative partial epilepsy,
altered the preoperative evaluation, and tailored the surgical excision [23, 24].

Contemporary neuroimaging studies used to localize the epileptogenic zone in
patients with MRI negative partial epilepsy being considered for surgical treatment
include positron emission tomography (PET), magnetic resonance spectroscopy
(MRS), and SPECT [23]. Selected epilepsy centers incorporate one or all of these
techniques in the evaluation of potential surgical candidates. These imaging modal-
ities may be of particular importance in the individuals with an indeterminate
structural MRI and presumed extratemporal seizures.

Positron emission tomography

PET is a functional neuroimaging study that may be useful in identifying a
localization-related abnormality that may assist the surgical planning in patients
with intractable partial epilepsy [24-27]. PET also has been important for brain
imaging research because regional glucose metabolism and cerebral blood flow
can be quantified. The most common study used in the evaluation of intractable
partial epilepsy is the '®F-deoxyglucose (FDG)-PET [24, 25]. The disadvantages
of PET include the difficulty in obtaining ictal studies, the cost of the procedure,
and the limited number of scanners available [23—26]. A cyclotron is also required
for the production of the short half-life radiopharmaceuticals. The high diagnostic
yield of PET in patients with temporal lobe epilepsy has been confirmed [24—-27].
PET is a reliable indicator of the temporal lobe of seizure origin in patients being
evaluated for epilepsy surgery [27, 28]. The sensitivity of PET in these individuals
approaches 90% [27, 28]. The false lateralization rate for PET in patients with uni-
lateral temporal lobe epilepsy is approximately 1-2% [23—28]. The PET findings
in patients with temporal lobe epilepsy are of prognostic importance. The most
common interictal FDG-PET abnormality is a region of focal hypometabolism that
corresponds to the localization of the epileptogenic zone [23-25] (Figure 5.8).
The anatomical region associated with the interictal hypometabolism is character-
istically larger than the pathological findings underlying the epileptogenic zone.
The presence of the PET abnormality does not correlate with the focal cell loss
in the hippocampus [24]. The focal hypometabolism may indicate a functional
metabolic alteration related to the partial seizure activity. Unfortunately, PET
has been shown to be less useful in patients with neocortical epilepsy [23]. In
the absence of a structural intra-axial lesion the PET study is usually nondiag-
nostic or indeterminate in patients with extratemporal seizures. The inability to
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Figure 5.8 A FDG-PET scan shows left temporal hypometabolism in a patient with left
temporal lobe epilepsy. MRI head was normal. (Note: the left hemisphere is on the right side
of the figure.)

perform peri-ictal studies in patients with non-substrate-directed extratemporal
seizures is a significant limitation of PET in the evaluation of potential operative
candidates [20].

Evaluating neuronal receptors using PET may also be useful in patients with
localization-related epilepsy. Central benzodiazepine receptors can be identified
with (''C) flumazenil PET [26]. Focal benzodiazepine receptor decreases may be
present in patients with substrate-directed pathology [26]. Benzodiazepine receptor
binding, reduced ipsilateral to both frontal and temporal epileptic foci, may be
more restricted in extent than hypometabolism [29, 30].

(!'C) alpha methyl tryptophan (AMT) uptake is increased in epileptogenic
tubers, and may help to identify lesions for resection in patients with tuberous
sclerosis [31]. In children with neocortical malformations, increased AMT uptake
appeared less sensitive but more specific than FDG-PET, showing more closely
delineated abnormalities [32].

Magnetic resonance spectroscopy

Proton ('H) MRS has been shown to be a reliable indicator of the temporal lobe
of seizure origin in patients with medial temporal lobe epilepsy [33, 34]. '"H MRS
is highly sensitive in the lateralization of temporal lobe seizures by revealing a
reduction in N-acetylated (NA) compound concentrations or abnormalities in the
creatine (Cr)/NA or NA/choline ratios [33, 34]. The underlying pathogenesis for
the metabolic changes are likely to be complex and may relate to focal neuronal
loss, gliosis, or a functional alteration intimately associated with the frequency
of seizure activity. The diagnostic yield of MRS is similar to structural MRI in
patients with medial temporal lobe epilepsy related to MTS [33]. The detection of
metabolic abnormalities by 'H MRS also correlates with the outcome following
temporal lobectomy for intractable partial epilepsy [33, 34]. Preoperative
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metabolic abnormalities in the contralateral temporal lobe were predictive of
operative failure. '"H MRS may be of particular benefit in patients with medial
temporal lobe epilepsy and normal structural MRI studies [33, 34]. Proton spec-
troscopy may also lateralize the epileptic temporal lobe in patients with bilateral
HFA. There is limited information regarding the diagnostic yield of "H MRS in
patients with neocortical, extrahippocampal, seizures. The potential benefits of
proton spectroscopy in patients with nonlesional extratemporal seizures remains
to be determined. At present, 'H MRS is an investigative diagnostic tool that is
restricted to only selected epilepsy centers. Despite observations of focal metabolic
abnormalities in selected patients with nonlesional extratemporal seizures, it is
doubtful that this diagnostic innovation will have widespread use to demonstrate
a localized abnormality in patients with non-substrate-directed partial epilepsy.

Single photon emission computed tomography

SPECT is most appropriate for peri-ictal imaging in patients with partial epileptic
syndromes being considered for epilepsy surgery [23]. There is a broad consensus
that ictal SPECT studies are superior to interictal images in localization-related
epilepsy [35-45]. SPECT studies involve cerebral blood flow imaging using
radiopharmaceuticals, principally either technetium-99m-hexamethylpropylene
amine oxime (**™Tc-HMPAO) or **™Tc-bicisate, that have a rapid first pass brain
extraction with maximum uptake being achieved within 30—60 seconds of an
intravenous injection [23, 35-45]. These studies may produce a “photograph” of
the peri-ictal cerebral perfusion pattern that was present soon after the injection
[37]. The SPECT images can be acquired up to four hours after the termination
of the seizure so that the individual patient can recover from the ictus prior to
being transported to the nuclear medicine laboratory. SPECT studies have an
important clinical application in the potential identification of the epileptic brain
tissue when the remainder of the noninvasive presurgical evaluation is unable to
lateralize or localize the site of seizure onset [37].

The initial blood flow SPECT studies in patients with intractable partial epilepsy
involved interictal imaging which variably detected a focal hypoperfusion in the
region of the epileptogenic zone [37, 38]. Interictal SPECT images have proven
to have a low sensitivity and a relatively high false positive rate in temporal lobe
epilepsy [35—-39]. Interictal SPECT has also been shown to have a low diagnos-
tic yield in patients with extratemporal seizures [36]. Ictal SPECT studies have
been confirmed to be useful in patients with temporal lobe epilepsy to identify a
region of focal hyperperfusion [37]. The rationale for interictal SPECT imaging
at present is to serve as a reference for a baseline study for the interpretation of
ictal SPECT images. The diagnostic yield of ictal SPECT has been established
to be superior to interictal SPECT in patients being considered for surgical abla-
tion procedures. The recent development of stabilized radiotracers that do not
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require mixing immediately before injection, such as *™Tc-bicisate, has made
ictal SPECT more practical in patients with extratemporal seizures that often are
not associated with an aura and may have a shorter seizure duration [35-45]. A
potential limitation of ictal SPECT is that the spatial resolution of these studies
is inferior to that of PET [46].

Subtraction ictal SPECT co-registered to MRI (SISCOM)

The imaging paradigm using computer-aided subtraction ictal SPECT co-
registered to MRI (SISCOM) has been introduced in patients with intractable
partial epilepsy [37, 38]. SISCOM represents a recent innovation in neuroimaging
that may be useful in the evaluation of patients with non-substrate-directed
partial epilepsy. The localized blood flow alteration demonstrated using SISCOM
may be intimately associated with the epileptogenic zone [35-39] (Figure 5.9).
Subtracting normalized and co-registered ictal and interictal SPECT images,
and then matching the resultant difference image to the high-resolution MRI
for anatomical correlation has been shown to be a reliable indicator of the
localization of the epileptogenic zone in patients with localization-related epilepsy
[35-40]. The technique used at The Mayo Clinic that was introduced by O’Brien
et al. has compared favorably to the traditional visual analysis of the interictal
and ictal images [37]. SISCOM in a series of 51 patients had a higher rate of
localization (88.2 versus 39.2%, p < 0.0001), better inter-observer agreement, and

Figure 5.9 SISCOM: A region of cerebral hyperperfusion is identified in the right perirolandic
region in a patient with extratemporal seizures. (Note: the right hemisphere is on the left side
of the figure.)
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was a better predictor of surgical outcome than visual inspection of the interictal
and ictal images [37]. The study demonstrated the inherent problems with visual
interpretation of either peri-ictal or interictal SPECT studies alone.

The methodology used for SISCOM at The Mayo Clinic involves co-registering
of the interictal to the ictal SPECT study by matching the surface points on
the cerebral binary images of the two procedures [35, 37—45]. The normalized
interictal image is subtracted from the normalized ictal image to derive the
difference (subtraction) in cerebral blood flow related to the partial seizure.
Thresholding of the subtraction image to display only the pixels with intensities
greater than two standard deviations above zero is performed. Finally, the images
with intensities of more than two standard deviations are co-registered onto
the structural MRI. Following implantation of subdural electrodes for chronic
intracranial EEG monitoring the electrode positions can be segmented from a
spiral CT scan and co-registered with the SISCOM image [38—-40]. This allows
the determination of the relationship between the localized peri-ictal blood flow
alteration and the ictal onset zone.

The SISCOM region of blood flow alteration is a surrogate for the local-
ization of the epileptogenic zone independent of the pathological finding [37].
The clinical parameters that are significant in determining the diagnostic yield of
SISCOM include the duration of the seizure and the length of time of the injec-
tion from ictal onset [37]. The seizure should be at least 5—10 seconds in duration
and the time from seizure onset should be less than 45 seconds [37]. The SIS-
COM findings also correlate with the operative outcome. Patients with a SISCOM
alteration concordant with the epileptogenic zone are most likely to experience
a significant reduction in seizure tendency if the focal cortical resection includes
the region of peri-ictal blood flow change [31, 38, 40]. The disadvantages of a
SISCOM study include the need for hospitalization and long-term EEG monitor-
ing, the use of radioisotopes for two imaging procedures, and the required presence
of habitual seizure activity. The indications for SISCOM in patients undergoing
a presurgical evaluation include: non-substrate-directed partial epilepsy and con-
flicting findings in the noninvasive evaluation. SISCOM may be use to identify a
“target” for placement on intracranial EEG electrodes [37, 40, 44]. The presence
of a SISCOM alteration may obviate the need for intracranial EEG recordings in
selected patients. For example, patients with non-substrate-directed partial epilepsy
of temporal lobe origin may not require chronic intracranial EEG monitoring if
the extracranial ictal EEG pattern and peri-ictal SPECT studies are concordant.
SISCOM also improves the diagnostic yield of postictal studies in patients with
intractable partial epilepsy [40].

The superiority of SISCOM in localizing the epileptogenic zone, particularly
in extratemporal epilepsy, has been previously demonstrated [44]. The prognostic
importance of the SISCOM focus in patients undergoing a focal cortical resection
for partial epilepsy of extratemporal origin has been evaluated [44]. O’Brien and
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colleagues in a previous series evaluated the operative outcome in 36 patients
with extratemporal epilepsy who had a SISCOM study prior to surgery [44]. The
presence of a localizing SISCOM alteration concordant with the epileptogenic
zone was a favorable predictor of an excellent surgical outcome (p < 0.05) [44].
Eleven of 19 patients (57.9%) with a concordant SISCOM focus and 3 of 17
patients (17.6%) with a nonlocalizing or discordant SISCOM, respectively, were
rendered seizure-free or experienced only nondisabling seizures. Approximately
three-quarters of the patients with a localized SISCOM abnormality had a normal
structural MRI. In addition, this study demonstrated that the extent of resection of
the SISCOM focus was also of prognostic importance (p < 0.05) [44]. Failure to
resect the neocortical region intimately associated with the localized blood flow
change concordant with the ictal onset zone was a predictor of an unfavorable
operative outcome [44].
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6.1 Introduction

The advent of digital video and EEG recordings has expanded the usefulness
of the procedure beyond epilepsy monitoring, but it has also introduced com-
plex issues relating to appropriate clinical indications, acceptable patient safety,
and proper recording environment, equipment, and techniques. This chapter will
address methods in optimizing recording techniques and skills in interpreting
video-EEG data in adult patients. Most of these techniques are equally applicable
to pediatric patients, especially in school-age children and in adolescents.

6.2 Pre-monitoring evaluation and preparation

The usefulness of the spell description in the neurological history has been doubted
in a number of studies [1, 2]. Nonetheless, the neurological history gives clini-
cians the ability to determine whether or not there is an indication for video-EEG
monitoring. Not all paroxysmal events require video-EEG monitoring. The basis
for spells in some patients is obvious from their initial clinical evaluation. Con-
siderable expense and inconvenience associated with video-EEG procedure can
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be avoided in these patients. In other patients, video-EEG monitoring may not
be cost-effective because their spells are infrequent, unless the timing of spell
occurrence is fairly predictable, or the spell occurrence can be enhanced by medi-
cation withdrawal or provocative tests. Factors that precipitate the patient’s spells
are identified during history taking, so that they may be duplicated during video-
EEG monitoring to enhance the occurrence of spells. The following list serves
as a guide during history taking so that paroxysmal events may be completely
described and analyzed prior to considering video-EEG monitoring.

* Aura and prodrome

* Mode of progression

* Duration of each component of the spell

* Awareness and consciousness

* Distractibility

* Postictal state (behavior, confusion, weakness, dysphasia, amnesia)
* Time of occurrence

* Environment of occurrence

* Precipitants or triggers

* Aborting or relieving factors

* Frequency of spells

 Stereotypy of spells

* Injuries and disability

» Age of onset of spells

* Any medical disorders or psychosocial stressors when the disorder began.

6.3 Management during monitoring

Admission and medication management

It is appropriate to begin withdrawing AEDs before the day of admission when
habitual spells are not intense and when they have not been affected beneficially
by the AED. As a rule, we do not initiate AED withdrawal until the morning
of admission. In general, AEDs are tapered daily at the rate of one-third of the
original dose. Medications that are pharmacokinetically or pharmacodynamically
long-acting may be discontinued (e.g., lamotrigine, zonisamide, phenobarbital,
valproate). Occasionally, AED discontinuance or tapering may result in “with-
drawal” symptoms such as restlessness, insomnia, and dysphoria. Barbiturates and
benzodiazepine withdrawal are more commonly the basis, but such symptoms can
also be encountered with carbamazepine withdrawal [3]. Diazepam or lorazepam
are effective in sedating the patient, but may impede seizure recording if seizures
have not been recorded sufficiently (25 mg of nortriptyline, or 25-50 mg of
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diphenhydramine, by mouth, is usually effective in controlling withdrawal symp-
toms, especially carbamazepine withdrawal symptoms). These two medications
should not reduce the chance of recording seizures.

We attempt to duplicate factors that have been reported by patients to be poten-
tially aggravating for their seizures. Although a recent study has cast doubts on the
value of sleep deprivation in the monitoring setting [4], sleep deprivation is one of
the most frequent reasons for seizure aggravation in the everyday living situation
[5, 6]. We also implement exercise programs to prevent deep vein thrombosis and
physical deconditioning from developing due to bedrest. When the risk of injury
from seizures is high, we use a recumbent bike for the purpose.

Guidelines should be provided for the staff to treat prolonged or frequent
seizures. A balance should be struck between the need for recording further spells
and the need for initiating the “emergency” or “rescue” plan. Typical but not rou-
tine parameters for administering parenteral medications under the plan consist of:
(i) two generalized convulsive seizures within two hours; or (ii) generalized con-
vulsive activity lasting more than three minutes; or (iii) two partial seizures within
one hour; or (iv) a partial seizure lasting five minutes or longer. Patient safety
remains the primary concern in such considerations, and the parameters need to
be modified according to the patient’s health, seizure type, and epilepsy history
[7]. The history in some patients may indicate the point at which their seizures
are likely to become prolonged or clustered. Instead of intravenous administration
of AED, oral treatment may be appropriate in less urgent instances. The sustained
or continuous release form AEDs should not be used for this purpose of orally
loading AED.

Spell evaluation

Analysis of video data and peri-ictal testing

Peri-ictal (ictal and postictal) examination of patients is important in bringing
out semiologic features of their seizures that otherwise would not be apparent.
Attempts should be made to test for the following functions:

¢ Response to communication

¢ Response to physical stimulation

* Memory, by presenting phrases or words for later recall
¢ Distractibility

e Weakness or lack of motor control

* Response to passive eye opening

* Plantar extensor response

* Speech (naming, reading).
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Of the many possible types of spells in adults, epileptic seizures, psychogenic
spells, and syncope are the most commonly encountered when conducting video-
EEG studies. Three helpful semiologic clues to the epileptic nature of spells
are: (i) localizing semiologic features; (ii) physiologic sequence of progression;
(iii) peri-ictal signs of epileptic seizure mechanism.

Localizing semiologic features

Observable peri-ictal semiologic features can be grouped into the following: motor
signs (positive and negative), automatisms, autonomic signs, and speech distur-
bance [8]. The following Table 6.1 lists specific peri-ictal signs and their diagnostic
value. (The reader is referred to references [9, 10] for detailed discussion of the
known or presumed mechanism underlying each sign.)

Temporal lobes and frontal lobes are two regions most frequently affected by
partial epilepsy. Distinguishing between the two is important in evaluating med-
ically intractable epilepsy patients for resective epilepsy surgery. Table 6.2 lists
features that are more commonly associated with one type of seizure than with the
other. Using the video-recorded features noted in Table 6.2, we found that seizures
were localizable to the frontal lobe in about 83% of the frontal lobe patients, and
to the temporal lobe in all temporal lobe epilepsy patients [11].

Physiologic sequence of progression

Physiologic sequence of progression of signs and symptoms is especially helpful
in distinguishing between epileptic seizures and nonepileptic psychogenic spells
(pseudoseizures). An example of epileptic seizures commonly seen in adults is
partial seizures with secondary generalization [12]. With this type of seizure, the
initial symptom or sign, such as aura or focal motor activity, indicates seizure onset
at a cerebral focus. Ensuing loss of awareness with automatisms reflects limbic
involvement, and subsequent contralateral extremity posturing is due to centripetal
spread of epileptic discharge into the basal ganglia. Seizure generalization into
tonic-clonic activity affects initially the contralateral face or extremities, followed
by ipsilateral involvement. This physiologic sequence of spread of activity is
lacking in psychogenic “seizures,” in which motor or behavioral activities appear
in a random sequence and distribution. Moreover, the motor or behavioral activity
often occurs in bursts, rather than unfolding in a sequential manner as is seen in
epileptic seizures. Features that are useful in distinguishing psychogenic spells
from epileptic seizures are:

* Lingering prodrome

* Out-of-phase convulsive activity
* Nonphysiologic spread

* Pelvic thrusting.
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Positive motor signs
Sign

Early nonforced
head turn

Late contraversive
forced head turn

Late ipsiversive
forced head turn

Eye deviation

Focal clonic

Asymmetric clonic
ending

Dystonic limb
Tonic limb

RINCH

Complex postures
M2E and fencing

“Figure 4” sign

Truncal rotation

Negative motor signs
Sign

Ictal paresis or

immobile limb
Todd’s paresis

Automatic behavior

Unilateral limb automatism

Unilateral eye blinks
Postictal cough

Postictal nose wiping
Bipedal automatisms

Ictal spitting, or drinking

Hemisphere of
seizure onset

Ipsilateral

Contralateral

Ipsilateral

Contralateral
Contralateral

Ipsilateral
Contralateral
Contralateral

Contralateral

Contralateral

Contralateral to
extended limb

Contralateral if w/
forced head turn;
ipsilateral if w/out

Hemisphere of
seizure onset
Contralateral

Contralateral

Observed rate
30%

25-50% (52% in FLS
patients)

Rarely solitary

30% (52% in FLS
patients)

70% of secondary
generalized seizures

(16% in FLS patients)

67%
13% (32% in FLS
patients)

3% of TLS patients

25% of FLS patients

70% of seizures
generalizing from
temporal lobe; 31%
of extratemporal

2% of TLS patients;
17% of FLS patients

Observed rate

5% of complex partial
seizure patients

13% of partial seizure
patients

Ipsilateral to focus; 83% PPV
40% of TLS patients, 0 of pseudoseizure or FLS

patients
Ipsilateral; (seen in 36% of TLS vs. 3% of FLS)
30% of frontal and 10% of TLS patients

Positive predictive
value? (PPV)

(94%)

High if occipital
>95% (81%)

83% (80%)

93%
85% (80%)

90%

89%

7 100% (small n)

Positive predictive
value
100%

80-100%

Ipsilateral to seizure focus; 90% PPV

Rare, but high association w/ right TLS

(Continued)
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Automatism w/ preserved
responsiveness
Gelastic seizure

Ictal smile (in children)

Nondominant (usually right) temporal; or extratemporal
on either side

Hypothalamic; sometimes mesial temporal, or frontal
cingulate origin

11% of frontal, 3% of temporal, 26% of posterior

Autonomic signs
Ictus emeticus
Ictal urinary urge

Bilateral piloerection (goose
bumps) unilateral piloerection

Peri-ictal speech
Ictal speech arrest

Ictal speech preservation

Postictal dysphasia

cortical epilepsy; lateralizes seizure to the right

Rare, but usually right temporal
Rare (2%), but localizes to right temporal

Ipsilateral

Mostly left temporal

Seen in 75% of TLS patients, but only 67% PPV for
dominant hemisphere focus

Seen in only 15%, but PPV of 83% for nondominant

hemisphere focus in TLS patients
90% dominant hemisphere involvement

“Positive predictive value (PPV) = number of true positives divided by the sum of true positives and

false positives.

TLS: temporal lobe seizure; FLS: frontal lobe seizure; RINCH: rhythmic ictal nonclonic handmotions.

Table 6.2 Features more commonly associated with temporal lobe seizures versus frontal

lobe seizures

Features Temporal lobe seizures Frontal lobe seizures

Somatosensory Rare More common
symptoms

Onset Slower Abrupt, explosive

Progression Slower Rapid

Initial motionless Common Less common

stare
Complex postures

Hypermotor
(hyperkinetic)
Vocalization

Automatisms
Bipedal automatism
Seizure duration
Postictal confusion
Postictal dysphasia

Seizure frequency
Sleep activation

Less frequent and prominent,
occurring later as seizure
starts to generalize

Rare

Speech (nondominant
temporal)

More common and longer

Uncommon

Longer

More prominent and longer

More frequent (dominant
temporal)

Less

Less

More frequent, prominent, and
early

Common

Loud nonspeech (grunting,
screaming, moaning)

Less common

Common and characteristic

Brief

Absent, or less prominent or shorter

Uncommon (unless spreads to
dominant temporal lobe)

Frequent, often multiple daily

Common and characteristic
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e Side-to-side head or limb shaking

¢ Opisthotonus

* Eyes and mouth shut tight

¢ Geotrophic eye deviation

e Bursting “stop-go” (“reprisal phenomenon”)

e Irregular progression

* Distractibility

e Abrupt cessation

 Disproportionate postictal mental status

* Feeble motor response or vocalization (whispering)
* Long duration of spells

* Tongue bitten at the tip

* Normal breathing or hyperventilation immediately after cessation of convulsion
e Lack of stereotypy between spells.

Note that the above list does not include “positive provocative test,” which is
the ability to induce a spell through suggestion. The reason is that as many as
15% of patients with epilepsy can be induced with IV saline into having de novo
nonepileptic spells [13]. The suggestion used with the IV saline injection was even
fairly mild, in that patients were told that the injection “occasionally precipitated
seizures in patients with seizure tendencies.” If stronger suggestions are made [14],
the false positive rate for psychogenic spells is expected to be even higher. This
situation can lead to disastrous consequences if the clinician fails to recognize the
presence of epilepsy and withdraws the AED. Thus, it is very important that the
clinician confirms that there is no other type of spells that needs to be evaluated.
Provocative tests must be performed in the setting of video-EEG recording. The
recorded event needs to be shown to the patient’s family or friends to confirm that
it is the same as habitual spells, and that no other type of spells is in question.

Other peri-ictal signs of epileptic seizure mechanism

The following are helpful in reinforcing a suspicion for epileptic seizures rather
than psychogenic spells [15-21].

* Seizure arising out of sleep

* Tongue bitten

* Physical injury

* Postictal Babinski

* Postictal foaming at the mouth.
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Analysis of EEG data

The EEG in epileptic seizures
Ictal discharge

Generalized ictal discharges include 3-Hz spike-and-wave paroxysms, bursts
of atypical spike-and-waves or slow spike-and-waves; paroxysmal fast activity
(generalized repetitive fast discharge); and electrodecrement [22]. Focal seizure
discharges include focal or regional repetitive spike or sharp waves; rhythmic
or sinusoidal theta, alpha, or beta frequency discharges; rhythmic or arrhythmic
delta waves; periodic discharges, and electrodecrement [23]. The pattern of focal
discharge at onset has some association with specific regions of the cerebral
hemispheres (e.g., rhythmic theta discharge pattern in temporal lobe seizures
versus the repetitive epileptiform pattern in frontal convexity seizures as reported
by Foldvary and colleagues [24]; regular 5- to 9-Hz infero-temporal rhythm in
hippocampal-onset seizures versus irregular polymorphic 2- to 5-Hz delta activity
in temporal neocortical onset seizures as reported by Ebersole [25]). However,
the association is not sufficiently reliable, and the primary basis for localizing
seizures is still the location of seizure onset. One particular combination of scalp
discharge pattern and location has high localization and prognostic value. A fast
discharge in the beta frequency range at the onset of frontal seizures is highly
indicative of the location of the epileptogenic zone [26]. Approximately 90%
of patients with this frontal ictal beta discharge pattern at seizure onset became
seizure-free following resection of the frontal lobe focus, even when the MRI is
negative. In comparison, postsurgical seizure freedom occurred in only 16.7% of
patients who did not have the focal ictal beta pattern.

The typical frequency and waveform evolution that we expect to see in EEG
seizure discharges occur in 92% of seizures with clinical manifestations but in
only 44% of subclinical seizures [27]. In fact, focal seizures may not even be
accompanied by detectable EEG discharge. This is especially true of frontal
lobe seizures and simple partial seizures [24, 28—30]. Minimally invasive EEG
strategies for increasing the chance of recording ictal discharges include use of
sphenoidal electrodes, anterior temporal scalp electrodes, subtemporal chain scalp
electrodes, and closely spaced electrodes. Sphenoidal electrodes do not offer any
advantage over anterior temporal electrodes in detecting interictal epileptiform
discharges, especially when some discharges have already been detected by scalp
electrodes [31-33]. However, fluoroscopically placed sphenoidal electrodes have
been reported to be correctly localizing in more seizures than with anterior tem-
poral electrodes (92% vs. 63%) [34] Studies comparing sphenoidal and scalp
electrodes did not take advantage of modern digital review of records, in that
paper EEG copies were used for the studies. Sphenoidal discharges do not nec-
essarily indicate anterior or mesial temporal origin, as they can also arise from
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the inferior frontal region. It is also unclear whether sphenoidal recordings are
superior in detecting midtemporal neocortical-onset seizures. At the least, the use
of a subtemporal chain of electrodes should be considered, because they can be
easily added to the standard EEG montage, and the chain includes the anterior
temporal electrodes. The subtemporal chain is 10%, instead of 20%, inferior to
the temporal chain of electrodes in the 10-20 system of electrode placement
[35]. Routine application of closely spaced electrodes for recording frontal lobe
epilepsy is not as useful. It does not yield information that is lacking in the
regular 10—-20 system scalp coverage [36]. Nonetheless, strategic placements of
electrodes within an area predefined by semiology, neuroimaging, or interictal
discharges may better localize seizures in selected patients, especially when the
focus is at the perirolandic or occipital region.

Interictal, ictal, and postictal slowing

Interictal temporal delta slowing also suggests the location of the seizure focus.
However, only temporal intermittent rhythmic delta activity (TIRDA) has a high
association with an ipsilateral temporal lobe seizure focus, because temporal inter-
mittent polymorphic delta activity (TIPDA) is present in 20% of extratemporal
epilepsy patients [37].

Unequivocal onset of background slowing during or after a spell excludes a
psychogenic explanation for the spell. The remaining major differential diagnosis
is epileptic seizures, syncope, or migraine. Much less common possibilities are
drug effects, acute metabolic disturbance, and strokes. These nonepileptic condi-
tions usually have more prominent slowing during the spell, rather than following
resolution of the clinical spell. Relatively more prominent EEG slowing follow-
ing resolution of the clinical symptoms is more compatible with an epileptic
seizure event.

The presence of lateralized postictal polymorphic delta activity (PPDA) in
temporal lobe epilepsy is also highly suggestive of the side of seizure origin.
Lateralized PPDA is concordant with the side of eventual temporal lobe epilepsy
surgery in 96% of the EEGs [38].

EKG recording

Every effort should be made to ensure that the electrocardiogram (EKG) channel
in the EEG recording montage is recording properly. The EKG is invaluable in
recognizing cardiac-related artifacts, in determining seizure occurrence even when
the EEG is indeterminate, and in diagnosing potentially fatal cardiac events. It is
not uncommon for ictal tachycardia to be the only convincing objective evidence
of an epileptic mechanism, because EEG discharge may not be observable, often
because of muscle and movement artifacts from the clinical seizure activity. It has
been difficult to say what degree of tachycardia suggests an epileptic mechanism,
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until Opherk and colleagues found that the change in heart rate in complex partial
seizures is 120—218% of baseline heart rate, but only 84—126% during noncon-
vulsive psychogenic spells [39]. Heart rate during epileptic convulsive seizures is
136-236% of baseline heart rate, compared with 101-137% during convulsive
psychogenic spells. These findings alone are not very useful clinically because of
overlap in the values, but a derivation from the finding is that heart rate increase
of at least 1.5 times over baseline has high sensitivity and specificity for epileptic
seizure mechanism. Therefore, the multiple of 1.5 times baseline rate can be used
as a minimum threshold for strongly indicating an epileptic explanation for the
spell. Ictal tachycardia is also characteristically abrupt in onset [40], and often
precedes the EEG seizure onset [41].

Ictal bradycardia syndrome is a serious disorder that can present as syncopal
spells [42]. Epileptic seizures from either right or left temporal lobe induce hemo-
dynamically significant bradycardia or arrest of the heart rhythm in patients with
this syndrome. Video-EEG with EKG channel recording is needed for establishing
the diagnosis. Many patients with the syndrome require demand cardiac pacing
because their seizures are refractory to medical treatment and their degree of ictal
cardiac inhibition is potentially fatal.

The EEG in psychogenic spells

The absence of EEG seizure discharges during a spell is often considered the
hallmark of nonepileptic spells. However, the foregoing discussion shows that
some epileptic seizures may not be accompanied by discernible EEG discharges.
Four other EEG features that differentiate psychogenic spells from epileptic
seizures are: (i) EEG showing sleep activity when the spell begins is very rare
in psychogenic spells (<1% of psychogenic spell patients [20]). Although the
patient with psychogenic spells may appear to be asleep when the spell occurs,
the EEG shows a wake rhythm [16]; (ii) Ictal tachycardia favors epileptic
mechanism (please see “The EEG in Epileptic Seizures” above); (iii) Normal
wake rhythm in a mentally unresponsive patient is not physiologic and therefore
favors psychogenic cause. (Note that EEG may appear normal in a mentally
confused patient due to epileptic seizure occurrence, but EEG should not be
normal when the patient is unresponsive and appears to be comatose.) Two other
rare conditions where the EEG may be normal but the patient is unresponsive
are locked-in syndrome and generalized motor paralysis such as pharmacologic
neuromuscular blockade or Guillain-Barré syndrome; and (iv) Postictal slowing
precludes psychogenic spells (please see “The EEG in Epileptic Seizures” above).

The EEG in syncopal attacks

Syncopal attacks can produce EEG changes that are similar to those seen in epilep-
tic seizures. A full sequence of EEG changes can be seen in a typical syncopal
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attack but not necessarily in a near-faint [43]. The earliest EEG alteration in
syncope is slowing of background rhythms. High-voltage delta slow waves follow,
with the anterior head regions showing the highest amplitude. If cerebral perfu-
sion is markedly compromised by hypotension, bradycardia or asystole, the EEG
may become suppressed or “flattened.” This EEG suppression often accompanies
convulsive syncope or decorticate/decerebrate posturing. Seizure discharges are
not present, even in patients who experienced convulsive syncope. As the patient
is coming out of the syncopal attack, the sequence of the EEG changes reverses.
Video-EEG monitoring is especially suitable in tracking the development of the
clinical and EEG manifestations of syncope [44].

The EKG channel is necessary to detect cardiac arrhythmia as a cause of syn-
cope. Of all types of syncope, syncope due to cardiac arrhythmia carries the most
serious prognostic implications [45]. The EKG channel also helps in detecting
bradycardia that can occur with noncardiac types of syncope, such as neurocar-
diogenic syncope and carotid hypersensitivity.

Integration of clinical and EEG data

EEG has sustained a reputation of being a standard test for evaluating spells.
However, it has several limitations in the evaluation of many types of spells. Ictal
EEG discharges are not always detectable on the scalp. Thus, the absence of EEG
discharge cannot be taken alone as confirmatory of the nonepileptic nature of
spells. When EEG discharges are present, they may be equivocal in their location
or origin. In one study involving patients with unilateral mesial temporal lobe
epilepsy [46], seizure onset could not be lateralized by EEG in about 25-30%
of the seizures recorded. EEG localization of individual seizure episodes is often
equivocal even in patients who had successful temporal lobectomy [47-49]. The
limitation of ictal EEG is even greater in extratemporal epilepsy. Approximately
35-50% of extracranially recorded seizures in extratemporal epilepsy are nonlater-
alizing [47]. The nature and the anatomic origin of spells can be more confidently
determined when EEG data are supplemented by other information [50, 51]. Also,
the addition of video-recorded seizure semiology has been shown to improve the
lateralization of seizures for temporal lobectomy [52]. With scalp EEG alone,
only about 65% of temporal lobectomy candidates could be adequately lateral-
ized. With the addition of video-recorded seizure semiology, the lateralization rate
was improved to almost 95%.

Ideally, onset of electrographic seizure discharge should be earlier or coinci-
dent with the clinical seizure onset. If the EEG seizure onset is delayed, the
possibility of false EEG localization should be entertained, because the EEG
discharge detected could have been from a region of seizure propagation, rather
than the region of seizure origination. Clinical seizures may not have developed
until the EEG discharge has spread from the focus of onset to regions underlying
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the clinical semiology. On the other hand, when ictal EEG onset precedes the
clinical onset, EEG localization is generally accepted as correctly localizing, so
long as the two localizations are not discordant, and there is no other conflicting
clinical or neuroimaging data.

6.4 Discharge management

It is imperative that recorded seizures be verified with patients and their relatives
or friends to be certain that they are representative of habitual seizures. It is also
important that enough seizure episodes are captured so that if there are previously
unrecognized seizure foci, they will have a higher likelihood of being recorded.

It is best that serum concentrations be checked before discharge if pheny-
toin, phenobarbital or carbamazepine is resumed or initiated as the primary agent
intended for seizure control. This is especially important if patients are at risk
for convulsive seizures. Serum concentrations of other AEDs may not be as use-
ful because of poor correlation between their dose and their therapeutic effect.
Nonetheless, if any of those AEDs are intended as the main anticonvulsive agent,
it may be necessary to defer discharge until an appropriate target dose and steady-
state has been achieved.

One of the most difficult situations is in deciding whether AEDs should be
stopped in patients whose recorded seizures are nonepileptic in nature. It is best
to verify the following situations before considering AED discontinuance in such
a case: (1) that there are no other type spells that have not been addressed; (ii) that
the patient does not have risk factors for epilepsy (e.g., intracranial epileptogenic
lesion, history of meningoencephalitis); (iii) that EEG shows no epileptiform dis-
charges; (iv) that AED therapy had been ineffective; and (v) that the consequence
of spell occurrence is not particularly grave. When these situations apply, patients
may be counseled that the benefit of discontinuing AEDs outweighs the risk of
exacerbating unrecognized epilepsy. Their decision to discontinue AEDs would
have been based on the best medical evidence available from a complete evalua-
tion of their spells. If suspicion remains regarding the possibility of concomitant
epilepsy, one approach is to ask patients to continue at least one AED while they
undergo the proper treatment for their nonepileptic spells. When they are free
of spells for at least a year, considerations may be given to AED withdrawal at
that time. This approach is based on the practice of permitting AED withdrawal
in patients with factors that are favorable for seizure remission following AED
withdrawal [53, 54].
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7.1 Introduction

Seizures are common, and will occur in 10% of the population at some point in
their lifetime [1]. Persons who have experienced a seizure will rightly question
the cause and the likelihood of future seizures. For the clinician, the diagnostic
evaluation should be informed by a knowledge of likely underlying etiologies of
seizure activity in a given age group or population. Seizures can occur in response
to an acute insult to the central nervous system (CNS), or can by symptomatic of
chronic structural or functional disturbances in cerebral cortical function. Seizures
can also arise from genetically mediated disorders altering neuronal excitation
or inhibition, or may have no identifiable etiology. Establishing the underlying
cause will help not only cement the diagnosis of seizure, but will contribute to
determination of prognosis and decisions regarding the need for treatment.

7.2 Acute symptomatic seizures

Acute symptomatic seizures result from new and active insults to the CNS
including toxic, metabolic, inflammatory, infectious, and structural disturbances
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Table 7.1 Selected causes of acute symptomatic seizures

Metabolic
Hypo- or hyperglycemia
Hypo- or hypernatremia
Hypocalcemia
Uremia
Toxic
Alcohol intoxication or withdrawal
Carbon monoxide poisoning
[llicit drugs (cocaine, amphetamines, PCP)
Drug withdrawal (barbiturates, benzodiazepines)
Prescription medications
Cerebral hypoxia
Trauma
Traumatic brain injury/concussion
Intracranial surgery (peri-operative)
Cerebrovascular
Intracerebral hemorrhage
Subdural hematoma
Stroke
Posterior reversible encephalopathy syndrome
Cerebral venous thrombosis
CNS tumor (presenting symptom or peri-operative)
CNS infection

(Table 7.1). By definition, these seizures must occur in close temporal relationship
to the provocative cause. For purposes of epidemiologic studies, proposed
time-frame limits are seizures occurring within one week after acute stroke,
traumatic, or anoxic brain injury; within 24 hours of acute toxic or metabolic
disturbance; or during the course of active CNS infection [2]. Acute symptomatic
seizures may also be referred to as provoked or reactive seizures.

Acute symptomatic seizures are not rare and constitute about 40% of all
nonfebrile seizures [3]. In population-based studies the observed incidence is
29-39/100 000 person-years [3, 4]. While acute symptomatic seizures can occur
at any age, the incidence is greatest in the first year of life and in the elderly [3].
Between 0.5 and 1% of children will have an acute symptomatic seizure,
excluding febrile seizure [5].

The etiology of acute symptomatic seizures varies by age. In population-based
epidemiologic studies from Rochester, Minnesota the leading causes for acute
symptomatic seizures in the first year of life were CNS infection and metabolic
derangements [3]. For older children infection and traumatic brain injury (TBI)
were the most frequently identified etiology, while for adults 15-34 years of age
TBI and alcohol/drug withdrawal were the most common [3]. In adults over 35
years cerebrovascular disease takes the lead and is the proximate cause of more
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than half of acute symptomatic seizures in the elderly [3]. Other important causes
in adults age 35-64 are drug and alcohol withdrawal, TBI, and CNS tumor [3].

Acute symptomatic seizures are distinct from epilepsy and unprovoked seizures
both for prognosis and treatment. The acute mortality for a first acute symptomatic
seizure is almost nine times greater than that for a first unprovoked seizure [6].
Mortality in the first 30 days after an acute symptomatic seizure is about 20%
[6, 7]. Mortality is greatest in elderly patients, and may be as high as 40% in this
age group [7]. Not surprisingly, mortality is determined by the underlying etiol-
ogy rather than seizures themselves. Acute symptomatic seizures are unlikely to
recur, unless the provocative cause is recurrent (e.g., repeat episodes of profound
hypoglycemia in a brittle diabetic). Compared to someone with a single unpro-
voked seizure, the patient with a single provoked seizure is 80% less likely to
have recurrent events [6]. Because recurrence is unlikely, initiation of long-term
anticonvulsant medication is not indicated. Rather, treatment of acute symptomatic
seizures is aimed at reversing or removing the underlying cause.

Acute symptomatic seizures in traumatic brain injury

Seizures are a long-recognized complication of TBI. Acute symptomatic seizures
from TBI, or postconcussive seizures, are typically defined as those occurring
within a week of a head injury. The highest observed incidence is in penetrat-
ing head injuries in military combatants. In a cohort of veterans with penetrating
head injury in the Vietnam War, over 20% had seizure in the first month (num-
ber with seizures in the first week not reported) [8]. For civilians hospitalized
with nonpenetrating TBI the observed rates of early seizure range from 3—-16.3%
[9-12]. In a population-based study of civilian TBI in Rochester, MN from 1935
to 1984, 2.5% of 4541 children and adults had seizure within a month of head
injury, all but 16 within the first week [13]. Risk factors for early seizures include
increasing severity of head injury, skull fracture, brain contusion, and chronic
alcoholism [9, 11]. Seizures may also be more common in children than adults
with TBI [9, 10]. Early post-traumatic seizures are an important predictor for the
subsequent development of epilepsy [10, 14, 15].

Acute symptomatic seizures in alcohol withdrawal

Alcohol withdrawal seizures are usually generalized tonic-clonic and develop
within 48 hours from cessation of drinking. They may be the first or only symp-
tom of alcohol withdrawal syndrome [16, 17]. They are a frequently encountered
cause of seizures in the emergency department. In a study of emergency depart-
ment visits for seizure in the United States based on national survey data, 6.4%
were alcohol related [18]. These seizures are most commonly observed on Sunday
and Monday after a weekend of heavy alcohol intake [16, 19]. Because alcohol
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can also provoke seizures in patients with epilepsy or underlying CNS structural
abnormalities, it is important to distinguish these cases from seizures purely
attributable to alcohol discontinuation alone. Investigation for additional contribut-
ing causes is warranted for patients with partial seizures or seizures developing
later than 48 hours after cessation of alcohol intake [20].

Acute symptomatic seizures in infectious meningoencephalitis

Provoked seizures are reported in 15-23% of children and adults hospitalized
with bacterial meningitis [21-23]. Seizures are more common in patients with
alcoholism and with Streptococcus pneumoniae infection [21-23]. Patients with
acute seizures have higher short-term mortality than those without seizures during
the course of active infection [23]. In survivors of bacterial meningitis, a history
of acute early seizures is an important predictor for the subsequent development
of epilepsy [24].

For viral encephalitis the incidence of seizures is more difficult to estimate, as
many cases have relatively mild symptoms that are unlikely to result in hospi-
talization and may remain undiagnosed. Among hospitalized patients with viral
encephalitis, up to 40% have been observed to have acute symptomatic seizures
[25, 26]. Seizures are most common in patients infected with herpes simplex virus
or Japanese encephalitis virus, as compared to other forms of viral encephalitis
[26]. For herpes simplex virus encephalitis seizures have been reported in 40—60%
of hospitalized patients [27, 28]. This high rate likely reflects the preferential
involvement of mesial temporal structures by this virus. In Japanese encephali-
tis seizures have been observed in 46—62% of children and adults in studies
from India [28, 29, 78]. For viral encephalitis, as with bacterial meningitis, early
seizures again predict the development of epilepsy in survivors [24].

7.3 Febrile seizures

Febrile seizures occur in children aged three months to five years with fever and
no demonstrable CNS infection or other defined acute symptomatic cause and
no history of unprovoked seizures. They are the most common seizure type in
childhood, affecting 2—4% of children [5]. A simple febrile seizure lasts less than
15 minutes, is generalized at onset, and occurs only once in a 24-hour period;
if any of these criteria are not met, it is considered a complex febrile seizure.
Febrile seizures usually occur early in the course of febrile viral upper respiratory
infections, gastroenteritis, urinary tract infection, or otitis media. Febrile seizures
are generally benign and self-limited, but are also an important etiology of convul-
sive status epilepticus in children [30]. Simple febrile seizures indicate a slightly
increased risk of later epilepsy (2—3%), while complex febrile seizures imply an
even higher risk (5-20%) [30, 31].
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Susceptibility to febrile seizures appears to predominantly genetic. Family
history of febrile seizures is a strong risk factor, and a high concordance has been
observed in twin studies [32—34]. Pre-existing neurologic deficits such as mental
retardation or cerebral palsy also increase the risk of developing febrile seizures.
For the majority of persons with febrile seizures, the inheritance pattern is
polygenic and influenced by environmental factors. Complex segregation analysis
of over 400 families in the population of Rochester, MN for probands presenting
with febrile seizures between 1935 and 1964 with an affected parent or sibling
suggested that a subset exhibit autosomal dominant inheritance with variable
penetrance [35]. The single gene susceptibility model applied primarily to children
presenting with multiple febrile convulsions [35]. In the subsequent 20 years,
several genetic mutations linked to familial febrile seizures have been described.
Generalized epilepsy with febrile seizures plus (GEFS+) is characterized by early
febrile seizures, generalized and partial seizures with highly variable phenotypic
expression and severity within affected families [36]. GEFS+ has been associated
with mutations in sodium channel subunit genes SCN1A, SCN1B, SCN9A as
well as GABA, receptor subunit genes GABARG2 and GABARD [37-42].
For other familial febrile seizure types, susceptibility loci without clear single
gene mutations have been identified at chromosomes 8q13—q21 (FEB1), 19p13.3
(FEB2), and 2q23—-q24 (FEB3) [43-45].

7.4 Unprovoked seizures

Seizures occurring without a clear acute symptomatic etiology are classified as
unprovoked. There may be factors which contributed to seizure occurrence, such
as sleep deprivation or illness, but by definition these should not be the sole precip-
itant as is the case with acute symptomatic seizures. The incidence of unprovoked
seizures is 57—63/100 000 persons in the population [46—48]. When a person has
experienced two or more unprovoked seizures this is classified as epilepsy. The
incidence of epilepsy is 46—48/100 000 [46, 47].

Following a comprehensive evaluation, an underlying CNS lesion is identified
for approximately 30—40% of unprovoked seizures (Table 7.2). Seizures resulting
from a preexisting brain lesion or disorder are classified as remote symptomatic.
The remaining seizures are categorized as cryptogenic when a structural cause is
suspected but unproven with current technology, or as idiopathic when no cause
is identified. Idiopathic seizures are of presumed genetic etiology. The proportion
of symptomatic, idiopathic, and cryptogenic cases varies by age group. In young
children, up to 80% of unprovoked seizures are idiopathic or cryptogenic [48—50].
The elderly (persons aged 65 years or more) are the only age group in which the
majority of new onset unprovoked seizures are symptomatic [46, 48].

Etiologic classification is important in determining prognosis and treatment.
Following first unprovoked seizure, many studies have shown recurrence risk is
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increased for individuals with a clear remote symptomatic cause [1, 55, 56]. Based
on a meta-analysis of 16 studies, following an unprovoked first seizure the recur-
rence risk at two years was 32% (95% CI 28—-35%) if the seizure was idiopathic
versus 57% (95% CI 51-63%) if remote symptomatic [1]. Persons with remote
symptomatic seizures are less likely to enter long-term remission and success-
fully discontinue AEDs. In a cohort of children followed prospectively from first
unprovoked seizure, the two-year remission rate was 35% for remote symptomatic
etiology as compared to 67% for idiopathic and 69% for cryptogenic seizures [50].
Long-term mortality is also greater in persons with remote symptomatic seizures
compared to idiopathic seizures [52, 53, 57]. The highest observed mortality is
in persons with seizures secondary to cerebrovascular disease (Hazard Ratio 2.4),
CNS tumor (HR 12.0), and congenital neurologic deficits (HR 10.9) [53].

There have been several large epidemiologic investigations into the causes of
symptomatic epilepsies. In a study of epilepsy prevalence in the population of
Rochester, MN in 1980 the leading symptomatic etiologies were cerebrovascular
disease, TBI, and developmental abnormalities (e.g., congenital brain malfor-
mations, hypoxic-ischemic encephalopathy, mental retardation, cerebral palsy)
(Figure 7.1) [58]. This study excluded persons with single unprovoked seizures.
Since the Rochester study of 1980, the introduction of head imaging with CT and
MRI, now in widespread use, could potentially increase the detection of under-
lying structural abnormalities. However, the reported percentages of symptomatic
and idiopathic unprovoked seizures have been remarkably stable (Table 7.2).
In a prospective population-based study of newly diagnosed unprovoked single
seizures and epilepsy in France in the mid-1990s, Jallon et al. identified leading

o Cerebrovascular
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Figure 7.1 Prevalence of epilepsy by etiology in Rochester, MN, 1980. Source: Reproduced
from Hauser, Annegers, and Kurland [58], with permission from John Wiley & Sons Ltd.
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Figure 7.2 Etiology of newly diagnosed remote symptomatic seizures in children, aged 0—14
years; Rochester, MN, 1935-1984. Source: Reproduced from Hauser, Annegers, and Kurland
[46], with permission from John Wiley & Sons Ltd.

symptomatic causes as developmental (4.4%), cerebrovascular disease (3.9%),
and TBI (3.2%) [54]. The diagnostic evaluation included EEG in 99% and head
imaging in 73% of subjects in the French study. In a population-based study from
Iceland from the late 1990s, Olafsson ef al. found 9% of unprovoked seizures were
attributable to cerebrovascular disease, 6.6% to degenerative disorders, 5.8% to
CNS neoplasm, and 4.6% to TBI [48]. EEG was performed in 89% of these
subjects and head imaging in 85%. In developing countries it is likely that CNS
infection is a leading cause of unprovoked seizures and epilepsy [59].

Remote symptomatic seizure etiologies also vary by age group. In epidemiologic
studies of incidence of unprovoked seizures from Rochester, MN, and Iceland in
young children (age 0—14 years) the leading symptomatic cause was developmen-
tal (Figure 7.2) [46, 48]. For adults the most commonly encountered causes were
TBI, cerebrovascular disease, and CNS neoplasm (Figures 7.3 and 7.4) [46, 48].
In the elderly cerebrovascular disease accounts for two-thirds of all remote symp-
tomatic seizures (Figure 7.5) [46]. Degenerative conditions such as Alzheimer’s
dementia are the second leading cause of symptomatic seizures in the population
of persons aged 65 years or more [45, 48].

Unprovoked seizures after stroke

Many forms of cerebrovascular disease may lead to the development of epilepsy
including ischemic and hemorrhagic stroke, subdural hematoma, subarachnoid
hemorrhage, vascular malformations, and small vessel ischemic disease. For
elderly patients in particular stroke is a major cause of new onset seizures.
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Figure 7.3 Etiology of newly diagnosed remote symptomatic seizures in young adults, aged
15-34 years; Rochester, MN, 1935-1984. Source: Hauser, Annegers, and Kurland [46], with

permission from John Wiley & Sons Ltd.
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Figure 7.4 Etiology of newly diagnosed remote symptomatic seizures in adults, aged 35-64
years; Rochester, MN, 1935-1984. Source: Hauser, Annegers, and Kurland [46], with permis-

sion from John Wiley & Sons, Ltd.

A population-based study from Rochester MN of outcomes after ischemic stroke
found 3% with epilepsy at 1 year, reaching 8.9% at 10 years [60]. Predictors
of late seizures were early seizures and recurrent stroke [60]. In a more recent
prospective multicenter study of acute stroke, seizures were noted 9% of the
time, and 2.5% of the time lead to development of epilepsy [61]. In that series
seizures were more common in hemorrhagic than ischemic stroke [61]. In a
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Figure 7.5 Etiology of newly diagnosed remote symptomatic seizures in the elderly, aged
65 years or greater; Rochester, MN, 1935-1984. Source: Hauser, Annegers, and Kurland [46],
with permission from John Wiley & Sons, Ltd.

study of young adults aged 18-55 years with cryptogenic stroke, later seizures
developed in 5.5% within three years [62]. Predictive factors were early seizure,
cortical involvement, and large hemispheric stroke [62]. For elderly patients
development of unprovoked seizures may be the first symptom of underlying
chronic cerebrovascular disease. In this population head imaging will frequently
reveal “silent” vascular lesions [63, 64]. Long-term mortality is greater for stroke
complicated by seizure; however, the mortality is not directly seizure-related but
reflects severity of underlying disease [61].

Unprovoked seizures after traumatic brain injury

Post-traumatic epilepsy, defined as unprovoked seizures developing a week or
more after TBI, is one of the more commonly encountered etiologies of symp-
tomatic seizures. With improved survival following severe TBI in both civilian and
military populations, and with increasing numbers of veterans of recent military
conflicts with TBI, it seems likely that the incidence of post-traumatic epilepsy
will increase in the future. In military veterans with penetrating head trauma,
the incidence of post-traumatic epilepsy is 30—-50% [8, 15]. Most will manifest
within the first year, but risk remains elevated even 15 years out from the initial
injury [8]. For civilians with nonpenetrating TBI, late seizures develop in 2—-25%
[10, 12, 13]. In a recent large retrospective population-based study from Norway
on TBI in children and young adults, as compared to general population the rela-
tive risk of epilepsy was 2.2 after mild TBI and 7.4 after severe TBI [65]. The risk
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of epilepsy is related to the severity of brain injury, and predicted by impaired
consciousness at presentation, skull fracture, and early seizures [10, 13, 65].

Genetic basis of idiopathic epilepsies

Idiopathic epilepsies are presumed to have a genetic basis. For the majority of idio-
pathic epilepsies inheritance is complex, reflecting polygenetic, and environmental
factors. Additional complexity arises in that multiple mutations may present with
the same clinical phenotype, while a single gene mutation may have multiple phe-
notypic expressions. Despite these challenges, over the last decade there have been
significant strides made in the understanding of genetic epilepsy syndromes. Study
of select families with high penetrance, autosomal dominant epilepsies has allowed
identification of a group of monogenetic disorders (Table 7.3). All are chan-
nelopathies with the exception of EF-hand domain containing 1 (EFHC1), which
is proposed to effect the activity of voltage-gated calcium channels, and leucine-
rich glioma inactivated gene 1 (LGI1), which influences seizure susceptibility in
familial lateral temporal lobe epilepsy by an unknown mechanism [66, 67]. The

Table 7.3 Selected familial idiopathic epilepsy syndromes with monogenetic autosomal dom-
inant inheritance

Syndrome Gene References
Benign familial neonatal seizures KCNQ2 Singh et al. [68],
Biervert et al. [69]
KCNQ3 Charlier et al. [70]
Benign familial neonatal-infantile SCN2A Heron et al. [71],
seizures Berkovic et al. [72]
GEFS+ SCNI1A Wallace et al. [37]
SCNI1B Baulac et al. [38]
SCN9A Singh et al. [42]
GABARG2 Baulac et al. [40]
GABARD Dibbens et al. [41]
Severe myoclonic epilepsy of infancy SCN1A Claes et al. [73]
Autosomal dominant lateral temporal LGI1 Ottman et al. [66]
lobe epilepsy
Autosomal dominant nocturnal CHRNA2 Aridon et al. [74]
frontal lobe epilepsy
CHRNA4 Steinlein et al. [75]
CHRNB2 DeFusco et al. [76]
Juvenile myoclonic epilepsy GABARI1 Cossette et al. [77]
EFHC1 Suzuki er al. [67]

KCNQ: potassium channel, KQT-like, subunit; SCN: sodium channel subunit; GABAR: GABA, receptor
subunit; LGI: leucine-rich glioma inactivated gene; CHRN: nicotinic acetylcholine receptor subunit; EFHC:
EF-hand domain containing.
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identification of causative genes for epilepsy opens the door for genetic testing in
highly selected patients. Such testing may facilitate improved prognosis as well
having genetic implications for other family members. Increased understanding of
epilepsy genetics in the future is likely to significantly impact how we diagnose,
conceptualize, and treat both familial as well as sporadic idiopathic epilepsies.
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8 The evaluation
of nonepileptic
paroxysmal events

Joseph F. Drazkowski and Matthew Hoerth
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8.1 Introduction

Making the correct diagnosis of the etiology of recurrent episodes of altered
consciousness has important implications for the patient in question, the family
members, and society. This chapter will cover adults who have episodic spells
that could be considered to be possible seizures. Recurrent spells of altered con-
sciousness are often a diagnostic challenge, especially if they are infrequent, occur
on an irregular basis and are random/unpredictable, which describes most events
of this type. The uncertainty that is associated with events of this type often does
not allow for routine investigations to monitor or capture a typical event within
a limited time frame dictated by the nature of such testing. The consequences
that seizure-like events have on other spheres of life include difficulties with
job performance (especially potentially hazardous jobs), social situations, recre-
ational activities, and driving [1]. Social situations affected include difficulties
with school performance, obtaining insurance benefits, and personal interaction
with other family members, colleagues, and professors [2, 3]. The differential

Adult Epilepsy, First Edition. Edited by Gregory D. Cascino and Joseph 1. Sirven.
© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-74122-1



100 THE EVALUATION OF NONEPILEPTIC PAROXYSMAL EVENTS

Table 8.1 Typical differential diagnosis of seizure-like events

Syncope

Transient ischemic attack
Transient global amnesia
Episodic vertigo

Sleep disorders

Seizure disorder
Psychiatric conditions
Nonepileptic seizures

diagnosis for transient neurologic events is outlined in Table 8.1, which includes
the common etiologies of seizure-like events that could be mistaken for seizures
or epilepsy.

A detailed history and physical examination remains crucial in arriving at
a diagnosis for these conditions. The careful taking of a moment-by-moment
history of the event by health care providers often leads to the ultimate diagnosis.
However, the ability to obtain accurate histories from patients who have altered
consciousness as part of their events is usually incomplete. Reliable witnesses to
such events are also utilized in gathering data, but they are not usually medi-
cally trained observers. The events in question are generally dramatic, and often
complex leading to a lack of details by witnesses. The person observing the spell
or event is often scared and emotional that their colleague, friend, or loved-one
has succumbed to what is often described as a dramatic event. The history and
physical are supplemented by a directed evaluation of appropriate medical tests,
generally depending on what clues may be ascertained during the initial evalu-
ation. Depending on the nature of the specific complaints, this may allow for a
more focused approach. Often, despite best efforts during an out-patient workup,
as noted below, the patient with seizure-like events remains a mystery for extended
periods of time.

When the diagnosis of episodic neurologic events is unclear, an Epilepsy Moni-
toring Unit (EMU) (continuous video-EEG monitoring unit) remains a critical tool
in the ascertainment of the ultimate diagnosis. It is often argued that the events
in question may not be numerous enough to justify the cost and social incon-
venience of an admission to the EMU. However, as noted in a paper by Blum
et al. [4], the number of events reported by the patient with the condition is often
very misleading and typically under-reported. The under-reporting is largely due
to the memory impairment that is often associated with these events, unnoticed
events arising from sleep or the event being subtle. The under-reporting can be
50% or much higher as presented in this study, often depending on which hemi-
sphere is involved for epilepsy. In our EMU, other conditions associated with
similar impairment of consciousness are also poorly recalled by the patient. It is
interesting to note also that when one evaluates a person with seizure-like events,
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admission to the EMU often helps make a diagnosis in a majority of patients, but
also has an impact on the ultimate diagnosis. The diagnosis of seizure is made
in the outpatient clinic, it is changed to another diagnosis such as nonepileptic
seizures of physiologic seizure in approximately 25% of cases [5]. The reverse
is also true when a person is thought to have pseudoseizures or psychogenic
nonepileptic seizures (PNESs), they ultimately turn out to have an alternate diag-
nosis 25% of the time. Although patients admitted to the EMU represent a highly
selected population that has been difficult to diagnose, including those who have
not responded to treatment. Making the correct diagnosis or a change in diagnosis
is meaningful for all concerned, especially if the spells are impacting the person’s
quality of life. In this chapter, we will explore the differential diagnosis for spells
of uncertain etiology, looking at individual potential mimickers of seizures and
epilepsy, and provide some clinical clues to assist the practitioner in making the
ultimate correct diagnosis.

8.2 Syncope

The history does matter significantly with regard to diagnosing syncope. Syncope,
like epilepsy, can be very dramatic, presenting with a sudden onset of altered
consciousness usually followed by a loss of postural tone resulting in the subject
hitting the floor or slumping over in a chair. A detailed history is often quite
helpful in making the diagnosis and at times is sufficient to come to a correct
conclusion [6]. Clues favoring the diagnosis of syncope are outlined in Table 8.2.
There are many subtypes of syncope and a detailed examination of all of these is
beyond the scope of this text; however, a cardiovascular etiology causing syncope
has an extraordinarily high mortality of 30% at one year [7, 8]. Syncope remains
a very common reason for admission to the Emergency Department, with about
3% of total admissions being seen in the Emergency Room due to a syncopal

Table 8.2 Features of the history favoring syncope events

Events provoked by pain

Prior history of acute myocardial infarction due to coronary artery disease or documented
cardiac arrhythmia history

Position of the subject at the onset of the event (e.g., standing with all events)

Events triggered by a bodily function such as bowel movement or urination

Events triggered by specific situations such as after eating (postprandial) or haircutting

Triggering of events by exertion or exercise

Very brief duration (seconds versus minutes)

Rapid recovery with little altered consciousness postictally

History of palpitations prior to event

Either complaint of warmth, nausea, or sweats prior to the event

An observation of a flaccid fall to the ground by witnesses
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event [9]. A patient’s age may help in the determination of what type of syncope
a person suffers from as syncope in younger people is more associated with a
vaso-vagal etiology. A rapid drop in blood pressure due to an external stimulus
would be an example of such an etiology. Older patients tend to have more of
a cardiac arrhythmia associated syncope [7, 10]. It also should be kept in mind
that the elderly may have only partial symptoms or atypical features that can be
confusing and poorly described by the patient. An example of this would be a
patient suffering from an arrhythmia, complaining of lightness or “butterflies” in
the chest with a near syncope but not actual blacking out. Other symptoms such
a sensation of feeling unsteady could be associated with presyncope [7, 10]. At
times, these nonspecific symptoms can easily mimic other potential etiologies in
the differential diagnosis including seizures.

Unfortunately, syncope can easily be mistaken for seizures as there is a fairly
high percentage of syncope that is associated with abnormal movements. When
the perfusion to the brain is reduced, convulsive, or twitching-type muscle activity
can be observed and is referred to as “convulsive syncope” [11, 12]. Untrained
witnesses will describe jerking or twitching of extremities and facial muscles dur-
ing the event associated with loss of consciousness, potentially resulting in the
diagnosis of convulsive epilepsy rather than syncope [13]. Even tongue biting and
incontinence can be seen during syncopal events. Syncope has potentially impor-
tant implications, especially when coexistent with preexisting medical conditions.
Sudden falls due to syncope can cause head injury, fractures, or other traumatic
injury, which can be quite disabling to the elderly. A careful moment-by-moment
history and focused workup often leads to the diagnosis. During the event, it may
be very helpful for bystanders to obtain blood pressure, heart rate, and blood sugar
measurements if possible to help define the etiology of the events. The immedi-
ate measurement of vital signs during the event is unlikely even if equipment is
readily available. Typically reliable evaluations are not made until the paramedics
arrive minutes later at which time the patient physiology may normalize. Often
syncopal events are fairly infrequent and typically brief in duration, making the
chance of reliably recording physiologic data during an event rare.

Elements on the interictal physical exam that may be helpful in making the diag-
nosis of syncope could be a positive bedside orthostatic hypotension measurement.
An irregular pulse on cardiac auscultation and pulse check for irregularity may
also provide an insight into the diagnosis. A cardiac outflow murmur consistent
with aortic stenosis or if an exam shows signs of congestive heart failure may also
be important in the evaluation process. One item that may not often be considered
is that of polypharmacy. Many of the elderly patients are on multiple medications
that have potential to produce syncope; especially antihypertensives and medica-
tions that have a cardiovascular vascular effect. Carotid hypersensitivity is one of
those issues that we suspect is mostly seen in the cardiac clinic, which occurs in
the elderly due to atherosclerotic disease of the carotid sinus area. These events are
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triggered by carotid massage such as during shaving or other neck manipulation.
This is defined as either a vasodepressor type where there is a drop of at least
50 mmHg in the systolic blood pressure or a cardioinhibitory response with asso-
ciated asystole lasting more than three seconds. There are also patients that have
a combination of both vasodepressor and cardioinhibitory syncope. Orthostasis
due to an inadequate vasoconstriction response, whether this is due to medication,
dehydration, or a blunted response due to an autonomic neuropathy, also can be
part of the picture and should be looked for, especially in older patients [7].

The workup for syncope should include a 12-lead EKG, which is relatively
cheap and if positive, an effective tool for evaluating these patients. Bradycardia,
conduction blocks, and prolonged QT interval may be symptoms found during this
simple bedside test. An echocardiogram is helpful for structural problems related to
the heart that may produce transient altered consciousness. Valvular heart disease,
particularly aortic stenosis, can easily be picked up on an echocardiogram. A
cardiomyopathy or pericardial effusion would also be typically detected on this
test, which can reduce cardiac outflow. A tilt table test should often be considered,
especially if there is any hint that the spells themselves may have a positional
component to them, that is, they only occur while sitting or standing. The tilt table
is fairly sensitive for orthostatic changes. Bedside carotid massage has been used
in the past and can be sensitive for diagnosing carotid hypersensitivity syndrome;
it is generally left to our cardiology colleagues to perform this procedure. Long-
term EKG monitoring is indicated for those patients who have prolonged intervals
between spells or spells that occur at odd times [14]. The long-term monitoring
can be basic as far as the initial evaluation is concerned with, perhaps, a 24-hour
monitoring. But, often these events do not occur on a daily basis. An event monitor
or implanted loop recorder may be more sensitive and specific for a rare event.
Ambulatory blood pressure monitoring is available and may provide a clue if there
is quite labile blood pressure during the monitoring period, which is typically 24
hours. If an arrhythmia is suspected of a malignant variety, it probably would be
safer and wiser for inpatient monitoring to avoid any potential for sudden death,
although this is basically a judgment call.

8.3 Transient ischemic events (TIAs)

The definition of what constitutes a TIA is changing from the old Definition of
24-hour reversible neurologic deficit due a vascular etiology, to a shorter duration
definition where the event lasts minutes to hours. This change has been motivated
in part by the advent of available thrombolytic agents that potentially minimize
the devastating effects of strokes with early intervention. The change in duration
to a shorter time period of these essentially reversible events crosses into the ter-
ritory where seizures could be considered in the differential diagnosis. Seizures
usually last minutes and not hours, and typically have positive symptoms versus
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negative symptoms associated with vascular events. A prolonged postictal deficit
could easily be mistaken for an ischemic event lasting hours. Strokes themselves
can generally be divided into anterior and posterior circulation for the means of
this discussion. An anterior circulation stroke does not usually produce loss of
awareness, but could potentially produce a brief aphasia, which to an untrained
observer could be mistaken for a complex partial seizure. As a reminder, typically
the stroke or TIA victim has a loss of function with the event, whereas a seizure
produces a so-called positive phenomenon with increased function in the central
nervous system such as automatisms, paresthesias, or visual changes [15]. This
distinction between positive and negative symptomology can be helpful in distin-
guishing between seizure and TIA. Limb-shaking TTA is a condition that could
certainly produce confusion between the two diagnoses. This event is considered
to be a focal dysfunction due to a focal loss of blood supply near the motor strip,
causing abnormal movements in the area of perfusion that is compromised [16].
Typically this abnormal movement is rhythmic postural in nature.

Vascular events occurring in the posterior circulation may produce altered con-
sciousness, but when this occurs the events are associated with the signs or
symptoms related to the brainstem dysfunction, such as vertigo, diplopia, facial
weakness, dysarthria, dysphasia, or other similar symptoms which may provide
clues to the diagnosis. The time course noted is generally longer for TIA compared
to a partial seizure, but brief periods of loss of consciousness have been described
with vertebral basilar insufficiency. It should be kept in mind that patients who
have had a previous stroke have a higher likelihood of later developing epilepsy,
with 9% of stroke victims developing seizures at nine months [17].

8.4 Transient global amnesia (TGA)

These events typically occur in middle-aged patients often those who are traveling
or if they are undergoing stress. The hallmark of the disorder is retrograde amnesia
without focal signs or symptoms. The patient remains awake but usually loses
orientation to place and time, and without loss of identity. The transient global
amnesia (TGA) begins suddenly in a person who is seemingly healthy moments
just prior to the event. The typical TGA attack lasts less than 24 hours with the
majority lasting between one and eight hours. Confusion and disorientation is
reported by the patient during the spell, with the patient typically repeating the
same question over and over, having just forgotten the answer even if this was
just provided to them as a result of not being able to encode new information.
Despite these ongoing cognitive deficits, the victim is still able to do typical
activities of daily living. Once the attack resolves, there is no memory for events
that occurred to them during the affected period. The etiology of these events
has not been definitively understood, but reports of reversible involvement of
hippocampus on MRI have been noted [18]. Usually, during these events the
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general physical exam and the vital signs remain normal. The neurological physical
exam is otherwise normal without focal neurologic dysfunction; without weakness,
sensory changes, or ataxia. An emergent EEG completed during these events is
normal. The majority of TGA events are not recurrent, with less than 25% chance
of recurrence [15, 19, 20]. Cases of TGA that do recur may be confused for
partial epilepsy. There currently is no definitive preventive measure or therapy
that has been reported for TGA. When workup is sufficiently negative for other
potential causes, TGA patients should simply be counseled regarding the relative
low risk of recurrence and reassured that this is not associated with other serious
medical conditions.

8.5 Movement disorders

Common movement disorders such as Parkinson’s disease, essential tremor, and
chorea typically are more continuous in nature and as such usually do not present
a significant diagnostic dilemma. The typical movement disorders that could be
confused for seizures would be episodic in nature. The continuous nature of typi-
cal movement disorders makes them relatively easy to distinguish from seizures.
One condition that may have the potential to mimic an epileptic attack would be
hemifacial spasm. When active, the abnormal movements tend to be prolonged
in duration and thus have the potential to be confused for a focal simple partial
seizure. Hemifacial spasms often have somewhat variable intensity and may wax
and wane for longer periods of time compared to a typical simple partial seizure
lasting seconds to minutes, often evolving and resolving in a stereotypic man-
ner. Depending on the location of the seizure focus, an EEG obtained during a
simple partial seizure may or may not display an abnormality especially [21, 22]
if the seizure focus is distant to the surface electrodes, as typically utilized dur-
ing the routine EEG, and no EEG correlate is seen, an incorrect diagnosis could
be made. Occasionally, myoclonus of a noncortical etiology can also potentially
mimic seizures with its transient muscle activity also not having an EEG correlate
on standard testing. Specialized movement disorder studies can help distinguish
nonepileptic myoclonus from seizure [23].

8.6 Sleep disorders

Sleep disorders are generally easier to discern from seizure-like events after taking
a proper history. However, sometimes with incomplete information or an atypical
presentation, they could be mistaken for seizures. Excessive daytime sleepiness is
a major complaint of most sleep disorders and screening the patient with Epworth
Sleepiness Scale may be helpful in providing clues to the nature of transient events.
It should be reminded that narcolepsy has characteristic features of excessive
daytime sleepiness, but one of the features of narcolepsy could include cataplexy.
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Cataplexy could potentially mimic seizures to the untrained eye in that the person
typically falls to the ground due to lack of muscle control, which is precipitated by
emotions, either good or bad. The connection between the trigger of emotionality
is often felt to be functional, but is readily apparent once the association is made.
Cataplexy would be extremely uncommon and is not considered in the differential.
The diagnosis is made by running a sleep study and recording typical features
of narcolepsy on polysomnography [24], including a multiple sleep latency test
including at least two out of five naps that demonstrate REM sleep onset within
15 minutes.

Another form of sleep disorder, which could potentially be confused with
seizures are the parasomnias, particularly REM behavior disorder. This is a con-
dition where the patient is unable to inhibit motor movements that are typically
suppressed during REM sleep. During an episode, the patient is said to act out their
dreams and will do nonsensical motor activities while basically asleep, such as
walking, running, or inappropriate behavior. Injuries do occur during these attacks
and unless there is a witness, the patient may report not knowing how the injuries
were sustained. The motor activity that occurs during the attack can be rather
dramatic and appear violent [25]. A helpful feature in the history that may help
differentiate this from seizures is that seizures are usually stereotypic, whereas
REM enactment behavior may vary slightly in semiology and be potentially more
complex. REM behavior disorder most commonly occurs in people over the age
of 50 and has been associated with degenerative parkinsonian syndromes.

Other common parasomnias that have the potential to be mistaken for epilepsy
include nightmares, somnambulism, night terrors, and confusional arousals. It can
be very satisfying to make the diagnosis for these relatively rare conditions that
make up approximately 15% of referrals to a typical sleep center [26]. Night
terrors typically occur in children and arise out of slow-wave sleep. The person
appears terrified and is generally not consolable during the event. The patient has
no recall for the event, an event which consists of spontaneous crying, screaming,
and lack of responsiveness. After the event, the patient typically falls back to
sleep with the duration lasting a few minutes or so. Vocalizations during sleep are
uncommon, but have been described typically in frontal lobe epilepsy. Nightmares
usually are self-reported by patients and occur during REM sleep. The patient
complains of the nightmare having recall of what occurs during them shortly after
being awakened. In contrast to night terrors, the patient can typically be easily
awakened during the event.

Nocturnal enuresis has sometimes been confused for nocturnal seizures with
incontinence [27]. Enuresis occurs during non-REM sleep and is often considered
normal until the age of approximately four years. Somnambulism or sleepwalking
has the potential for being confused for seizures. These events typically arise out
of slow-wave sleep and occur in as many as 15% of children and 0.7% of adults
[28, 29]. They most often occur in adolescents aged 10—15 years. During the
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sleepwalking events when discovered by friends or family, the patients are often
easily directed back to bed having no recall for the episode. It has been associated
with Lewy body dementia.

8.7 Psychogenic nonepileptic seizures (PNESs)

PNES are common in the young and middle-aged patients. The events occur spon-
taneously, are unpredictable and typically associated with altered consciousness.
Their appearance can be quite similar to epileptic seizures, often with similar
duration. The health care provider should ask the patient about a history of being
abused. Significant physical, emotional, or sexual abuse has been associated with
the occurrence of PNES. PNES events may be reported by the patient to be trig-
gered by acute stressful conditions [30]. Typical antiseizure medications are not
usually effective in treating this condition and therefore, it can be confused with
intractable epilepsy [31]. A careful description of each event is important to note.
Events that are typically triggered by emotional reactions to confrontations at
work or fights with a spouse, for example, would not be consistent with a typical
epileptic seizure. The interictal EEG typically remains normal, even those that
have been obtained under sleep deprivation conditions and with activation pro-
cedures. Unfortunately, many EEGs are over-interpreted leading to the erroneous
diagnosis of epilepsy [32, 33]. The hallmark of making the diagnosis of PNES
is a normal EEG during an event [34]. Events can typically be either recorded
during an ambulatory EEG or more preferably a video-EEG monitoring session
in the EMU [35].

In a person who has altered consciousness without physiologic changes on the
EEG makes the diagnosis of PNES most likely. The duration of these events may
be a clue as to their origin. Psychogenic seizures may fluctuate from minutes to
even several hours without resolution, whereas typical epileptic seizures last a
minute or two and then resolve. A rapid onset and rapid stop of the event with
rapid reorientation postictally, also favors PNES. The diagnosis can be challenging
at times as it is estimated that between 5 and 20% of patients admitted to the
EMUs around the country have both epileptic seizures and PNES [36—38]. Many
of the patients who are ultimately diagnosed with PNES also have concurrent
personality or psychological disorders [39]. Over the years, many attempts have
been made to associate clues on either the history or physical symptoms in PNES
with the potential diagnosis. Both PNES and intractable ES do not respond to
AED therapy [40]. Certain observations during the event such as pelvic thrusting,
back arching (opisthotonic posturing), ictal stuttering, and pseudosleep have all
been described as being associated with PNES [41-43]. Unfortunately, despite
certain signs and symptoms having a higher association with PNES [44, 45], none
of them is 100% reliable, and they typically require confirmation by observation or
capturing an event during testing [46]. A comorbid history of chronic pain such
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as fibromyalgia, or having a seizure in an outpatient epilepsy clinic or waiting
room has been associated with PNES [47]. Eye closure at the start of an event has
also been associated with PNES [48]. Misdiagnosing PNES as epileptic seizures
has consequences such as continuing therapy that is not necessary. In uncertain
cases, the gold standard of making the diagnosis remains admission to the EMU.
A recent article concerning the topic of EMU safety confirmed the evaluation
process in epilepsy patients to be relatively safe [49]. The costs of misdiagnosis
have been estimated to be substantial over a lifetime [50]. By the same token, if
the diagnosis of PNES is made, the utilization of both inpatient and outpatient
health services has been shown to be reduced [51, 52].

8.8 Summary

Patients with transient attacks associated with neurologic symptoms and signs
can be sometimes perplexing. The evaluation process of these attacks should be
inclusive, yet tailored to arrive at the diagnosis in an effective manner. While
many of the conditions discussed in the differential diagnosis in this chapter
typically do not have devastating consequences for the average person, there is a
potential to impair quality of life and possibly of limb if the events persist. As
society struggles with cost and quality issues in health care delivery, making and
treating the correct diagnosis becomes paramount. The careful taking of a history
remains the cornerstone of the evaluation process. Unfortunately, in cases such as
these with intermittent symptoms and frequently less than optimal descriptions of
the events, the health care provider is often challenged in arriving at the correct
diagnosis. With this in mind, persistence is needed to work though the issue and
when therapy is ineffective or the events change one should step back and consider
the alternative diagnoses and reevaluate the situation.
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9.1 Introduction

Historically, treatments for epilepsy were selected without a firm understanding
of the pathophysiology of ictogenesis or pharmaceutical mechanism of action.
The antiepileptic pharmacotherapy era began in 1850 with the introduction of
bromides, the use of which was based on the theory that epilepsy was caused
by an excessive sex drive [1]. In 1910, phenobarbital, which was initially used
as a soporific agent, was selected for treatment of seizures based on its sedative
properties. This became the drug of choice for many years, and a number of barbi-
turates were subsequently developed, including primidone which is still in limited
use. In 1940, phenytoin was developed as a compound with structural properties
similar to barbiturates but which lacked the latter’s sedative effects. Despite the
fact that these drugs were developed prior to development and understanding of
the mechanisms of ictogenesis or their mechanism of action, these drugs have
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remained valid antiepileptic drug (AED) options in the treatment of epilepsy and
seizures [2, 3].

The mechanisms of action of subsequently developed early generation AEDs in
many cases became understood only well after their clinical use was established,
and in the case of some remain unknown [4]. For example, ethosuximide has
been used since 1958 for the treatment of absence seizures; however, its currently
understood mechanism of action was identified 30 years later and is still being
clarified. In 1962, carbamazepine was approved first for the treatment of trigeminal
neuralgia. Approval for the treatment of partial seizures occurred much later in
1974. Valproate was serendipitously found to have antiepileptic properties without
an a priori understanding of its mechanism. It was approved for use in Europe in
1960 and the United States in 1978. These first generation anticonvulsants were
the mainstays of epilepsy treatment until the 1990s when the second generation
AEDs became available.

In contrast with early generation treatments, the development of the second
generation AEDs was more consistently based on a firmer foundation of the under-
lying mechanisms of seizure initiation and inhibition [5, 6]. In many cases, the
mechanisms targeted in the drug design process held true, but in other cases (such
as with gabapentin, which was originally developed as a gamma aminobutyric
acid (GABA) analog then subsequently found not to have GABAergic proper-
ties) they were found to act via mechanisms other than that for which they were
designed. In this chapter, the mechanisms of action of the AEDs as currently
understood are reviewed with respect to known mechanisms of neuronal excitation
and inhibition.

9.2 Treatment of epilepsy

Understanding the mechanisms of action of AEDs is important in clinical
practice, especially when considering multidrug regimens. Second generation
AEDs were selected for development based in part on findings of favorable
properties referable to their influence on neuronal inhibition and excitation
[5]. However, the mechanisms of action of currently marketed AEDs are
not fully understood in all cases. The common link among the various
proposed mechanisms for many of the AEDs involves the ability of a drug to
modulate excitatory and inhibitory neurotransmission through effects on ion
channels, neurotransmitter receptors, and neurotransmitter metabolism, with an
end result favoring inhibition or decreased excitation [7]. The mechanisms of
action of the most common AEDs and their primary mechanisms of action are
summarized in Figure 9.1 and Table 9.1.
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Figure 9.1 Mechanisms of action of AEDs. From Benarroch, E.E. (2006) Basic Neuroscience
with Clinical Applications, Butterworth-Heinemann/Elsevier, Copyrighted and used with per-
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Table 9.1 Main mechanisms of action of the AEDs

Drug Na T-type Ca Non-T-type  Increase Inhibit Carbonic
channel  channel Ca channel GABAergic glutamate anhydrase
blockade blockade  blockade transmission transmission inhibition

Phenytoin +4+ _
Carbamazepine +4++ _
Oxcarbazepine +++ _

Ethosuximide

Lamotrigine +4++ — + _ + _
Valproic acid ++ + _ 44 + o
Topiramate ++ — + ++ ++ +
Zonisamide ++ + — 4+ 44 +
Phenobarbital — — — ++ — —
Benzodiazepines — — — +++ — —
Vigabatrin — — — 4t _ _
Tiagabine — — _ A+ _ o
Gabapentin — — ++ 4 _ _
Pregabalin — — _ _ _ _
Levetiracetam — — + — + _
Felbamate —+ — + 4 4+ _

+ J—

Rufinamide +4+ — _

++ —

Lacosamide
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9.3 Excitatory mechanisms targeted by AEDs

Sodium currents/channels

Sodium channels allow influx of extracellular sodium, leading to neuronal depo-
larization and excitation [8, 9]. Multiple sodium channel subtypes have been
identified. Generally, the sodium channel exists in one of three states at any
given time:

* A resting state characterized by limited sodium influx.
* An active state marked by significant sodium influx.
* An inactive state in which the channel does not allow sodium influx.

The typical voltage-gated sodium channel opens when the membrane poten-
tial reaches threshold, causing generation of an action potential which is then
conducted along the axon. Within milliseconds after depolarization, repolariza-
tion begins, one step of which involves closure of the sodium channels. Sodium
channel closure can occur rapidly, known as “fast inactivation,” or in a more
gradual, sustained manner known as “slow inactivation” [10]. Slow inactivation
is an important mechanism in regulation and modulation of burst discharges in
neurons and axons [10, 11]. Many AEDs, like carbamazepine or lamotrigine,
enhance fast inactivation, reducing the ability of neurons to fire repetitive action
potentials. As fast inactivation only occurs in neurons firing action potentials,
these drugs preferentially inhibit axons in active cells, such as those involved
in seizure activity [12]. However, some AEDs primarily affect “slow inactiva-
tion.” Lacosamide promotes slow inactivation at thresholds lower than is present
in the normal state, thereby preferentially affecting neurons which are partially
depolarized for relative long periods, such as those hypothetically present in the
epileptogenic zone region [13].

Calcium channels

Voltage-gated calcium channels are classified as high- and low-voltage subtypes
based on depolarization threshold [14, 15]. The high-voltage calcium channels
are further classified as L, N, P/Q, and the R types; the T-channel is the primary
low-voltage calcium channel type.

L-type calcium channels

The L-type calcium channels (Ca, 1.2) are expressed in the neuronal dendrites
and cell bodies. Their main function is to allow a large influx of calcium, which in
turn activates a cascade of protein kinase pathways that promote gene transcription
required for long-term synaptic plasticity in the hippocampus and cerebral cortex.
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N-, P/Q-, and R-type calcium channels

N-, P/Q-, and R-type calcium channels are present in presynaptic terminals, where
they are involved with triggering neurotransmitter release. N-channels promote
release from GABAergic, sympathetic noradrenergic, and dorsal root ganglion
terminals. The P/Q calcium channels are associated with glutamate release in
the central nervous system (CNS). The R-type calcium channels contribute to
exocytosis in many regions, including the hippocampus, where they play a major
role in presynaptic long-term potentiation.

T-type channels

T-type calcium channels have a widespread distribution in the CNS including
the neocortex, hippocampus, thalamus, cerebellum, and inferior olivary nucleus.
T-type calcium channels are responsible for rhythmic burst firing pattern in
thalamic neurons and thalamocortical circuits, as occurs both during non-rapid
eye movement (REM) sleep and in pathological conditions such as absence
seizures [15].

There is some evidence, based mainly on genetic animal models involving
mutations of voltage-gated calcium channels, that they play a role in the patho-
physiology of generalized spike-and-wave discharges underlying generalized
absence seizures [16, 17]. Most of these mutations have been found to result in
a gain of T channel activity or loss of P/Q channel activity [18, 19].

Several AEDs affect voltage-gated calcium channels in vitro. Gabapentin and
pregabilin reduce calcium channel subunit expression in the presynaptic termi-
nal. Lamotrigine inhibits N- and P/Q-type channels; levetiracetam predominantly
affects N-type channels; and topiramate inhibits R-type channels. Ethosuximide,
zonisamide, and valproate probably have an affect on thalamocortical circuits
by blocking T-type calcium channels, which might explain their efficacy against
absence seizures [18, 20].

Glutamate receptors

Glutamate receptors are classified as ionotropic and metabotropic types. The
ionotropic glutamate receptors are nonselective cation channels that trigger fast
depolarization [21]. The ionotropic glutamate receptors are further classified
based on their relative affinity for certain ligands, namely N -methyl-D-aspartate
(NMDA), alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA),
and kainic acid. The NMDA receptor is a voltage-dependent channel that is highly
permeable to calcium. It has two distinct subunits NR1 and NR2. NMDA receptor
channel activation requires binding of glutamate to the NR2 subunit; binding of
glycine to an allosteric site on the NRI1 subunit; and membrane depolarization,
which removes voltage-dependent magnesium blockade of the channel pore.
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Figure 9.2 A glutamatergic synapse with different glutamate receptors and related neuro-
transmitters. Glutamate, the main excitatory neurotransmitter in the CNS, binds to multiple
receptor sites that differ in activation and inactivation time courses, desensitization kinetics,
conductance, and ion permeability. The three main glutamate receptor subtypes are N -methyl-D-
aspartate (NMDA), metabotropic, and non-NMDA (alpha-amino-3-hydroxy-5-methylisoxazole-
4-propionic acid (AMPA) and kainate receptors). From Benarroch, E.E. (2006) Basic
Neuroscience with Clinical Applications, Butterworth-Heinemann/Elsevier, Copyrighted and
used with permission of Mayo Foundation for Medical Education and Research, all rights
reserved.

Both the NMDA ionotropic and metabotropic glutamate receptors have been
found to be important modulators of seizure activity in animal models. Many
different glutamate receptor types may coexist in an individual synaptic cleft,
resulting in a differential response to glutamate in different synapses. A gluta-
matergic synapse is shown on Figure 9.2. AEDs that are currently thought to
confer antiepileptic activity through antiglutamatergic mechanisms include: fel-
bamate through inhibition of the glycine site [22], topiramate [23], levetiracetam
[24], and lamotrigine indirectly via reduced presynaptic glutamate release [25].

9.4 Inhibitory mechanisms targeted by AEDs
GABA, receptors/channels

GABA is produced through activity of the enzyme glutamic acid decarboxy-
lase (GAD), which requires pyridoxal phosphate and is stored via the vesicular
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GABA transporter (VGAT). After release into the synaptic cleft, GABA undergoes
degradation by GABA-transaminase (GABA-T) to succinic semialdehyde (SSA),
which is metabolized in the mitochondria to o-ketoglutarate (¢-KG), the main
substrate for Lglutamate synthesis.

The fast inhibitory effects of GABA are mediated by GABA, receptors, which
are ligand-gated chloride channels that are allosterically activated by benzodi-
azepines and some neurosteroids. Neuronal GABA, receptors are pentameric
proteins consisting of five subunits (classified as a, §, v, and 8 subtypes) arranged
around a central pore. There are several GABA, receptor subtypes, the func-
tions of which vary based on the combination of a-, -, y-, and 8- subunits in a
given receptor.

There are two forms of GABA, receptor-mediated inhibition, phasic and
tonic. Phasic inhibition is mediated by GABA4 receptors that contain y subunits,
which are clustered at the postsynaptic terminals and are allosterically activated
by benzodiazepines. Tonic inhibition is mediated by GABA, receptors which
express & subunits and are distributed at extrasynaptic sites; these receptors are not
modulated by benzodiazepines but are targets of general anesthetics, alcohol, and
neurosteroids. Steroids may act as positive (progesterone and allopregnanolone)
or negative (estrogens, glucocorticoids) modulators. Allosteric antagonists of
the GABA, receptor chloride channel include picrotoxin, pentylenetetrazol,
and penicillin.

Impaired GABA, receptor-mediated inhibition is an important pathophysio-
logic mechanism of increased neuronal excitability which can lead to epilepsy.
Dysfunction of GABA, receptors, either genetic or acquired, has been recently
described in patients with idiopathic generalized epilepsy, catamenial epilepsy,
and status epilepticus [26].

AEDs modulate GABAergic activity through a number of mechanisms
(Figure 9.3). Tiagabine produces a nonselective increase in GABA levels
through inhibition of GABA reuptake. Vigabatrin inhibits GABA degradation by
inhibition of GABA-T [5]. Valproate increases regional neuronal concentrations
of GABA by inhibiting GABA degradation and increasing GABA synthesis [27].
Benzodiazepines increase the probability of chloride channel opening by GABA
[28]; this effect is blocked by flumazenil. Barbiturates are also positive modulators
of the GABA receptor by increasing the average channel opening duration [29].

The GABAGg receptor is a G protein-coupled receptor that increases conductance
of G-protein activated inward rectifying potassium (GIRK) channels and decreases
conductance of presynaptic N- and P/Q calcium channels.

Carbonic anhydrase inhibition

Inhibition of the enzyme carbonic anhydrase increases the concentration of intra-
cellular hydrogen ions. This leads to a shift of potassium ions to the extracellular
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Figure 9.3 The GABA receptor and AED mechanisms of action. From Benarroch, E.E. (2006)
Basic Neuroscience with Clinical Applications, Butterworth-Heinemann/Elsevier, Copyrighted
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compartment resulting in hyperpolarization. Acetazolamide has been used as an
adjunctive therapy in refractory seizures. Topiramate and zonisamide also are weak
inhibitors of this enzyme, which may contribute to their anticonvulsant effect.

9.5 Mechanism of action-specific drugs

Phenytoin and carbamazepine

Several studies have shown that therapeutic concentrations of phenytoin and
carbamazepine prevent sustained repetitive neuronal firing through blockade of
voltage-dependent sodium channels [30, 31].

Ethosuximide

The mechanism of action of ethosuximide was not elucidated until 1989, when
it was shown to reduce low-threshold T-type calcium currents in thalamic neu-
rons. Voltage-dependent reduction in T-type current was observed at clinically
relevant ethosuximide concentrations, suggesting that this mechanism may be the
basis for its efficacy in absence seizures [30]. By preventing calcium-dependent
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depolarization of thalamocortical neurons, ethosuximide is believed to inhibit the
synchronized rhythmic activation thought to underlie the rhythmic spike-wave
discharges characteristic of absence seizures [32]. However, recent evidence sug-
gests that the antiepileptic effects of this drug may not be fully explained by this
mechanism and may also involve blockade of sodium channels.

Valproic acid

The main antiepileptic mechanisms underlying valproate are still incompletely
defined. Three different mechanisms of action have been proposed. First, in
vitro studies support an inhibitory effect on voltage-sensitive sodium channels
[33]. Second, it has been shown to reduce T-type calcium currents in primary
afferent neurons [34]. This may contribute to its efficacy in absence seizures.
Finally, valproic acid has been associated with an increase in whole-brain GABA
levels and found to potentiate GABAergic activity at high drug concentrations
[27, 35]. This effect, coupled with its effect on the voltage-sensitive sodium chan-
nel, may contribute to its efficacy against kindled seizures in rats and against partial
seizures [36].

Benzodiazepines and barbiturates

Benzodiazepines bind to an allosteric site in y-subunit-containing GABA recep-
tors; this interaction increases the chloride channel opening frequency without
affecting channel-opening duration [37]. Barbiturates bind to a different allosteric
site and increase the mean duration of chloride channel-opening without affecting
opening frequency. Barbiturates can potentiate chloride currents directly in the
absence of GABA, whereas benzodiazepine activity is dependent on the presence
of GABA. This difference is believed to explain why benzodiazepines attenuate
spike-wave seizures in both rodents and humans, whereas barbiturates may exacer-
bate spike-wave discharges in some cases [38]. Benzodiazepines and barbiturates
limit high-frequency repetitive action potential generation, but this is only at high
drug concentrations.

Felbamate

Similar to valproate, felbamate has a broad preclinical profile and clinical
spectrum. It possesses several neuropharmacological properties involving more
than one potential anticonvulsant mechanism of action. Felbamate reduces sus-
tained repetitive firing through inhibition of voltage-dependent sodium channels.
Felbamate at low concentrations also appears to inhibit dihydropyridine-sensitive,
high-threshold voltage-sensitive calcium currents. Furthermore, at higher concen-
trations, felbamate has been reported to enhance GABA-evoked chloride currents
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and to inhibit NMDA-glutamatergic activity [39, 40]. Felbamate appears to
inhibit the function of the NMDA receptor complex through an interaction with
the strychnine-insensitive glycine recognition site, as demonstrated in studies of
rat and human postmortem brain tissue. This may lead to anticonvulsant and
neuroprotective effects by inhibiting NMDA receptor function through allosteric
modulation of the glycine site [22].

Gabapentin and pregabalin

Gabapentin and pregabalin bind to the alpha (22)-delta subunit of voltage-gated
L-, P/Q-, and N-type calcium channels. These drugs decrease expression and
activity of this subunit and reduces N- and P/Q channel-dependent release of
several neurotransmitters [23, 41, 42].

Lamotrigine

Lamotrigine is a sodium channel blocker that leads to inhibition of presynap-
tic glutamate release [25, 43—46]. This observation might explain its additional
efficacy against some generalized seizure types [47].

Oxcarbazepine

Oxcarbazepine is structurally related to carbamazepine. Oxcarbazepine is rapidly
and completely reduced to its active metabolite (10,11-dihydro-10-hydroxy-
carbamazepine, known as the monohydroxy-derivative or MHD), which is
believed to confer its anticonvulsant effect. Similar to carbamazepine, in vitro
studies indicate that MHD induces blockade of voltage-sensitive sodium channels,
resulting in neuronal membrane stabilization, inhibition of repetitive neuronal
discharges, and diminution of propagation of synaptic impulses [48].

Topiramate

Topiramate has several pharmacologic effects which likely contribute to its
anticonvulsant activity. It inhibits sustained repetitive firing in a use- and
concentration-dependent manner by reducing voltage-activated sodium currents
in cultured neocortical neurons [49]. Topiramate also enhances GABA-mediated
chloride influx and potentiates GABA-evoked whole-cell currents in vitro
[50, 51]. Topiramate has also been shown to reduce kainate-evoked depolar-
ization; this contributes to decreased neuronal excitability. In other preclinical
studies, topiramate was also shown to inhibit certain carbonic anhydrase isoforms,
a property that may contribute to its anticonvulsant effect.
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Tiagabine

Tiagabine is a potent inhibitor of neuronal and glial GABA re-uptake. Tiagabine
binds selectively and reversibly to the GABA reuptake carrier (GAT-1) [50].
This increases synaptic concentrations of GABA, which is the likely basis of
its anticonvulsant activity in partial seizures. However, this effect may also lead
to aggravation of spike-wave seizures and nonconvulsive status epilepticus. This
may result from potentiation of GABA-induced hyperpolarization of thalamic
neurons leading to T-channel triggered rhythmic burst firing in thalamocortical
circuits [52, 53].

Vigabatrin

Vigabatrin irreversibly binds to and inactivates GABA-T, the enzyme respon-
sible for GABA degradation. This results in increased GABA levels and
GABA-mediated neuronal inhibition; which likely explains the clinical efficacy
of vigabatrin against partial seizures [54, 55].

Zonisamide

Zonisamide blocks sustained repetitive firing of neurons in vitro through a variety
of mechanisms [56]. These include blockade of voltage-sensitive sodium channels,
inhibition of T-type calcium channels, changes in expression of glutamate and
GABA transporters, and weak carbonic anhydrase inhibition [56, 57].

Levetiracetam

The mechanism for the anticonvulsant effect of levetiracetam is not known with
certainty. This drug binds to SV2A, a protein that is present in synaptic vesi-
cles and is expressed throughout the brain [58]. The function of SV2A is poorly
understood, although it may be important in calcium-dependent neurotransmitter
release [59]. SV2A knock-out mice have seizures, which supports a potential role
of this protein in epilepsy [60]. More recently, Lee ef al. reported that levetirac-
etam might modulate the presynaptic P/Q-type voltage-dependent calcium channel
leading to a reduction in glutamate release [61].

Lacosamide

Lacosamide is a modified amino acid that acts as an antagonist of the glycine
allsoteric site of the NMDA receptor, leading to decreased glutamate-mediated
neuronal hyperexcitability. Lacosamide also selectively enhances sodium channel
slow inactivation [62].
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Rufinamide

The exact mechanism of action is unknown. In vitro studies suggest that rufinamide
prolongs the inactive state of the sodium channel.

9.6 Conclusions

In recent years, there have been significant advances in the understanding of the
mechanisms associated with seizures and the anticonvulsant activity of AEDs.
Newer AEDs have been found to act through a number of mechanisms that
reduce neuronal excitability, burst firing, or abnormal synchronization in various
combinations. A thorough understanding of the mechanisms of action of cur-
rently available drugs should increase knowledge regarding the pathophysiology
of seizures, and should allow development of novel therapies in the future.
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10.1 Introduction

Several antiepileptic drugs (AEDs) now exist for the treatment of epilepsy. Prior
to the 1990s, there were few options available, and many of these had suboptimal
pharmacokinetic and side effect properties. However, these medications, often
referred to as “traditional” or “first generation” AEDs, have been proven effective
over the test of time and remain in clinical use today. Ten medications have
been approved in the US for use in the treatment of epilepsy since 1993 [1].
These are often referred to as “second generation” AEDs. A few of these are used
only in special clinical situations due to potential toxicity or to their particular
efficacy in a niche of epilepsy care. These have been referred to as “subspecialty”
AEDs. The existence of multiple options is welcome given the diversity of the
epilepsies and the differences between the individuals affected by it. However, the
task of selecting a particular medication from the many available and developing
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a working knowledge of each can be daunting. In this chapter, the selection,
pharmacologic properties, indications, clinical considerations, and use of the AEDs
are reviewed.

10.2 AED selection

Selecting a particular AED for a given patient requires consideration of sev-
eral factors. These include seizure type, medical comorbidities, side-effect profile,
concurrent medical therapies, and drug—drug interaction potential, gender, age,
ease of use, clinical urgency, and cost. First generation therapies remain appro-
priate for use in the treatment of epilepsy. A study evaluating the efficacy of
AED medications in newly diagnosed epilepsy showed little difference between
first and second generation therapies in terms of seizure control [2]. However,
second generation AEDs offer improvements in pharmacological properties and
different side-effect profiles which may make them more appropriate in certain
clinical scenarios.

Epilepsy syndrome and seizure type

Accurate seizure classification is an important first step in the AED selection pro-
cess (see Table 10.1). A few points are worth emphasizing in this regard. First,
complex partial and generalized absence seizures can be mistaken on clinical
grounds, yet some of the AEDs appropriate for complex partial seizures (e.g.,
carbamazepine, oxcarbazepine, phenytoin) are ineffective in generalized absence
seizures. Second, generalized tonic-clonic seizures can occur as a manifestation of
idiopathic primary generalized epilepsy, or by secondary generalization of partial
seizures. Distinguishing primary generalized from secondary generalized seizures
is important as certain AEDs effective in partial seizures, such as carbamazepine,
phenytoin, phenobarbital, tiagabine, lamotrigine, and vigabatrin may lead to exac-
erbation of certain seizure types that may accompany generalized tonic-clonic
seizures in patients with idiopathic generalized epilepsy [3]. Third, certain AEDs,
including valproate, topiramate, felbamate, zonisamide, and levetiracetam, are con-
sidered to have a “broad spectrum” of activity, that is, are effective in most
generalized and partial seizure types, therefore may have a role in cases where
the epilepsy diagnosis is unknown [4]. And finally, although second generation
AEDs have been found to have efficacy against a broad spectrum of seizure types,
in one large series, valproate was shown to have the greatest efficacy compared
to the rest [5]. Given the potential side effects and risks of valproate, however,
it is clear that factors other than efficacy alone as discussed below, need to be
considered when selecting an AED.
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Table 10.1 Seizure classification and AED selection. AEDs are organized by their position as
first or second generation therapies (those approved from the 1990s or later), and those used
primarily in epilepsy subspecialty care

AED Partial Absence Myoclonic, tonic, GTC
atonic, astatic

First generation

Carbamazepine + 04 04 +
Clonazepam 0 0 + 0
Divalproex + + + +
sodium/valproate

Ethosuximide 0 + 0 0
Phenobarbital + 04 04 +
Phenytoin + 04 04 +
Primidone + 0 0 +
Second generation

Gabapentin + 0 0 0
Lacosamide + 0 0 0
Lamotrigine + + +¢ +
Levetiracetam + + + +
Oxcarbazepine + 0 0 +
Pregabalin + 0 0 0
Tiagabine + 04 0 0
Topiramate + + + +
Zonisamide + + + +
Subspecialty

Felbamate + + + +
Rufinamide 0 0 + 0
Vigabatrin + 04 04 +

“Has been associated with exacerbation of listed seizure type.
+: use established; +: occasionally appropriate; 0: use not generally appropriate.

Medical comorbidities and side-effect profile

Certain medical conditions may influence AED selection. The presence of
significant renal insufficiency may favor AEDs degraded through hepatic
pathways, and conversely the presence of hepatic disease may warrant treatment
with AEDs eliminated via renal mechanisms. The influences of hepatic and renal
insufficiency on AED dosing are summarized in Tables 10.2 and 10.3. Table 10.4
lists medical conditions which may influence AED selection given the potential
for adverse effects of that particular AED for the listed condition. Similarly, cer-
tain common side effects characteristic of a particular AED may affect selection
in a given patient who may already struggle with similar symptoms. Common
side effects associated with the AEDs are listed in Table 10.5. The potential major
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Table 10.5 AEDs: Characteristic side effects

AED

Most common side effects affecting tolerability

First generation

Carbamazepine Ataxia, diplopia, blurred vision, cognitive, hyponatremia,
leukopenia
Clonazepam Sedation, cognitive

Divalproex Na+/
valproic acid

Weight gain, tremor, hair loss, cognitive, polycystic ovary syndrome,
nausea, thrombocytopenia

Ethosuximide Nausea, anorexia, psychiatric

Phenobarbital Cognitive, sedation, frozen shoulder, Dupuytren’s, depression,
macrocytic anemia

Phenytoin Cognitive, gum hypertrophy, peripheral neuropathy, dyskinesia,
neuropathy, ataxia, macrocytic anemia

Primidone Cognitive, vertigo, nausea, sedation, frozen shoulder, Dupuytren’s

Second generation

Gabapentin Ataxia, weight gain, somnolence

Lacosamide Dizziness, nausea, blurred vision, P-R interval prolongation

Lamotrigine Insomnia, ataxia, blurred vision

Levetiracetam Irritability, aggression, somnolence, dizziness

Oxcarbazepine Ataxia, diplopia, blurred vision, cognitive, hyponatremia, leukopenia

Pregabalin Unsteadiness, weight gain, edema, somnolence, dizziness

Tiagabine Confusion, dizziness, fatigue

Topiramate Cognitive, word finding, paresthesias, weight loss, nausea, glaucoma

Zonisamide Nausea, cognitive, glaucoma, psychiatric

Subspecialty

Felbamate Weight loss, insomnia, nausea

Rufinamide Somnolence, dizziness, diplopia, nausea

Vigabatrin Somnolence, weight gain, ataxia, psychiatric, anemia, neuropathy

toxicities associated with the different AEDs are summarized in Table 10.6, which
also may affect AED selection in the presence of certain medical comorbidities.

Drug-drug interactions: concurrent medical therapies

Concurrent medical therapies may influence AED selection, or at least the target
dose. Many first and some second generation AEDs are metabolized by or affect
the activity of hepatic enzyme pathways, which may lead to drug—drug interac-
tions when taken concurrently with other medications undergoing degradation by
the same processes.

The hepatic enzyme systems of relevance to AED drug—drug interactions
are the cytochrome P450 system, the uridine glucuronyl transferase (UGT)
system, and epoxide hydrolase [9, 10]. AEDs that influence or undergo extensive
metabolic degradation through the cytochrome p450 system include carba-
mazepine, phenytoin, phenobarbital, primidone, ethosuximide, oxcarbazepine,
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Table 10.6 Major toxicities associated with the AEDs

AED

Major potential drug-related toxicities

First generation

Carbamazepine Stevens-Johnson/toxic epidermal necrolysis (TEN), hepatotoxicity,
aplastic anemia, multiorgan hypersensitivity

Clonazepam Nonconvulsive status epilepticus

Divalproex Pancreatitis, hepatotoxicity, hyperammonemic encephalopathy,

Na+/valproic multiorgan hypersensitivity, hypothermia
acid

Ethosuximide Aplastic anemia, drug-associated lupus

Phenobarbital Multiorgan hypersensitivity

Phenytoin Stevens-Johnson/TEN, blood dyscrasia, hepatotoxicity, multiorgan
hypersensitivity

Primidone Blood dyscrasias

Second generation

Gabapentin None reported

Lacosamide PR interval prolongation, multiorgan hypersensitivity

Lamotrigine Stevens-Johnson/TEN, multiorgan hypersensitivity

Levetiracetam None reported

Oxcarbazepine Stevens-Johnson/TEN, angioedema, multiorgan hypersensivity

Pregabalin Angioedema

Tiagabine Nonconvulsive status epilepticus, encephalopathy

Topiramate Urolithiasis, metabolic acidosis, oligohidrosis, hyperthermia, acute
angle-closure glaucoma, hyperammonemic encephalopathy

Zonisamide Stevens-Johnson/TEN, urolithiasis, oligohidrosis, hyperthermia, acute

Subspecialty

angle-closure glaucoma, aplastic anemia

Felbamate Aplastic anemia, hepatotoxicity
Rufinamide QT interval shortening, multiorgan hypersensitivity
Vigabatrin Progressive visual field loss

tiagabine, zonisamide, felbamate, and valproate [11]. Of these, carbamazepine,
phenytoin, phenobarbital, and primidone induce cytochrome p450 enzyme
activity; valproate inhibits; and felbamate has both inducing and inhibiting
effects. AEDs in which glucuronidation by the UGT system plays a significant
role include lamotrigine, the oxcarbazepine monohydroxy derivative (MHD),
and valproate [11]. The latter also undergoes extensive beta-oxidation. Epoxide
hydrolase is an enzyme involved with the elimination of the active carbamazepine
metabolite, carbamazepine-9,10-epoxide, which has both antiepileptic and side
effect-related properties. Valproate and felbamate inhibit expoxide hydrolase,
leading to accumulation of carbamazepine-9,10-epoxide, which may lead to drug
toxicity.

Another pharmacological property of some AEDs that can contribute to
drug—drug interactions is protein binding. Interactions involving displacement of
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AEDs from protein-binding sites may escape detection unless serum-free levels
are measured. The AEDs most commonly affected by protein-binding interactions
are phenytoin and valproate. Finally, shared pharmacologic effects of one drug
may be additive to another without affecting the other’s pharmacokinetics.
Such interactions are known as “pharmacodynamic” interactions. Examples
of the latter include excess sedation that may occur with concurrent use of
barbiturates and benzodiazepines, or in the concurrent use of sedating AEDs with
medications of other classes in which CNS depression can occur such as opiates
and tricyclic medications.

Common drug—drug interactions associated with the AEDs are summarized in
Table 10.7. This table is not a definitive summary. Drug—drug interactions are
not consistently reported to regulatory bodies or in the medical literature, so there
are limitations in the references available when these issues arise. The reader is
advised to consult with a pharmacist when new medications are being added to a
patient on other existing therapies. Review of the approved medication labeling for
the AED using online resources, or doing a drug—drug interaction check using
one of the numerous public and proprietary online drug information resources
available is strongly recommended before prescribing AED therapy in patients on
other medication treatments.

Gender

Certain AEDs have properties which are suboptimal for use in women [13]. For
example, some AEDs lead to reduced serum concentration of the active ingredi-
ents in oral contraceptive drugs which may render them less effective. A list of
first and second generation AEDs which affect oral contraceptive therapies are
summarized in Table 10.8. The teratogenic potential of AEDs is an additional
concern. Certain AEDs, specifically phenytoin, carbamazepine, and particularly
valproate, are considered to have relatively high teratogenic risk compared to
other AEDs [14]. In certain clinical situations, a second generation AED may be
more appropriate when teratogenicity is a particular concern or when polyphar-
macy is deemed clinically necessary [15]. Breast-feeding risk is another common
concern in women taking AED therapy. While many AEDs are only present in
trace quantities in breast milk due to their high serum protein binding, other
medications with low protein binding such as primidone and levetiracetam may
be transferred into breast milk in amounts that could be clinically significant
[16].

Age

Several factors associated with aging may affect AED selection. Age-associated
medical comorbidities, concomitant medication therapy and age-related changes
in factors which influence AED elimination such as renal insufficiency, may
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Table 10.8 Effect of AEDs on efficacy of oral contra-
ceptive pill (OCP) therapy

Impairment of No identified effect
OCP efficacy on OCP efficacy
Carbamazepine Gabapentin
Felbamate Lacosamide
Oxcarbazepine Lamotrigine
Phenobarbital Levetiracetam
Phenytoin Pregabalin
Primidone Tiagabine
Rufinamide Valproate
Topiramate Vigabatrin
Zonisamide

Source: Data from Red Book 2009: Pharmacy’s Fundamental
Reference [20].

influence choice of therapy [13]. The drug—drug interaction potential and renal
dosing for each of the AEDs are summarized in Tables 10.2 and 10.3. Typical
doses used in younger patients may not be tolerated, and escalation of therapy
should generally proceed at a slower rate in the elderly in order to help mitigate
side effects. Selection of AEDs with a more favorable cognitive profile such as
lamotrigine or levetiracetam may be preferred over AEDs with a greater incidence
of cognitive side effects (e.g., carbamazepine, valproate, topiramate, phenobarbital,
and primidone) in this age group.

Ease of use

A therapy’s ease of use is correlated with compliance. It is estimated that patients
take 75% of medications prescribed for their epilepsy [17]. Factors impacting
ease of use in AED treatment include dose frequency and complexity of the
treatment regimen. Treatment plans consisting of greater than one dosage per day
or involving more than one AED may be difficult for patients, but can be facilitated
by the use of a pill box. Using an alarm clock as a reminder may be helpful as well.
Single daily dose regimens may also improve compliance. Examples of AEDs that
can be taken as single daily dose therapy include phenobarbital and extended-
release formulations of lamotrigine, levetiracetam, valproate, and phenytoin.

Clinical urgency

Sometimes clinical urgency guides AED selection. Certain AEDs can be initi-
ated at maintenance doses at treatment initiation, while others require a relatively
protracted titration period due to the potential for toxicity associated with rapid
escalation. The initiation rates of the AEDs are summarized in Table 10.9.
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Table 10.9 AEDs: treatment initiation rates

May initiate at target maintenance dose

Phenytoin

Phenobarbital

Valproate

Titrate to target dose over two to three weeks
Carbamazepine Oxcarbazepine
Ethosuximide Rufinamide
Felbamate Vigabatrin
Gabapentin Zonisamide
Levetiracetam

Titrate to target dose over several weeks
Lacosamide Primidone
Lamotrigine Tiagabine
Topiramate Pregabalin

Cost

Cost is of significant importance when selecting an AED. The least expensive AED
is phenobarbital which costs a few US dollars per month, followed by phenytoin
which is significantly less expensive than second generation AEDs. However,
these medications may be less optimal than their more expensive counterparts
in certain situations where more desirable pharmacokinetic or other indication
attributes are particularly crucial. It is important to note that factors other than
efficacy, pharmacokinetics, and tolerability contribute significantly to drug pric-
ing. For example, gabapentin is one of the more expensive AED options available
yet it has the lowest published responder rate of all the second generation AEDs
when compared in a meta-analysis of AED clinical trials [18]. This largely stems
from its widespread use in the treatment of pain, and has little to do with its
favorable drug—drug interaction profile. Basic economic factors also influence
drug-pricing sometimes to a greater extent than the value of the drug related to
efficacy and pharmacological factors. For example, vigabatrin, which has a unique
niche in epilepsy care and is distributed through a single pharmacy secondary to
its potential for causing progressive visual field impairment, is the most expen-
sive AED approved for use in the US at the present, in part due to the lack of
source competition.

Cost is an increasingly important aspect in treatment selection. Multiple factors
affect drug pricing, and counseling patients as to the costs they may be facing
for a particular treatment plan can be challenging [19]. While pharmacy benefit
plans significantly offset medication costs, many are not fortunate enough to be
enrolled in one. Pharmacy benefit plan formulary rules also may restrict the treat-
ment options and may require prior authorizations which complicate the efficiency
of patient care. Generic AEDs offer a lower cost alternative for the treatment of
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epilepsy. However, while the expiration of patents for branded AED products
allowed the licensing of cheaper generic equivalent products, the loss of patent
protection had the unfortunate consequence of removing the incentive for pharma-
ceutical companies to make these drugs available as samples for dispensing to the
economically disadvantaged. It is also important to realize that the cost of generic
second generation AEDs is still substantial and in many cases remains more
expensive than the cost of branded first generation AEDs (see Table 10.10) [20].

10.3 Generic AED therapy

Generic AED therapy is assuming a larger role in epilepsy management. The
FDA (US Food and Drug Administration) has approved generic bioequivalents for
several second generation AEDs, and many pharmacy benefit plans have stringent
rules favoring their use over branded alternatives. While generic AEDs provide
an opportunity for cost savings, the prospect of switching a stable patient from a
branded AED to a generic alternative can be a source of anxiety for physicians
and patients.

The “Drug Price Competition and Patent Term Restoration Act of 1984,” (aka
Hatch-Waxman Act) provided authority to the FDA to utilize an expedited process
for approval of generic medications. This allowed utilization of the standard of
“bioequivalence” to form the basis of approval, as opposed to requiring verifica-
tion of clinical equivalence. Manufacturers seeking FDA approval for a generic
medication are currently required to complete an Abbreviated New Drug Appli-
cation (ANDA) process, which is less arduous than the New Drug Application
(NDA) process required for approval of a new drug [21].

The ANDA process requires submission of data supporting bioequivalence
between the generic product and its branded equivalent, and does not require
evidence of clinical equivalence vis a vis seizure control. The standards for
determining “bioequivalence” are outlined in a publication called Approved Drug
Products with Therapeutic Equivalence Evaluations (aka “the Orange Book™),
published by the Department of Health and Human Services and available for
free download on the FDA.gov web site [21]. The premise of the standard
of bioequivalence is that pharmacokinetic equivalence between an approved
drug and a generic version should result in clinical equivalence. According
to the Orange Book, bioequivalence may be established by performance of a
crossover study involving “usually 24—36 healthy adult volunteers [21]. Single
doses of the generic drug and reference product are administered to healthy
volunteers and the resulting area under the curve (AUC) of the graph plotting
plasma concentration over time, and peak serum concentrations (CMax) are
compared. The standard is considered satisfied when the 90% confidence interval
of the ratios of the AUC and Cmax of the branded and generic products using
log-transformed data falls between the range of 0.8—1.25.
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Table 10.10 Cost comparison: branded AEDs and generic bioequivalents based on average

wholesale price (AWP) for dosage shown

Drug Formulation Daily dosage Cost of 30-day
supply (AWP cost?)

Carbamazepine 200 mg tablets 200 mg four times daily $107
(Tegretol®)

Carbamazepine 200 mg tablets 200 mg four times daily 336
(generic)

Carbamazepine 400 mg XR tablets 400 mg twice daily $120
(Tegretol
XR®)

Carbamazepine 400 mg SR tablets 400 mg twice daily 3112
SR (generic)

Divalproex acid 500 mg tablets 500 mg three times a day  $347
(Depakote®)

Divalproex acid 500 mg tablets 500 mg three times a day $287
(generic)

Divalproex acid 500 mg ER tablets 1500 mg once daily $301
ER
(Depakote®)

Divalproex acid 500 mg ER tablets 1500 mg once daily 3266
ER (generic)

Gabapentin 600 mg tablets 600 mg three times a day  $328
(Neurontin®)

Gabapentin 600 mg tablets 600 mg three times a day $215
(generic)

Lamotrigine 200 mg tablets 200 mg twice daily $417
(Lamictal®)

Lamotrigine 200 mg tablets 200 mg twice daily $339
(generic)

Levetiracetam 1000 mg tablets 1000 mg twice daily $532
(Keppra ®)

Levetiracetam 1000 mg tablets 1000 mg twice daily 3405
(generic)

Phenytoin 100 mg capseals® 300 mg daily $35
(Dilantin®)

Phenytoin 100 mg capsules 300 mg daily 330
(generic)

Topiramate 200 mg tablets 200 mg twice daily $543
(Topamax®)

Topiramate 200 mg tablets 200 mg twice daily 3424
(generic)

Zonisamide 100 mg capsules 100 mg twice daily $189
(Zonegran®)

Zonisamide 100 mg capsules 100 mg twice daily 3124
(generic)

“Where multiple generic products are available, the lowest pricing was used (December 2009).
Source: Data from Red Book 2009: Pharmacy’s Fundamental Reference [20]
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Despite the assurance of pharmacokinetic bioequivalence, patients and physi-
cians often harbor concerns whether a generic AED will work as well as a branded
product. A limited number of controlled trials comparing the clinical efficacy of
first generation AEDs and generic bioequivalents have been performed. These
studies have not shown differences in efficacy of branded AEDs over generic
[22, 23]. Nonetheless, some observational studies have raised questions regarding
the clinical equivalency of generic AEDs, finding increased switchback rates and
greater rates of emergency services and hospitalization associated with mandated
generic substitution policies [24].

In response to these concerns, the American Academy of Neurology has issued a
position paper recommending that physicians be allowed to approve or disapprove
generic AED substitutions for the treatment of epilepsy [25]. Some states require
physician notification when generic substitution has occurred, but most do not. It is
also not well known that there may be several different generic manufacturers for
a given branded product. No laws currently prevent dispensing pharmacies from
switching between generic manufacturers, which can potentially lead to treatment
variability and patient confusion.

Generic AED therapy will clearly remain a part of epilepsy care into the future.
In the majority of cases, the transition between branded and generic therapy is
uneventful. The savings are often welcomed by patients, and affordability may
lead to improved compliance in some cases. When switching, it may be prudent
to check serum levels following the transition to help assure stability in some
cases. It should also be recognized that switching from generic to branded AED
therapy may be associated with toxicity as well, particularly in treatment with
AEDs associated with a narrow therapeutic window such as phenytoin.

10.4 The AEDs: summary of clinical use,
pharmacokinetics, and efficacy

In this section, general information regarding indications, pharmacokinetics, and
efficacy of the first generation, second generation, and subspecialty AEDs are
provided. The AEDs are discussed in alphabetical order. Tables 10.2, 10.3, 10.5,
and 10.6 summarize AED pharmacokinetics and side effects. Table 10.7 sum-
marizes AED drug—drug interactions that are frequently encountered in practice.
The drug interactions listed are those identified in the individual drug’s approved
medication labeling, and in the proprietary online drug interaction software tool
DRUG REAX® provided by Micromedex through Thomson Reuters (Healthcare)
Inc. [12].

For more detailed information about AEDs, the reader is referred to the
approved medication labeling for each drug which can be found online on
the National Library of Medicine’s web site “Daily Med”: http://dailymed
.nlm.nih.gov/dailymed/about.cfm. Additional medication information can be
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found on www.epilepsy.com. For a detailed textbook on the AEDs, the reader is
referred to the comprehensive reference titled Antiepileptic Drugs, R.H. Levy
et al. (eds.) [6].

First generation medications
Carbamazepine

Indications, usage, and potential side effects

Carbamazepine is approved for use in the treatment of partial and generalized
tonic-clonic seizures. Carbamazepine may be associated with exacerbation of
absence and myoclonic seizures, so should not be used to treat these seizure
types [3].

Advantages of carbamazepine are its relative low cost and lack of cosmetic side
effects compared to phenytoin. It occasionally may have beneficial effects on mood
as well. Disadvantages include the potential for side effects such as dizziness,
fatigue, blurred vision, and propensity towards drug—drug interactions. Similar to
phenytoin, carbamazepine can be associated with peripheral neuropathy, ataxia,
and osteopenia with chronic use. Hypersensitivity drug rash and hepatotoxicity
can occur. In addition, leukopenia can be seen in up to 10% of patients. This
is usually minor and does not require drug discontinuation, but may necessitate
periodic monitoring. Carbamazepine can also be associated with hyponatremia
secondary to a STADH mechanism.

Dosage, pharmacokinetics, and potential interactions

Carbamazepine is available in a standard release tablet formulation, which is
recommended to be taken on a t.i.d. schedule. An extended release formulation is
also available which allows b.i.d. dosing. An oral suspension and chewable tablets
are available, but a parenteral form is not. It should be noted that auto-induction of
carbamazepine metabolism can occur during the first month of treatment. Because
of auto-induction, the initial steady-state serum concentration may decrease in the
first month or two of therapy despite maintaining compliance.

Carbamazepine is prone to pharmacokinetic interactions (see Table 10.7) [10].
Carbamazepine induces the hepatic cytochrome P450 and UDP-glucuronyl
transferase enzyme systems, which increases degradation of medications
metabolized through these pathways. Likewise, carbamazepine elimination may
be increased by enzyme-inducing drugs such as phenytoin and rifampin. Con-
versely, carbamazepine or its metabolites including carbamazepine-9,10-epoxide
may accumulate when taken with drugs that inhibit hepatic enzyme systems
such as erythromycin, clarithromycin, propoxyphene, isoniazid, fluoxetine,
and valproate.
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Clonazepam (Klonopin)

Indications, usage, and potential side effects

Clonazepam is used as adjunctive therapy in the treatment of Lennox-Gastaut
syndrome, myoclonic seizures, and occasionally in the treatment of absence
seizures. The main side effects associated with clonazepam are sedation
and cognitive dysfunction. Clonazepam has been implicated as a trigger of
nonconvulsive status epilepticus in some cases, particularly when taken in
combination with valproate. Caretakers should be cautioned to look for evidence
of decreased responsiveness in patients with severe symptomatic or cryptogenic
generalized epilepsy on treatment with clonazepam given this risk.

Dosage, pharmacokinetics, and potential interactions

Clonazepam should be initiated at low doses and titrated gradually. While it is
metabolized through hepatic enzyme pathways, it is not a significant inducer of
hepatic enzyme activity. Even though there are minimal pharmacokinetic interac-
tions between clonazepam and other medications, pharmacodynamic interactions
may occur, particularly if used in combination with other GABAergic drugs, such
as tiagabine, vigabatrin, phenobarbital, primidone, valproate, and benzodiazepine
receptor agonists. Psychotropic medications with sedating properties and opiates
should also be used with caution if combined with clonazepam.

Ethosuximide

Indications, usage, and potential side effects

Ethosuximide is indicated exclusively for the treatment of generalized absence
seizures. It is not approved for the treatment of generalized tonic-clonic, myoclonic
or partial seizures. In patients with seizure types other than absence seizures, addi-
tional AEDs are usually required, or a broad spectrum AED should be considered
instead. Ethosuximide is associated with side effects in a significant proportion
of cases, including gastrointestinal symptoms such as nausea and abdominal dis-
comfort; and CNS side effects including drowsiness, dizziness, behavior changes,
and headaches. Hypersensitivity cutaneous reactions, a lupus-like syndrome, and
blood dyscrasia can occur as well.

Dosage, pharmacokinetics, and potential interactions

Ethosuximide is available in capsule and syrup dosage forms. A parenteral form is
not available. In adults, ethosuximide is typically started at 250 mg per day. The
dosage is then adjusted higher as needed to desired clinical effect. The potential
for drug—drug interactions with ethosuximide is low.
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Phenytoin

Indications, usage, and potential side effects

Phenytoin is approved for use in generalized tonic-clonic and partial seizures.
The advantages of phenytoin are its low cost and the potential for once a day
dosing. Disadvantages include potential morphological side effects include hirsuit-
ism, coarsening of facial features, and gum hypertrophy. Gum hypertrophy can
be prevented to some extent by periodic dental visits. Other common side effects
include cognitive symptoms, ataxia, and fatigue. Phenytoin also has a relatively
high potential for drug—drug interactions. Peripheral neuropathy and osteopenia
may occur which should be monitored when used long term. Other possible side
effects include hypersensitivity drug rash, blood dyscrasias and hepatotoxicity.

Dosage, pharmacokinetics, and potential interactions

Phenytoin is available in capsular, tablet, and suspension form. While phenytoin
is available in a parenteral formulation, a derivative, fosphenytoin, is preferred
for parenteral use as it is much more soluble at physiologic pH, less irritative
during IV infusion, and not prone to development of the purple glove syndrome.
Unlike parenteral phenytoin, fosphenytoin can be mixed in dextrose-containing
solutions and may be administered intramuscularly. The typical IV loading dose
for IV fosphenytoin in status epilepticus is 18—20 mg/kg phenytoin equivalents
(PEs) administered at a rate of 100—150 mg PE/min. IV fosphenytoin loading
doses should only be administered in a setting where hemodynamic and ECG
monitoring can be provided [26].

In less urgent situations, an oral loading dose of phenytoin can be administered
in three divided doses over a 12—24 hour period. In cases where a loading dose
is not needed, the predicted maintenance dose (usually 300 mg/day in adults) can
be started on day 1, without the need for gradual titration. The absorption of oral
phenytoin is poor in neonates, decreased if taken with antacids, and may be erratic
when administered via enteral feeding tubes. Some patients are rapid metabolizers
of phenytoin, requiring maintenance dosages significantly higher than 300 mg per
day. Given the narrow therapeutic window associated with phenytoin and the
variation seen in the serum concentration-dose relationship between individuals,
follow-up serum concentration measurements should be performed two to four
weeks after initiation.

Phenytoin’s pharmacokinetic properties follow nonlinear zero-order kinetics,
attributed to the capacity for saturation of serum protein binding and hepatocel-
lular enzyme sites. This property leads to disproportionate increases or decreases
in serum concentrations resulting from even small dose changes when baseline
levels are in the higher end of the therapeutic range. When a dose increase
is contemplated in a patient with high baseline serum concentrations, small
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adjustments should be used. The 30 mg capsules and 50 mg tablets are useful in
this setting.

Phenobarbital
Indications, usage, and potential side effects

Phenobarbital is indicated for treatment of primary and secondary generalized
tonic-clonic and partial seizures, but not absence or myoclonic seizures.
Advantages of phenobarbital include its low cost and once-daily dosing. The
disadvantages of phenobarbital are its cognitive and sedative effects, and potential
for drug—drug interactions. Chronic use may be associated with osteopenia,
Dupuytren’s contracture, and frozen shoulder.

Dosage, pharmacokinetics, and potential interactions

Phenobarbital is available in tablet, suspension, and parenteral form. It has fallen
out of favor in epilepsy care given the availability of other treatments with
fewer side effects, shorter half-lives, and less potential for drug—drug interac-
tions. Phenobarbital can be administered intravenously in a loading dose in urgent
epilepsy-related clinical situations. However, rapid intravenous infusion may be
associated with hypotension and respiratory suppression, and therefore should only
be administered in a setting capable of providing hemodynamic monitoring and
the immediate availability of ventilatory support.

Phenobarbital has a long half-life spanning a few days’ duration which allows
once a day dosing. As a result, the effects of dose adjustments may take several
days to be reflected by a change in drug levels. Phenobarbital is metabolized
extensively by hepatic enzyme pathways and can induce metabolism of other
medications metabolized through the same pathways including oral contraceptives
(OCPs), warfarin, and phenytoin. Drugs that inhibit hepatic enzymes, such as val-
proate and isoniazid, may decrease phenobarbital elimination leading to toxicity.

Primidone

Indications, usage, and potential side effects

Primidone is indicated for the treatment of partial and secondary generalized
seizures. It is not as well tolerated as other AEDs which significantly limits its
use [27]. Initiation of primidone may be complicated by dizziness and nausea.
This can be offset by starting therapy at low doses. The more common long-term
side effects associated with primidone include sedation and cognitive dysfunction.
Side effects with chronic use include osteopenia and Dupuyten’s contractures.
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Dosage, pharmacokinetics, and potential interactions

Primidone is available in tablet form. Given the need to titrate the dose slowly,
primidone is not appropriate for the acute treatment of seizures. Dosing should
start at low doses and be gradually increased over four to eight weeks in order to
prevent drug discontinuation due to intolerance. It induces hepatic enzyme activity
and may be associated with drug—drug interactions. Primidone is metabolized
into two active metabolites, phenobarbital and phenylethylmalonamide (PEMA),
both of which contribute to its antiepileptic activity. Drugs which induce hepatic
enzyme activity, such as phenytoin and carbamazepine, promote conversion of
primidone to its metabolites.

Valproate (divalproex sodium, valproic acid)

Indications, usage, and potential side effects

Divalproex sodium and valproic acid, collectively referred to as “valproate,” are
considered “broad spectrum” AEDs due to their efficacy against several seizure
types including absence, myoclonic, partial, and primary and secondary general-
ized tonic-clonic seizures. Valproate may be less effective than carbamazepine in
the treatment of complex partial seizures [28]. Common side effects include weight
gain, hair loss, and tremor. Valproate is also associated with polycystic ovary syn-
drome, hirsuitism, and is associated with the highest teratogenic risk amongst the
AEDs [29]. Mild thrombocytopenia is common, but this rarely becomes clini-
cally significant. Potential major side effects associated with valproate therapy are
pancreatitis and a Reye’s-like form of hepatotoxicity.

Dosage, pharmacokinetics, and potential interactions

Divalproex sodium is available in unscored standard and extended release tablets.
It also is available in a 125 mg “sprinkles” formulation which can be sprinkled
on food for patients with an aversion to taking tablets or capsules. Valproic acid
is available in capsular and syrup dosage forms. A parenteral formulation of
divalproex sodium is available, which is officially approved for use in providing
maintenance therapy when oral administration is not possible. However, it has
been used off-label in the acute treatment of seizures. There is no need for gradual
titration of valproate upon initiation of therapy.

Valproate’s high protein-binding and inhibitory effect on hepatic enzyme
activity can lead to clinically significant drug—drug interactions [9]. Drug—drug
interactions involving valproate secondary to enzyme inhibition have been
described with lamotrigine, phenobarbital, and carbamazepine. Competition for
protein-binding sites with other protein-bound medications such as phenytoin
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may lead to toxicity. In such cases, total phenytoin levels may be normal making
the diagnosis difficult unless serum-free levels are obtained.

Second generation medications
Gabapentin

Indications, usage, and potential side effects

Gabapentin is approved for use as adjuvant therapy for partial seizures with or
without secondary generalization. It is not approved for the treatment of primary
generalized tonic-clonic, absence, or myoclonic seizures in idiopathic generalized
epilepsy. Gabapentin has not been approved as a monotherapy agent. The main
side effects are ataxia, dizziness, and lethargy [30].

Dosage, pharmacokinetics, and potential interactions

Gabapentin is available in multiple strengths in tablet, capsular, and suspension
form. Neither parenteral nor extended release formulations are available. Because
of its short half-life, it is typically administered on a t.i.d. or q.i.d schedule [31].
The usual starting dose is 300 mg daily with daily 300 mg dose increments until
an optimal dose is reached. The minimally effective dose for epilepsy in clinical
trials is 300 mg t.i.d. Significantly higher dosages are generally used. However, it
is important to note that the bioavailability of gabapentin decreases substantially
at higher dosages, presumably secondary to saturation of transport mechanisms in
the lining of the GI tract. In patients requiring higher dosages, the prescriber may
want to consider pregablin instead which has a similar mechanism of action and
a more reliable absorption potential at higher dosages.

Gabapentin is excreted unchanged in the urine and does not undergo hepatic
metabolism. Therefore, the risk of pharmacokinetic interactions with gabapentin
would be predicted to be low. However, gabapentin has been associated with a
reduction in the bioavailability of hydrocodone, and morphine has been associ-
ated with increased levels of gabapentin [12]. Given the lack of dependency on
hepatic elimination, gabapentin is a consideration in patients with coexisting liver
disease. Due to its dependency on renal elimination, the gabapentin dosage must
be significantly reduced in patients with moderate to severe renal insufficiency
[7]. It’s also important to remember that while the potential for pharmacokinetic
interactions is minimal with gabapentin, pharmacodynamic interactions with other
CNS medications may occur, particularly in the elderly [32].

Efficacy

Gabapentin is indicated for the treatment of partial epilepsy. The efficacy in par-
tial epilepsy was evaluated in five placebo-controlled add-on trials [33]. In these
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trials, roughly 20% of patients receiving gabapentin experienced a 50% or greater
reduction in seizure frequency. A modest dose—response relationship has been
observed: in one trial, the responder rate at 600 mg per day was 18%, it increased
slightly to 26% at 1800 mg per day [34]. Significantly higher doses can be safely
prescribed as the therapeutic window associated with gabapentin is quite wide and
GI absorption limited; however, there is no evidence that higher dosages are any
more effective than those used in clinical trials.

Lacosamide

Indications, usage, and potential side effects

Lacosamide, formerly known as harkoseride, is approved as adjunctive therapy
for partial seizures. It has minimal potential for drug—drug interactions so is use-
ful in patients who are on other medication therapies. Side effects that occurred
in greater than 10% of subjects in clinical trials included arthralgias, ataxia,
blurred vision, diplopia, dizziness, fatigue, headache, nausea, tremor, and vomit-
ing [35]. Cardiac conduction abnormalities were noted in preclinical trials. The
FDA-approved labeling advises caution when used in patients with preexisting
PR interval prolongation, other known cardiac conduction abnormalities (e.g.,
first- and second-degree AV block), in those taking drugs known to induce PR
interval prolongation, and in those with severe cardiac disease such as myocar-
dial ischemia or heart failure. Lacosamide is classified in the US as a controlled
substance, which somewhat complicates prescribing.

Dosage, pharmacokinetics, and potential interactions

Lacosamide is available in tablet form in several dosage strengths and in parenteral
form, which is approved for use as temporizing therapy for situations in which
oral dosing is not feasible. The initial recommended dose in adults is 50 mg twice
daily, followed by weekly dose increases of 50 mg twice daily to a target of 200
mg twice daily. Pharmacokinetic studies show that it is renally excreted, mini-
mally bound to plasma proteins and has no known clinically relevant drug—drug
interactions [12, 36]. Lacosamide does not appear to interfere with oral contra-
ceptive pharmacokinetics [37]. The potential for pharmacodynamic interactions
referable to the PR interval should be kept in mind when prescribing lacosamide
in patients taking other medications that affect atrioventricular conduction.

Efficacy

Open-label studies showed a 14-47% reduction in seizure frequency with
lacosamide, and placebo-controlled trials demonstrated a 26—40% reduction. The
50% responder rates ranged from 32.7 to 41.2% [35]. Doses below 400 mg
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per day did not reach statistical significance over the seizure reduction seen in
placebo groups. The parenteral form has not been studied in the setting of acute
epilepsy emergencies or status epilepticus.

Lamotrigine

Indications, usage, and potential side effects

Lamotrigine is approved as adjuvant treatment and for conversion to monother-
apy in partial seizures. It is also approved for use in generalized tonic-clonic
seizures in generalized epilepsy and Lennox-Gastaut syndrome, and has shown
efficacy in absence seizures [38]. Lamotrigine may cause worsening of myoclonic
seizures in some patients [39]. The risk of greatest concern is the potential for
systemic hypersensitivity reactions, such as Stevens-Johnson syndrome and toxic
epidermal necrolysis (TEN). Cutaneous hypersensitivity reactions occur in up to
13% of patients treated with lamotrigine, most of which are minor and resolve
with discontinuation [40]. According to the package insert dated October 2009,
the incidence of Stevens-Johnson syndrome has been calculated in children and
adults to be 0.8 and 0.3% respectively. Early reports suggested a higher preva-
lence of hypersensitivity reactions when used in combination with valproic acid.
Subsequent research shows the risk associated with valproate combination therapy
can be mitigated by using lower lamotrigine dosages during initiation [40]. Other
side effects include insomnia, dizziness, and ataxia.

Dosage, pharmacokinetics, and potential interactions

Lamotrigine is available in standard release, chewable, oral disintegrating, and
extended release tablets. Parenteral and suspension forms are not currently avail-
able. Lamotrigine is usually prescribed on a b.i.d. schedule, but once-daily dosage
is possible using the extended release formulation. Due to the risk of hypersensi-
tivity, lamotrigine should be gradually introduced over a six to eight week period
of time beginning at a low dose. It therefore is disadvantageous for use in urgent
treatment scenarios.

Lamotrigine is conjugated with glucuronic acid in the liver by the UGT system,
and the conjugated metabolite is excreted in the urine. Lamotrigine elimination
and serum concentrations are significantly affected by medications which induce
or inhibit the UGT enzyme pathway [41]. A higher target dose is typically needed
when used in combination with drugs that induce UGT, including OCPs and
certain enzyme-inducing AEDs such as phenytoin, phenobarbital, primidone, and
carbamazepine. It is also important to reduce the dose when used in combination
with drugs that inhibit this pathway, such as valproate, which doubles lamotrig-
ine’s elimination half-life.
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Efficacy

In a meta-analysis of placebo-controlled trials involving the second generation
AEDs, lamotrigine was found to be associated with a 50% reduction in seizures
in 26% of patients [18]. Lamotrigine, phenytoin, and carbamazepine appear to
be equally effective in partial seizures. In a comparative trial of lamotrigine and
carbamazepine, 26% of patients in the lamotrigine arm were seizure-free during
the last 40 weeks of the trial compared to 29% in the carbamazepine arm [42]. In
a study comparing lamotrigine and phenytoin, 43% of lamotrigine-treated patients
were seizure-free during the last 24 weeks of treatment compared to 36% treated
with phenytoin; this difference was not statistically significant [43]. Lamotrigine
is also effective in the treatment of generalized absence, atonic, and generalized
tonic-clonic seizures, and in seizures associated with Lennox-Gastaut syndrome
[38], although it is probably less effective than valproate in generalized epilepsy
[5]. Lamotrigine may lead to exacerbation of myoclonic seizures [39]. Therefore,
while it is effective in a variety of seizure types, lamotrigine should be used with
caution in patients with myoclonic seizures as a prominent seizure type.

Levetiracetam

Indications, usage, and potential side effects

Levetiracetam is approved for use as adjuvant therapy for partial seizures, and
myoclonic and generalized tonic-clonic seizures in patients with primary general-
ized epilepsy. Levetiracetam is used widely, likely due to its favorable pharma-
cokinetic and interaction profile, low incidence of major toxicity, and ease of use.
Levetiracetam may be associated with hypersomnolence and irritability, both of
which may be sufficient to warrant discontinuation. Hypersensitivity rashes occur
but are rare.

Dosage, pharmacokinetics, and potential interactions

Levetiracetam is available in standard and extended-release tablets, and oral
and parenteral solutions. The recommended starting dose in adults is 250—500
mg b.i.d. in patients with normal renal function. The dose can be increased in
250-500 mg b.i.d. increments every one to two weeks to a maximum dose of
1500-2000 mg b.i.d. Levetiracetam is excreted largely unchanged in the urine, but
about a third undergoes enzymatic hydrolysis by a mechanism independent of the
cytochrome P450 system. Since levetiracetam is predominantly renally excreted,
the dose must be adjusted in patients with renal insufficiency. Levetiracetam
does not affect hepatic enzyme activity and exhibits little protein binding, so is
not generally associated with pharmacokinetic drug—drug interactions. However,
postmarketing experience has led to reports of a pharmacodynamic interaction
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when coadministered with carbamazepine leading to symptoms characteristic of
carbamazepine toxicity [12].

Efficacy

The clinical trials leading to approval of levetiracetam for the treatment of partial
epilepsy showed a statistically significant response at a dose of 1000 mg per day.
There was no significant increase in response associated with higher dosages in
these trials. One study comparing doses of 1000 and 3000 mg/day found responder
rates of 37.1 and 39.6% respectively [44]. Another study comparing doses of 1000
and 2000 mg/day found 50% responder rates of 22.8% in the 1000-mg group
and 31.6% in the 2000-mg group [45]. In a study comparing daily dosages of
2000 and 4000 mg per day, a 50% responder rate of 43% was found without
a significant difference between the dosage groups [46]. Despite widespread use,
there is no clear evidence that levetiracetam has superior efficacy over other AEDs.
Both a meta-analysis comparing the efficacy of levetiracetam and carbamazepine,
and another comparing levetiracetam and other second generation medications,
showed no statistically significant difference in responder rates in the treatment
of partial epilepsy [47, 48]. In generalized epilepsy, levetiracetam was found to
have a responder rate of 53.3% for patients with juvenile absence epilepsy, 61.0%
for juvenile myoclonic epilepsy, and 61.9% for patients with the syndrome of
generalized tonic-clonic seizures upon awakening [49].

Oxcarbazepine

Indications, usage, and potential side effects

Oxcarbazepine is approved as adjunctive treatment and monotherapy for partial
seizures in children over age four and adults. Oxcarbazepine is rapidly converted
to a metabolite known as the 10-monohydroxy derivative, which confers its
clinical activity. The main side effects of oxcarbazepine therapy include dizziness,
diplopia, asthenia, and nausea. Similar to carbamazepine, oxcarbazepine may
lead to hyponatremia and leukopenia in 10% of patients [50]. Although typically
not clinically significant, these potential effects warrant periodic monitoring
of complete blood cell counts and sodium levels. A third of patients with
a history of hypersensitivity to carbamazepine will show cross-sensitivity to
oxcarbazepine [51].

Dosage, pharmacokinetics, and potential interactions

Oxcarbazepine is completely absorbed and metabolized to MHD. The parent drug
has no significant antiepileptic effect. A steady-state plasma concentration of MHD
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is reached in two to three days. Carbamazepine, phenytoin, phenobarbital, and val-
proic acid may all decrease the plasma concentration of MHD. Oxcarbazepine may
produce increases in phenytoin levels (up to 40%) and a modest increase in phe-
nobarbital levels (approximately 14%). A decrease in the phenytoin dose may be
warranted when adding oxcarbazepine. Oxcarbazepine may also result in a lower
plasma concentration of the active ingredients in oral contraceptive medications,
and can interact with other nonAED medications (see Table 10.7) [52].

Efficacy

Trials comparing oxcarbazepine to phenytoin, carbamazepine, and valproate
showed no differences in seizure control [53—55]. In a Cochrane analysis of
clinical trials, the overall odds ratio (OR) for 50% or greater reduction in seizure
frequency compared to placebo was 2.96 (2.20,4.00) [56]. Oxcarbazepine has not
been studied extensively in the treatment of the generalized epilepsies. However,
some have reported exacerbation of seizures and inducement of new seizure
types in patients with generalized epileptiform abnormalities on EEG suggesting
that it is not likely to be helpful in this population [57].

Pregabalin

Indications, usage, and potential side effects

Pregabalin is approved for adjunctive use in the treatment of partial epilepsy, but
not for generalized epilepsy. Pregabalin was associated with the following side
effects in clinical trials: somnolence 11% (0.07-0.15), dizziness 22% (0.16-0.28),
ataxia 10% (0.06-0.14), and fatigue 4% (0.01-0.08) [58]. Weight gain has also
been reported [37]. Pregabalin is classified in the US as a controlled substance,
which complicates prescribing.

Dosage, pharmacokinetics, and potential interactions

Pregabalin is available in capsular form in multiple dosage strengths. Pregabalin
is best initiated at low doses, typically 25 mg b.i.d. The dose is then titrated
in 25 mg b..d. increments weekly to a target dose of 300-600 mg per day.
Pregabalin is rapidly absorbed, has >90% oral bioavailability, shows linear and
predictable pharmacokinetics across the usual dose range (150-600 mg/day), and
is not bound by plasma proteins. It is excreted virtually unchanged in urine.
There are no known pharmacokinetic interactions with pregabalin. It does not
affect the plasma concentrations of other AEDs, and pregabalin is not affected
by other AEDs. There does not appear to be any affect on oral contraceptive
pharmacokinetic properties [37].
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Efficacy

In a review of pregabalin clinical trials, a 50% or higher seizure reduction was
significantly more likely in patients randomized to pregabalin than to placebo
(RR 3.56, 95% CI 2.60-4.87) [59]. Greater efficacy may be seen with higher
dosages. In a summary of pregabalin clinical trials, the placebo-corrected efficacy
rates of pregabalin ranged from 17.4% in patients receiving 150 mg/day to 36.6%
in patients receiving 600 mg/day [60]. Unfortunately, the side-effect incidence is
also dose related, and many patients are not able to tolerate higher dosages.

Tiagabine
Indications, usage, and potential side effects

Tiagabine is indicated for use in partial seizures. Its mechanism of action involves
inhibition of presynaptic GABA reuptake, leading to nonselective enhancement
of GABAergic activity [61]. Tiagabine is not widely used in the treatment of
epilepsy, likely due to its potential for CNS and behavioral side effects and the
risk of nonconvulsive status epilepticus for which it has a black-box warning in
its official labeling [62].

Dosage, pharmacokinetics, and potential interactions

Tiagabine is metabolized extensively in the liver but does not induce or inhibit
hepatic enzyme activity. The half-life of tiagabine is only 5-8 hours; however,
no significant difference in efficacy was found in one trial comparing b.i.d. and
g.i.d. dosing [63]. Tiagabine is 96% protein-bound, but no clinically significant
drug—drug interactions attributed to competition for protein-binding displacement
have been reported. Tiagabine should be initiated gradually and increased slowly
over a six to eight week period of time in order to minimize the occurrence of side
effects. Multiple dosage strengths are available to facilitate tailoring of the titration
schedule for individual patients. While tiagabine serum levels can be affected by
hepatic enzyme-altering AEDs, it does not have a reciprocal effect. Although not
reported, from a pharmacodynamic standpoint, one should probably be cautious
when prescribing tiagabine in combination with other GABAergic medications
such as valproate, benzodiazepines, and vigabatrin given its mechanism of action.

Efficacy

The efficacy in partial epilepsy is similar to that seen with other second generation
AEDs. The clinical response was somewhat related to dose: 50% responder rates
of 10, 22, and 29% were seen with daily dosages of 16, 32, and 56 mg daily
respectively [63—65]. Tiagabine is not effective in the generalized epilepsies [61].
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Topiramate

Indications, usage, and potential side effects

Topiramate is approved as monotherapy in the treatment of partial seizures, pri-
mary and secondary generalized tonic-clonic seizures, and seizures associated with
Lennox-Gastaut syndrome. Side effects include urolithiasis, which was reported
in 1.5% of patients in clinical trials [66]. Hydration is recommended in order to
decrease this risk. Word-finding difficulties are common, as are dizziness, ataxia,
and somnolence. Anorexia, weight loss and paresthesias can also occur. While
effective in the treatment of seizures, topiramate was associated with one of the
higher drop-out rates in clinical trials due to tolerability when compared to trials
of other second generation AEDs [18].

Dosage, pharmacokinetics, and potential interactions

Topiramate comes in tablet and sprinkle formulations in multiple strengths. The
tablets are not scored. A slow-dose titration schedule is recommended in order to
avoid discontinuation due to side effects. The minimum effective dose in adults is
100 mg b.i.d. Doses of up to 400 mg per day are commonly used in the treatment
of epilepsy.

Approximately 70% of topiramate is excreted unchanged in the urine. In patients
with moderate to severe renal impairment, lower dosages should be considered.
Although only 30% of the dose is metabolized by the liver, clearance may be
reduced in patients with hepatic disease as well. Therefore, a modest dose reduc-
tion may be necessary in patients with significant liver disease.

Topiramate does not significantly affect the serum levels of other AEDs. How-
ever, topiramate clearance is increased by enzyme-inducing AEDs. For example,
carbamazepine and phenytoin cause a 40—50% reduction in topiramate concen-
tration [67]. Although it does not generally affect hepatic enzyme pathways,
topiramate has been found to affect the pharmacokinetics of other medications
through unknown mechanisms (see Table 10.7). Of note, topiramate has been
shown to increase the clearance of ethinyl estradiol which may affect efficacy of
oral contraceptive therapies containing this ingredient.

Efficacy

In the clinical trials leading to FDA approval, the 50% responder rates for topira-
mate were more favorable than those observed in the studies of the other second
generation AEDs [18]. A dose—response relationship was noted up to a daily
dose of 400 mg per day: the responder rate in the 200 mg per day arm in one
study was 27%, compared to 45% in the 400 mg per day arm [68]. Doses up to
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1000 mg per day were evaluated in one clinical trial and found to be safe;
however, the drop-out rates secondary to adverse effects were higher, and the
responder rates were not better than those seen at a dose of 400 mg per day (44%
at 600 mg, 40% at 800 mg, and 38% at 1000 mg) [69]. A similar responder rate
of 46% was seen in patients treated for primary generalized epilepsy [70].

Zonisamide

Indications, usage, and potential side effects

Zonisamide is approved for the treatment of partial epilepsy. Zonisamide has
been reported in open-labeled studies to have efficacy in the treatment of seizures
seen in the generalized epilepsies, but it does not have FDA approval for use in
this epilepsy type at present. Zonisamide is associated with an increased risk of
urolithiasis. Urolithiasis was seen in 3.7% of patients in the initial clinical trial
of zonisamide in the US [71]. Zonisamide is a sulfonamide and should not be
used in patients with a previous history of sulfonamide hypersensitivity. Zon-
isamide has been associated with oligohidrosis and hyperthermia, and may pose
a risk for patients with glaucoma. In clinical trials, the most common side effects
associated with zonisamide were ataxia, somnolence, agitation, irritability, and
anorexia [72].

Dosage, pharmacokinetics, and potential interactions

Zonisamide is available in capsular form. The dosage is typically titrated over
a two to four week period of time. Zonisamide is metabolized in the liver, and
enzyme-inducing AEDs increase zonisamide elimination. Zonisamide may lead to
an increase in phenytoin and carbamazepine levels, but this effect is inconsistent.
The relatively long half-life of zonisamide allows b.i.d. dosing [73].

Efficacy

In a study of partial epilepsy, zonisamide was associated with a median percent
reduction in seizure frequency of 51.8% [71]. In another study, a 50% responder
rate of 29% was seen [74]. When taking into account all available clinical trials,
the OR for a 50% reduction in seizure frequency was found to be 2.07 (1.36,3.15)
for a 400 mg/day dose [72].

Zonisamide has shown some efficacy in the treatment of myoclonic seizures
in idiopathic and progressive myoclonic epilepsy [75]. In clinical studies, 50%
responder rates of 32% were reported for patients with Lennox-Gastaut syndrome,
26—40% for patients with generalized tonic seizures, and 59—67% for patients with
primary generalized tonic-clonic seizures [73].
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Subspecialty AEDs
Felbamate

Indications, usage, and potential side effects

Felbamate is approved as monotherapy and adjunctive treatment of partial epilepsy
and Lennox-Gastaut syndrome. Felbamate is available in tablet and suspension
dosage form. Felbamate held promise at its inception due to its efficacy in many
seizure types and lack of sedating properties. Its use significantly declined after
the risks of fatal hepatotoxicity and aplastic anemia became recognized, and other
lower-risk treatment options became available [76]. A “worst case scenario” esti-
mate for rate of aplastic anemia was calculated by Kaufman et al. to be 209 per
million [77]. More common side effects include insomnia, anorexia, weight loss,
and occasionally psychiatric complications [78].

Dosage, pharmacokinetics, and potential interactions

Felbamate is associated with inhibition of both cytochrome P450 and beta-
oxidation activity, leading to 20-50% increases in phenytoin, phenobarbital,
and valproic acid serum levels. Felbamate is associated with a reduction in
carbamazepine levels, but leads to an increase in carbamazepine-9,10-epoxide due
to inhibition of epoxide hydrolase [79]. The dosage of phenytoin, phenobarbital,
valproic acid, and carbamazepine should be reduced by one-third prior to the
addition of felbamate given the potential for these drug—drug interactions.

Efficacy

The efficacy of felbamate was established in several placebo-controlled trials [80].
In an active-controlled monotherapy trial comparing felbamate and valproic acid
15 mg/kg/day, 38/56 (68%) of patients treated with felbamate were able to com-
plete the study without a significant increase in seizure activity compared to 18/55
(33%) treated with valproic acid [81]. In a placebo-controlled trial evaluating the
efficacy of felbamate in Lennox-Gastaut syndrome, felbamate was associated with
a 34% decrease in frequency of atonic seizures and an overall 19% decrease in total
seizure frequency. In this study, felbamate was also associated with a statistically
significant improvement in physician and parent global assessment scales [82].

Rufinamide

Indications, usage, and potential side effects

Rufinamide is approved in the US for the treatment of Lennox-Gastaut syn-
drome. Clinical trials showed modest efficacy in partial seizures in adults, and
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it is not approved for use in partial seizures at the present time. The most com-
mon adverse events associated with rufinamide are somnolence, dizziness, nausea,
diplopia, and ataxia [83, 84]. It is contraindicated for use in patients with the Short
QT syndrome.

Dosage, pharmacokinetics, and potential interactions

Rufinamide is available in tablet form. Its absorption is increased by 40% when
administered with food. Rufinamide exhibits low protein binding (~34%), and
undergoes extensive enzymatic hydrolysis through a process that is indepen-
dent of the cytochrome p450 pathways; the hydrolyzed end-products are renally
excreted. Rufinamide may lead to an increase in phenytoin levels (<21%), but
has no clinically relevant effect on the pharmacokinetics of other AEDs. Valproate
coadministration may lead to elevated rufinamide levels, sometimes necessitating
dosage adjustment [37].

Efficacy

In a large trial of patients with Lennox-Gastaut syndrome, the median percentage
reduction in total seizure frequency was greater in the rufinamide therapy group
than in the placebo group (32.7% vs. 11.7%; p = 0.0015), and a significant
reduction in tonic-atonic (“drop attack”) seizure frequency with rufinamide versus
placebo (42.5% vs. 1.4% increase; p < 0.0001) [83]. In a published trial of
rufinamide in partial seizures, rufinamide was associated with a 20.4% median
reduction in seizure frequency compared to a 1.6% increase in the placebo arm
(p = 0.02) [84].

Vigabatrin
Indications, usage, and potential side effects

Vigabatrin is approved in the US “as adjunctive therapy for adult patients with
refractory complex partial seizures who have inadequately responded to several
alternative treatments and for whom the potential benefits outweigh the risk of
vision loss.” It has also become established as an important treatment for infantile
spasms, but it does not have a specific approved indication for this in the US at
this time. It is particularly useful in the treatment of infantile spasms secondary
to tuberous sclerosis [37].

The most significant limiting side effect is the association with progressive
bilateral concentric visual field impairment, which was found in 23% of children
and 43% of adults treated with vigabatrin for more than six months [85]. The
visual field impairment in these cases is often asymptomatic, however visual field
monitoring is required for patients treated with the drug. In the US, the prescribing
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and distribution of vigabatrin are tightly controlled due to this risk. Asymptomatic
white matter MRI abnormalities have also been observed in patients receiving
vigabatrin as well. The clinical significance of these imaging changes has not been
established. Other side effects include hypersomnolence, weight gain, and edema.

Dosage, pharmacokinetics, and potential interactions

Vigabatrin comes in tablet and oral solution dosage forms. Vigabatrin is a “suicide
inhibitor” of GABA transaminase, an enzyme involved with GABA degradation,
leading to accumulation of GABA in the synaptic cleft. Given this mechanism of
action, pharmacokinetic characteristics of vigabatrin such as its half-life and serum
concentration are not thought to be important in determining its clinical effect. The
duration of activity is likely more dependent on the rate of GABA-transaminase
re-synthesis than to serum levels.

Vigabatrin is eliminated in the urine and undergoes minimal enzymatic degrada-
tion. The dose therefore needs to be adjusted in the setting of renal insufficiency.
While its effect on hepatic enzyme activity is generally considered insubstantial,
vigabatrin may be associated with reductions in phenytoin levels, and has been
shown to lead to increases and decreases in carbamazepine levels when coadmin-
istered [12]. In adults, the dose is usually initiated at 500 mg b.i.d., and increased
in 500 mg increments thereafter usually to a maximum dose of 3000 mg per day.

Efficacy

In a Cochrane meta-analysis of 11 clinical trials of vigabatrin in the treatment
of partial epilepsy, patients treated with vigabatrin were significantly more likely
to obtain a 50% or greater reduction in seizure frequency compared with those
treated with placebo (RR 2.58, 95% CI 1.87-3.57) [86]. Vigabatrin has been
increasingly used in the treatment of infantile spasms as an alternative to hormonal
treatment. In the treatment of infantile spasms in one clinical trial in the UK, the
proportion of infants who experienced persistent cessation of spasms was similar
in those receiving vigabatrin (19/52 [37%]) and hormonal therapy (prednisolone
or tetracosactide) (22/55 [40%]; p=0-71) [87]. However, in another trial, early
ACTH therapy was associated with a better long-term outcome than vigabatrin.
In the case study, a normal cognitive outcome was achieved in 100% of the early-
ACTH group, and 54% of the vigabatrin group (P =0.03). Seizures subsequently
developed in 54% of the vigabatrin group, 33% of the late ACTH group, and 0%
of the early ACTH group (P < 0.05) [88].
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11.1 Overview of the generalized epilepsies

The generalized epilepsies can be broadly categorized as idiopathic generalized
epilepsy and symptomatic generalized epilepsy. The latter category includes
“cryptogenic” generalized epilepsy. Cryptogenic refers to the presence of subtle
neurological deficits, intellectual deficiency, or motoric and cognitive delays
in the absence of an identifiable neurological lesion or disease. The prognosis
and management of cryptogenic epilepsy closely follows that of symptomatic
epilepsy. The idiopathic epilepsies are usually familial and are presumed to have
a genetic basis.

There are several practical reasons to properly classify these disorders since an
appropriate diagnosis carries significant prognostic and therapeutic implications.
As an example, childhood absence epilepsy would typically be expected to dis-
appear by age 10 years, whereas juvenile absence epilepsy is usually a lifelong
condition. Improper classification of staring spells as complex partial epilepsy
may result in the use of carbamazepine for the treatment of absence epilepsy, a
condition that the medication usually worsens. Furthermore, failure to accurately

Adult Epilepsy, First Edition. Edited by Gregory D. Cascino and Joseph 1. Sirven.
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classify epilepsy syndromes may limit the ability to decide on the appropriate
timing of medication withdrawal.

11.2 Introduction

The idiopathic generalized epilepsies comprise a diverse group of disorders that
include common features of generalized spike-waves on EEG associated with a
normal neurological examination and absent cognitive deficits. Although cerebral
imaging is not necessary for the diagnosis, the presence of lesions on neuroimaging
should suggest either partial epilepsy or symptomatic generalized epilepsy. The
idiopathic generalized epilepsies can occur across the life spectrum; although, they
usually do not have their onset in the neonatal period or in the mid-life years or
in the elderly.

The types of idiopathic generalized epilepsies include: typical absence, atypical
absence, myoclonic, generalized tonic-clonic, tonic, and atonic seizures. Gen-
eralized seizures often have an age-dependent presentation. The spectrum of
generalized seizures distributed over age is shown in Figure 11.1 and demonstrates
some overlap.

A generalized epilepsy syndrome encompasses a generalized seizure type asso-
ciated with the clinical accompaniments, age, EEG and the presence or absence of
neurological deficits and imaging findings and helps arrive at a specific general-
ized epilepsy syndrome. Generalized seizures occurring in the context of a normal
neurological and cognitive examination and in the context of normal cerebral
imaging are referred to as the idiopathic generalized epilepsies. However, more
recently idiopathic generalized have shown some neuropsychological comorbid-
ity [1, 2]. Examples include childhood absence, juvenile absence, and juvenile
myoclonic epilepsy. In contrast generalized seizures occurring in the context of
cognitive impairment, neurological deficits and/or imaging lesions are referred to

| Myoclonic, Tonic Clonic (JME) |

Idiopathic
Absence, Tonic Clonic (JAE)
Absence (CAE)
1mo 1y 2y 5y 10y 15y 18y Adult
) \ Atypical Absence, Atonic, Tonic, Myoclonic (LGS)
Symptomatic

Figure 11.1 Generalized seizures showing age overlap of idiopathic and symptomatic seizures
and ages at which they typically appear and disappear. CAE: childhood absence epilepsy; JAE:
juvenile absence epilepsy; JME: juvenile myoclonic epilepsy; LGS: Lennox-Gastaut syndrome;
Inf. Spasms: infantile spasms (West syndrome).
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as the symptomatic generalized epilepsies. An intermediate group referred to as
the cryptogenic generalized epilepsies may have normal imaging and laboratory
investigations but are associated with developmental, cognitive, and neurologi-
cal deficits. Examples of symptomatic or cryptogenic epilepsy include West and
Lennox-Gastaut syndrome.

Generalized seizures can occur in the context of any of these three broad
categories. Differentiating between them carries important therapeutic and prog-
nostic information.

11.3 Differentiating generalized seizures
from partial seizures

Generalized seizure implies that the entire cerebrum is electrically involved at the
onset of the seizure (Figure 11.2). As such generalized seizures clinically manifest
at the onset of the electrographic seizure. In contrast partial seizures evolve, in
other words start, in a portion of the cerebrum and propagate to involve expanding
areas of brain until clinical manifestations become obvious.

Generalized seizures manifest in several distinct manners: as a convulsive
seizure involving all extremities at onset (generalized tonic-clonic seizures), as

Generalized seizure

EEG
Focal Spike Normal GSW PSW Slow Spike-Wave 3Hz Hypsarrhythmia
JME LGS GSW +
‘ Infantile spasms
l Observe /
Partial
>8 yrs with 3-8 yrs No
l
Relapse JAE CAE
Imaging
VEEG
l w} A v
2 Empiric AED Trial 1% Line: LTG, LEV, VPA 1% Line: ETH 1 Line:
2" Line: TPM, ZNS 2" Line: LTG, LEV, VPA ACTH, VGB
GSW: ger ized spik , PSW: polyspik , JME: juvenile myoclonic epilepsy, JAE: juvenile absence epilepsy, CAE: childhood absence epilepsy,

LGS : Lennox-Gastaut syndrome, ETH: ethosuccimide, LTG: lamotrigene, LEV: levetiracetam, VPA: valproate, TPM: topiramate, VGB: vigabatrin,
ZNS: zonesamide

Figure 11.2 Diagnostic and treatment algorithm for generalized seizures.
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a sudden brief whole body jerk (myoclonic seizures), as staring spells (absence
seizures), as a slump (atonic seizures) or as a propulsive movement that drops the
patient to the ground (tonic seizures). Consciousness is almost always impaired at
the onset and typically returns instantaneously after seizure offset. The exception
is generalized tonic-clonic convulsive seizures where there is often a pronounced
postictal period.

11.4 Clinical and EEG characteristics of generalized seizures

Typical absence seizures

About 5-10% of all childhood epilepsy involves the presence of absence seizures.
Typical absence seizures involve an impairment of consciousness associated with
a 2.5 to 4 Hz generalized spike-and-slow-wave discharge. Impairment of con-
sciousness may be mild and is often missed and may require special testing to
demonstrate. In addition to a blank stare, there are often other associated clinical
manifestations, such as automatisms, eyelid myoclonia, and autonomic distur-
bances. Absence seizures are often induced by hyperventilation, which may be
elicited in the clinic by having the patient blow on a pin-wheel. Differentiat-
ing absence seizures from complex partial seizures and daydreaming spells is
important (Table 11.1). Epileptic syndromes that include typical absence in their
spectrum include the idiopathic epilepsies: childhood absence epilepsy, juvenile
absence epilepsy, and juvenile myoclonic epilepsy. Myoclonic absence epilepsy
is a component of the cryptogenic/symptomatic generalized epilepsies.

Generalized epilepsy involves thalamic relay neurons, thalamic reticular
neurons, and cortical pyramidal neurons. Thalamic relay neurons activate cortical
pyramidal neurons in either a tonic or in a burst mode. T-type calcium channels
underlie the burst mode. Drugs, such as ethosuximide, that are effective in
controlling absence seizures affect the T-type calcium currents.

Table 11.1 Seizure types: differentiation between absence seizures, complex partial seizures,
and daydreaming spells

Features Complex partial seizures Absence Daydreaming spells
Onset May have simple partial onset Abrupt Variable

Duration Usually >30 s Usually <30 s Variable
Automatisms Present Duration-dependent None

Awareness No No Partial

Ending Gradual postictal Abrupt Variable

State Active or passive Active or passive Always in passive state
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Atypical absence seizures

Atypical absence seizures are much less common then typical absence seizures.
They are often seen in the Lennox-Gastaut syndrome where they may accompany
atonic and tonic seizures. Clinically, atypical absence is associated with develop-
mental delay or mental retardation whereas mental function in typical absence is
normal. The EEG is useful in differentiating atypical absence from typical absence
seizures by the presence of diffuse slow (<2.5 Hz) spike-and-wave on EEG. In
addition to this, the backgrounds compared to normal background frequencies
seen in typical absence are slow and disorganized.

Generalized tonic-clonic seizures

A generalized convulsion may result from the culmination of partial complex
seizures as it propagates to involve the entire cerebrum, when it is referred to
as secondarily generalized tonic-clonic seizures. Primary generalized tonic-clonic
seizures are by definition generalized right at onset of the seizure.

Complications associated with generalized tonic-clonic seizures include, oral
and head trauma, stress fractures during the tonic phase, aspiration pneumonia,
pulmonary edema, and sudden unexpected death in epilepsy (SUDEP). The inter-
ictal EEG shows either a normal background or runs of occipital delta activity
and may show either fragmented diffuse spike-wave or polyspike-wave discharges
or frank generalized spike-wave discharges. Ictal EEG findings at onset include
high amplitude anteriorly dominant generalized spike-wave discharges, diffuse
fast frequencies that evolve to generalized spike-wave discharges or polyspike-
wave discharges. Once the seizure is clinically manifest muscle activity prevents
determination of EEG changes. Postictally the EEG often demonstrates diffuse
slowing and slow spike-wave discharges.

Myoclonus and myoclonic seizures

Myoclonus, a sudden involuntary brief shock-like muscle contraction originating
in the CNS, is a nonepileptic phenomenon and unassociated with epileptiform
discharges. Myoclonic seizures on the other hand are similar movements but
associated with epileptiform discharges (often fast polyspike-and-wave discharge)
and arise from the cerebral cortex. Consciousness may be impaired but is often
preserved. They often precede generalized tonic-clonic seizures, commonly a
series of myoclonic seizure jerks are followed by a generalized convulsive seizure.
When present in the context of a normal exam and imaging, they are strongly sug-
gestive of juvenile myoclonic epilepsy. However, myoclonic seizures may be an
accompaniment of the more ominous Lennox-Gastaut syndrome. In young children
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they may occur in the context of myoclonic-astatic epilepsy of Doose syndrome.
Clinically, they can be separated from sleep myoclonus in that they often occur
with awakening or randomly throughout the day while the patient is awake.

Tonic and atonic seizures

Both tonic and atonic seizures are typically seen in the symptomatic generalized
epilepsies, occurring in up to 90% of patients with Lennox-Gastaut syndrome.
They most characteristically result in a drop attack, where the patient is either
propelled to the ground head first in tonic seizures, or slumps to the ground with
atonic seizures. The duration of both seizure types is usually under one minute and
can be associated with autonomic changes, including facial flushing, tachycardia,
hypertension, and papillary changes. The EEG correlates of the seizures typically
involve a sudden interruption of the slow background for the duration of the
seizures. This activity is somewhat similar to the electrodecremental response
seen on EEG in infantile spasms.

11.5 Generalized epilepsy syndromes

Childhood absence epilepsy

Childhood absence epilepsy accounts for up to 10% of children with epilepsy.
Absence seizures usually have an onset around 3—4 years and often disappear by
age 10 years [3]. The absence seizures are associated with normal intelligence and
neurological function, although there is concern that subtle learning and attentional
disorders are associated comorbidities. The cause is predominantly genetic, with
about one-third of the families of children reporting a family history of similar
seizures [4]. Siblings of children have about a 10% chance of developing epilepsy.
Typical childhood absence is not associated with generalized tonic-clonic seizures.

The pathogenic mechanisms of absence epilepsy are unknown; although animal
models suggest activation of the thalamo-cortical pathways in a rhythmic manner
resulting in hypersynchronous discharges [5]. Response to antiepileptic medica-
tion is usually excellent with over 70% of patients achieving complete control of
absence seizures with the first medication used. A recently completed childhood
absence study indicated that valproate has been reported to be equally efficacious
to ethosuximide in the treatment of absence seizures, although it may have more
side effects [6—8]. Lamotrigine had the least side effects but was not as effective in
controlling absence seizures [9]. Ethosuximide has undergone a number of studies
as adjunct therapy and first-line treatment and has been found to have the best bal-
ance between efficacy and adverse effects. A common side effect is gastrointestinal
upset. In rare instances, it can cause aplastic anemia, and hepatic or renal fail-
ure. Second-line agents include topiramate and zonisamide. Levetiracetam may be
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effective for juvenile absence with some data demonstrating efficacy for absence
seizures per se [10, 11].

There are patients with typical childhood absence who do not respond to max-
imal doses of monotherapy and there is some evidence that a combination of
valproate and ethosuximide or lamotrigine may be effective. Possibly 10% of
childhood absence epilepsy does not respond to polytherapy.

The EEG is not only helpful in diagnosing absence but is also useful in evaluat-
ing the effectiveness of treatment. Typically, medication is increased until clinical
seizures disappear and then increased until the EEG no longer demonstrates 3 Hz
generalized spike-wave discharges. Fragmented discharges during sleep that last
less than three seconds and occurring during sleep may be considered as acceptable
control by some.

Juvenile absence epilepsy

Juvenile absence epilepsy is relatively common, with seizures beginning around
puberty. Typically, onset is between 10 and 17 years of age with intelligence, neu-
rologic function, EEG background, and cerebral imaging being normal. The EEG
shows generalized spike-and-wave discharges with normal background activity.
The generalized spike-and-wave are often 3 Hz or occur at a slightly faster rate
with typical bursts lasting 4—15 seconds. Juvenile absence epilepsy was first dis-
tinguished from childhood absence in the 1950s when Janz and Christian identified
the occurrence of generalized tonic-clonic seizures as a differentiating feature. Fur-
thermore, unlike childhood absence which shows a female preponderance, juvenile
absence occurs equally in males and females. The absence seizures may not be
noticed until the occurrence of a generalized tonic-clonic seizure which leads to an
EEG and to the diagnosis. Absence seizures usually occur sporadically compared
to childhood absence where they occur multiple times a day.

Response to anti-absence medication is good, with 80% of patients becoming
seizure-free. Ethosuximide is effective against the absence seizures, but is not
effective in controlling generalized tonic-clonic seizures. As such ethosuximide is
rarely used. Valproate, lamotrigine, and levetiracetam are usually effective agents.

Juvenile myoclonic epilepsy

This syndrome is the most common primary generalized idiopathic epilepsy
with important implications for prognostication and treatment [12]. Typically,
patients experience a series of myoclonic jerks that may at times be asymmetric.
These myoclonic jerks may occur in clusters in the morning while awake,
or randomly throughout the day. They may be activated by flickering lights
or sleep deprivation. Attention is sought when the patient experiences a first
generalized tonic-clonic seizure, often after sleep deprivation. The neurological
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exam and cerebral imaging studies if obtained are normal. The EEG demonstrates
generalized polyspike-and-wave discharges. Often these discharges are activated
by photic light stimulation, or can occur during sleep. They may be associated
with a myoclonic jerk. Myoclonic seizures should be differentiated from sleep
myoclonus which occurs as normal phenomena during drowsiness. Sleep
myoclonus is not associated with polyspike-and-wave discharges on EEG.

Treatment is most effective with valproate, although more recently other med-
ications such as levetiracetam or lamotrigine have been shown to be effective.
Lamotrigine, although initially thought to exacerbate myoclonic seizures, has not
been shown to do this in randomized studies, although it may not be as effec-
tive as valproate in controlling myoclonic seizures. Carbamazepine and phenyotin
are effective against the generalized tonic-clonic seizures, although as in absence
seizures, they may exacerbate myoclonic seizures.

11.6 Treating generalized seizures

While there are several treatment options for generalized seizures, as indicated
earlier, there are medications that should be avoided. Absence epilepsy is not
effectively treated with phenyotin, gabapentin, and carbamazepine. Exacerbations
of absence following the initiation of carbamazepine have been well documented.
Typically, myoclonic seizures do not respond well to phenyotin, carbamazepine,
or lamotrigine. As with absence epilepsy some patients may have their myoclonic
seizures exacerbated by these medications. While not effective generally against
absence and myoclonic seizures these medications are effective in controlling
the generalized tonic-clonic seizures that may accompany the primary general-
ized epilepsies.

11.7 Treatment algorithm

There is a paucity of well-designed, randomized clinical trials for patients with
generalized seizures. The American Academy of Neurology has issued broad
recommendations for the treatment of generalized seizures. Generally, wherever
possible monotherapy should be used.

A diagnostic and treatment algorithm for treating generalized seizures is pre-
sented in Figure 11.2. A starting point in the treatment algorithm is an EEG. The
EEG is usually essential to appropriately classify seizures, including avoiding the
misidentification of secondarily generalized seizures as being primarily general-
ized seizures. The EEG may show focal spikes in which case the diagnosis of true
generalized epilepsy needs to be questioned. A normal EEG does not rule out a
generalized seizure and in this case it may be appropriate to observe the patient.
If there is a relapse in seizures then a video-EEG and an imaging study may
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be useful. If the video-EEG shows generalized spike-waves then the diagnosis is
confirmed and treatment proceeds from there. If the video-EEG including cap-
turing sleep fails to show epileptiform discharges then the diagnosis may be
questioned or an empiric antiepileptic medication trial considered.

If the EEG shows a traditional pattern thereby confirming a primary generalized
seizure then the next step is to differentiate between generalized polyspike-waves
(usually seen in juvenile myoclonic epilepsy), 3 Hz generalized spike-waves (usu-
ally seen in either childhood or juvenile absence epilepsy), or slow spike-waves
(usually less than 2.5 Hz, seen in symptomatic Lennox-Gastaut syndrome). The
EEG may show hypsarrythmia, which in the presence of infantile spasms is diag-
nostic of West syndrome.

Cerebral imaging is not usually required if an epilepsy syndromic diagnosis is
arrived at. However, imaging should be considered if there are focal epileptiform
discharges on EEG, atypical features, or if a definitive epilepsy syndrome cannot
be arrived at. Other indications for imaging include the presence of either cognitive
deficits or focal deficits seen on neurological examination.

First-line agents for the treatment of generalized epilepsy, especially those asso-
ciated with generalized spike-wave, polyspike-wave, and slow spike-wave, include
levetiracetam, lamotrigine, or valproate. Valproate is the most effective agent in
treating the spectrum of generalized seizures. However, the potential for neural
tube defects should be considered when considering its use in females of child-
bearing age. Second-line agents include topiramate and zonisamide. Medications
to be avoided include carbamazepine, phenyotin, and oxcarbazepine. These agents
are effective against convulsive generalized tonic-clonic seizure, although as men-
tioned earlier they may exacerbate absence or myoclonic seizures.

If the EEG shows typical 3 Hz generalized spike-wave then a diagnosis of
absence epilepsy can be made. Childhood absence is usually not associated with
convulsive seizures and ethosuximide is usually a first-line agent that can be used.
If the child has a diagnosis of juvenile absence epilepsy then there is an increased
risk of accompanying generalized convulsive seizures against which ethosuximide
has not been shown effective. In these situations a first-line agent is as for the
treatment of primary generalized seizures as discussed above. The presence of
hypsarrythmia in an infant raises suspicion for West syndrome with accompanying
infantile spasms. Agents that are effective against West syndrome include ACTH
and vigabatrin. The academy has also indicated the use of vigabatrin as a first-line
therapy for the treatment of infantile spasm. This presents an added option to the
long-established use of ACTH. ACTH has many adverse effects associated with its
use, including weight increase, hyperglycemia, hypertension, and the possibility
of associated cerebral atrophy. Vigabatrin has been reported to constrict visual
fields and be associated with reversible MRI white matter changes. Felbamate
has a broad spectrum of activity in generalized seizures, but rare reports of fatal
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aplastic anemia and hepatic failure limit its use to a third-line agent where other
treatment alternatives have failed.

11.8 Prognosis/outcomes

The EEG can help guide treatment. When seizures are effectively controlled clin-
ically, an EEG showing residual generalized epileptiform discharges usually indi-
cates the need for an increased dose of medication. Juvenile myoclonic epilepsy
and juvenile absence epilepsy typically do not remit with age, whereas childhood
absence epilepsy usually remits by age 10 years. Infantile spasms often transition
to Lennox-Gastaut syndrome associated with slow spike-and-wave discharges.
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generalized epilepsies
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12.1 Introduction

An “epilepsy syndrome” has been defined by the ILAE as “a complex of signs
and symptoms that define a unique epileptic condition™ [1]. Epilepsy syndromes
denote specific constellations of clinical seizure type(s), EEG findings, other char-
acteristic clinical features such as age at onset, course of epilepsy, associated
neurological and neuropsychological finding, and underlying pathophysiologic or
genetic mechanisms [2]. Categorization of epilepsy into a specific “syndrome” pro-
vides important information to guide therapeutic decision making and accurately
prognosticate long-term outcome.

The term symptomatic refers to an epilepsy syndrome in which there is either
a known underlying etiology, or there is a presumed etiology, based on other
evidence of brain dysfunction, such as developmental delay. Symptomatic epilepsy
syndromes are further classified into those with generalized seizures and those with
localization-related seizures. This chapter will focus on symptomatic generalized
epilepsy syndromes (Figure 12.1 and Table 12.1).
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Symptomatic Generalized Epileptic Syndromes

— T

Infantile Onset Childhood Onset or Varying Ages
Early Myoclonic Encephalopathy Lennox-Gastaut syndrome

Early Infantile Epileptic Encephalopathy Landau-Kleffner syndrome
Malignant Migrating Partial Seizures Continuous Spike-Wave in Sleep
West syndrome Rasmussen’s encephalitis

Dravet syndrome Devastating Encephalopathy in school-aged children
Genetic Varying ages:

Rett Progressive Myoclonic Epilepsy
ARX

CDKL5

STXBP1

FOXG1

Angelman

Figure 12.1 Classification of symptomatic generalized epileptic syndromes.

12.2 Infantile onset syndromes

Early myoclonic encephalopathy

Early myoclonic encephalopathy is an exceedingly rare syndrome, initially
described in 1978 [3-5]. It usually begins in the first hours after birth with
erratic myoclonus, which characteristically involves the face and limbs, present
during both wakefulness and sleep, and may be nearly continuous. Additionally,
subtle partial seizures with eye deviation and autonomic signs occur. Several
months into the course, tonic spasms may develop. These infants have profound
psychomotor delay, decreased alertness, and hypotonia.

The characteristic EEG shows a suppression burst pattern (Figure 12.2) and
there is usually no electrographic correlate seen with the erratic myoclonus. Over
time, the EEG pattern often evolves, and either an atypical hypsarrhythmia or
multifocal pattern is seen by three to five months of age.

This syndrome responds poorly to therapy. No effective antiepileptic thera-
pies exist and these infants remain profoundly delayed. Most children with early
myoclonic encephalopathy die in the first few years of life from respiratory com-
plications of their profoundly impaired neurological status.

In most cases, no etiology can be identified. However, treatable conditions
such as pyridoxine or pyridoxal phosphate dependency should be ruled out. Addi-
tionally, metabolic disorders, including nonketotic hyperglycinemia, molybdenum
cofactor deficiency, organic acidurias, and aminoacidopathies should be consid-
ered. Structural brain disorders are an exceedingly rare cause of this syndrome.
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Figure 12.2 Two-week-old child with multifocal myoclonus, global hypotonia, and marked
lethargy since birth. Metabolic studies were unremarkable and no response was seen with either
pyridoxine, pyridoxal phosphate, or folinic acid. EEG shows a suppression-burst pattern in
keeping with early myoclonic encephalopathy.

Early infantile epileptic encephalopathy (Ohtahara’s syndrome)

Early infantile epileptic encephalopathy presents characteristically with clusters
of tonic spasms in the first three months of life, most commonly in the first
10 days [6]. These spasms are seen both during wakefulness and sleep. Up to
half of cases also develop partial motor seizures. However, myoclonic seizures
are rare. Neurodevelopmental status is usually severely abnormal, with profound
developmental delay from birth. The EEG also shows a burst-suppression pattern
during wakefulness and sleep, which may be either widespread and synchronous,
or lateralized, in cases with focal cortical malformations. Video-EEG has shown
clinical symptoms at the time of the bursts [7]. The most common etiology of
early infantile epileptic encephalopathy is malformations of cortical development,
and, in particular, hemimegalencephaly. Conversely, inborn metabolic errors are
infrequent in this syndrome.

Outcome is often very poor. Epilepsy is typically refractory to medical treatment
and infants are often left severely delayed. Mortality is high in the first few
years, due to underlying profound neurological impairment. Antiepileptic therapies
including valproate, felbamate, vigabatrin, zonisamide, ACTH, and the ketogenic
diet have been helpful in rare cases. In infants with a more localized malformation
of cortical development, surgical resection should be strongly considered early on
to avoid the neurodevelopmental consequences of ongoing, intractable seizures
and maximize developmental potential. Evolution to either West syndrome or
refractory partial seizures is common.
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Malignant migrating partial epilepsy in infancy

This rare syndrome, initially described by Coppola et al. in 1995 presents with
multifocal, partial seizures in the first seven months of age that become increas-
ingly frequent and nearly continuous over time [8]. The initial semiology consists
of focal motor seizures, along with autonomic features such as apnea, cyanosis, or
flushing. With increasing age, secondary generalization may occur. Occasionally,
seizures may appear to arise from a single focus initially, and in some cases, up to
two months have elapsed prior to the appearance of other foci. Characteristically,
seizures tend to cluster over several days, followed by seizure-free periods lasting
up to several weeks. Infants have been reported to show progressive developmen-
tal delay and hypotonia, and mortality is high in the first few years due to the
profound neurological impairment, although a more recent case series suggests a
slightly more optimistic outcome in some cases [8, 9].

Background slowing and multifocal discharge are seen on the interictal EEG
recording. Ictally, rhythmical theta activity arising from multifocal regions of the
brain is seen and several focal seizures may be ongoing at any one time. Brief
subclinical discharges are also reported.

The underlying etiology is not known and imaging, neuropathologic studies,
and metabolic investigations are unremarkable. Familial recurrence has not been
reported. No effective treatment has been identified, although isolated successes
with a combination of stiripentol and clonazepam, with vigabatrin, bromides, or
the ketogenic diet have been described.

West syndrome

West syndrome refers to the triad of infantile spasms, hypsarrhythmia, and psy-
chomotor delay. However, psychomotor delay is not necessary for diagnosis
and may be absent, particularly at presentation. It is the most common epilep-
tic encephalopathy, with an incidence of 1/1900—1/3900 infants, and presents at
a peak age of four to seven months [10].

Spasms characteristically occur in clusters lasting several minutes and occur
only a few times to several hundreds of times per day [11]. They are most frequent
shortly after waking. Semiologically, the epileptic spasm consists of a transient
contraction of the trunk, neck, and extremities, often followed by a brief second
tonic component. Spasms may be flexor, extensor, or mixed. However, asymmetric
spasms or coexistent partial seizures should suggest a focal cortical lesion [12].
During the cluster, the child may become irritable and cry, often leading to a
misdiagnosis of infantile colic.

The most common EEG pattern seen in children with West syndrome is hypsar-
rhythmia, a pattern of disorganized, paroxysmal, high-voltage slowing, multifocal
epileptiform discharge and a lack of synchrony (Figure 12.3a). While this pattern
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is often seen on routine EEG, it may occur during non-REM sleep only, empha-
sizing the importance of a sleep recording. During REM sleep, hypsarrhythmia is
reduced or disappears. With age, the EEG evolves to show greater interhemispheric
synchronization, focal or multifocal sharp waves, or high-voltage generalized slow
activity or slow spike-wave. Not all children with West syndrome show a typical
hypsarrhythmia pattern—if the clinical history is suggestive of spasms but the
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Figure 12.3 (a,b) This six-month-old child had a history of perinatal hypoxic-ischemic brain
injury. Over the last month, he has had clusters of flexor spasms lasting several minutes each.
His interictal sleep EEG (a) is abnormally high voltage and shows diffuse slowing and multifocal
spikes, in keeping with a diagnosis of hypsarrhythmia. During the EEG, a cluster of typical
infantile spasms were captured, showing a high-voltage generalized sharp wave (b).
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EEG fails to show hypsarrhythmia, a brief admission to record spasms should be
considered. During the spasm, the EEG typically shows a high-voltage general-
ized sharp wave, often followed by a brief electrodecrement (Figure 12.3b). Ictal
focal discharges that are seen before, during, or after the spasms should suggest
the possibility of a localized area of cortical dysplasia [13].

Most cases of West syndrome are symptomatic. An underlying etiology can
often be identified, which includes malformations of cortical development, neu-
rocutaneous disorders such as tuberous sclerosis, preexisting brain injury due to
ischemia, infection, or trauma, genetic causes including Down syndrome, ARX,
or CDKL5 mutations or less commonly, inborn metabolic disorders such as
mitochondrial disease, phenylketonuria or Menkes disease [14, 15]. However,
in 15-30%, no underlying etiology is found. A small proportion of this latter
group is truly idiopathic, with a possible hereditary predisposition and normal
development prior to spasm onset, symmetric spasms and EEG changes, disap-
pearance of hypsarrhythmia between spasms and rapid control of seizures, and
without significant past medical history. The remainder are cryptogenic, where
there is a presumed underlying etiology that cannot be identified [16, 17].

Developmental delay frequently precedes onset of spasms in cases with
symptomatic etiology. However, with seizure onset, further regression and visual
disinterest is seen. Outcome is often poor, with over 75% exhibiting motor delay
and/or mental retardation [14, 18—20]. Autism develops in between 13 and 33%,
and is more prevalent in cases with tuberous sclerosis and temporal lobe tubers.
Outcome is strongly related to etiology, with up to 40-50% of truly idiopathic
cases having a normal outcome [14, 19, 20].

Partial or generalized seizures predate or coexist with spasms in 12—-42% of
cases, and two-thirds ultimately develop other seizure types [14, 19, 20]. Focal
or multifocal seizures or a mixed generalized seizure syndrome, such as Lennox-
Gastaut syndrome (LGS), are most common. Spasms usually disappear in the first
two years, but can rarely persist or reappear later in childhood [21].

Once the diagnosis of spasms has been made, an MRI should be strongly
considered to rule out a malformation of cortical development or prior brain
insult. If this study is noninformative, further metabolic and genetic studies should
follow. There is some evidence that early initiation of effective treatment correlates
with improved long-term developmental outcome, particularly in cryptogenic or
idiopathic cases [22]. First-line therapies used include intramuscular ACTH, high-
dose oral steroids, or vigabatrin, with the goal of treatment being resolution of
both spasms and hypsarrhythmia. There is little consensus regarding the dose and
duration of steroid therapy [23].

While ACTH has been reported to be superior to oral corticosteroids [24, 25],
these findings may reflect the dose of prednisone used. One study comparing
very high-dose oral prednisolone (40 mg/day) to ACTH found no significant
difference between these therapies [26]. If one chooses to use ACTH, the optimal
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dose and duration remain controversial. While one single-blind study comparing
high-dose (150 U/m?/day x 3 weeks followed by a 9-week taper) and low-dose
ACTH (20-30 U/day x 2—6 weeks), found no significant difference in response
or relapse rates [27], some epileptologists believe that high-dose ACTH is supe-
rior. Adverse effects of ACTH or oral corticosteroids are significant, and more
common with high-dose regimens and synthetic formulations of ACTH. They
include hypertension, hypertrophic cardiomyopathy, gastric ulceration, immuno-
suppression, electrolyte disturbances, hyperglycemia, irritability, weight gain, and
transient brain “shrinkage.”

Vigabatrin suppresses spasms in up to two-thirds of infants, but appears most
effective in cases of cortical dysplasia or tuberous sclerosis [28]. Side effects
include irreversible peripheral visual field constriction (which appears minimal
if the duration of treatment is kept at six months or less) [29], reversible T2
hyperintensities on MRI in the brainstem, cerebellum, basal ganglia, and thalamus
[30], and sedation, hypotonia, insomnia, and irritability.

Pyridoxine (100 mg IV or 100-200 mg by mouth daily x 14 days) is com-
monly tried in cryptogenic or idiopathic West syndrome to rule out pyridoxine
dependency. Pyridoxine should probably be started along with one of the
first-line therapies. Surgical resection should be considered with medically
intractable spasms and focal cortical lesions [31].

Other therapies which are usually considered second line in the treatment
of West syndrome include the ketogenic diet [32], topiramate, valproate,
benzodiazepines.

Dravet syndrome

Dravet syndrome is a rare syndrome with a reported incidence of 1/20 000—-1/30
000, but is likely under-recognized [33]. While the diagnosis is clinical, approx-
imately 80% have a mutation in the sodium channel a-1 subunit gene (SCN1A),
which can be frameshift or nonsense mutations leading to truncating of the
protein, missense mutations (usually of the pore region or the N or C termi-
nus), or splice site or deletions [34]. The vast majority of mutations are sporadic.
However, close relatives of children with Dravet syndrome have a higher rate of
seizures than the general population, particularly generalized epilepsy with febrile
seizures plus (GEFS+). The clinical picture of SCN1A mutations is variable, and
not all mutations will lead to a Dravet syndrome phenotype.

Dravet syndrome begins in the first year of life in a previously well infant,
initially presenting as a generalized or focal clonic seizure that is often pro-
longed and frequently triggered by fever, infection, vaccination, or bathing [35].
A diagnosis of atypical febrile seizure is frequently made at the time of initial
presentation. However, children then have recurrent, prolonged focal seizures,
which often change sides and occur both with and without fever. From the end of
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the second year through age 5, nonconvulsive seizures emerge. Myoclonic jerks
may be frequent but variable in intensity. They may be aggravated shortly after
waking, just prior to a convulsive seizure, or with photic stimulation. Atypical
absence and complex partial seizures with prominent autonomic symptoms occur
in over half of cases but tonic seizures are rare. With age, prolonged convulsive
seizures become less frequent but seizures remain refractory to treatment.

The initial EEG is typically normal, excepting postictal slowing [35]. Over
time, there is background slowing and emergence of multifocal and generalized
polyspike-and-wave discharges, frequently activated by photic stimulation and
drowsiness (Figure 12.4a,b). Neuroimaging studies are also unrevealing early on.
Later in the course, mild atrophy, and, less commonly, hippocampal sclerosis
are seen. The term “borderline or borderland” has been used for cases that lack a
number of the key features (myoclonus, generalized spike-wave discharges, limited
number, or atypical seizure types). However, the prognosis seems similar [34].

Although development prior to seizure onset is normal, infants demonstrate
regression or lack of progression between one and four years, with stabilization
after that at a lower level of function [36]. Visuomotor skills are more impacted
than is language. Ultimately, most children manifest ataxia and corticospinal tract
signs of exam, along with a peculiar crouched gait. Hyperactivity and behavior
problems are common. The mortality rate of Dravet syndrome is 16—18%, with
deaths predominantly due to status epilepticus, drowning, and SUDEP [37].

Therapy is suboptimal and seizures remain medically intractable [37]. Lamotrig-
ine, carbamazepine, and phenytoin should be avoided as they aggravate seizures.
Therapies with some efficacy include valproate, benzodiazepines, topiramate, lev-
etiracetam, zonisamide, and the ketogenic diet. Stiripentol, a medication with
orphan drug status in the US and which is an inhibitor of the cytochrome p450
system, has been helpful when used in combination with valproic acid and/or
clobazam. A randomized, placebo-controlled study showed a greater than 50%
reduction in the frequency of tonic-clonic seizures in 71% of the stiripentol-treated
group versus only 5% of those on placebo, and 43% of the stiripentol group were
free of tonic-clonic events [38].

12.3 Childhood onset syndromes

Lennox-Gastaut syndrome (LGS)

LGS typically presents in preschool-aged children with frequent falls or head
nods. The children are also found to have recurrent myoclonic and atypical
absence seizures. The syndrome evolves over months to comprise a triad of symp-
toms including: (i) multiple generalized seizure types, including tonic, atonic,
myoclonic, and atypical absence; (ii) an interictal EEG pattern of diffuse slow
spike-and-wave complexes; and (iii) cognitive dysfunction.
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Figure 12.4 (a,b) This three-year-old girl presented with a history of multiple prolonged focal
and generalized seizures in infancy, the first one occurring after her four-month immunization.
Recently she has also developed myoclonus and staring spells. She has mild delay. An exhaus-
tive workup including neuroimaging and metabolic studies were normal; however, she has a
nonsense mutation affecting the SCN1A gene. The EEG shows one of her typical staring spells
with generalized spike-wave (a). Her background was slow for age and photosensitivity was
documented (b).

The most common seizures are tonic seizures. They are usually, but not always,
symmetric and can cause the patient to fall forward or backward. They are
commonly associated with autonomic manifestations, including facial flushing,
tachycardia, and pupillary dilation. Nocturnal tonic events are characteristic of
LGS, but are often subtle and difficult to recognize without video-EEG recording.
Nonconvulsive status epilepticus is also common, and its frequency and duration
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appears predictive of poorer long-term developmental outcome [39]. Furthermore,
nonconvulsive status epilepticus is frequently difficult to detect, particularly in
children with moderate to severe cognitive impairment, resulting in delay in diag-
nosis. Tonic status epilepticus may be provoked by benzodiazepines [40].

The seizures in LGS are frequently medically intractable, with incomplete
response to antiseizure medications. Valproate is commonly used, and lamotrig-
ine, topiramate, felbamate, and rufinamide have been shown to be superior to
placebo in randomized, controlled studies [41, 42]. Felbamate is often effective
in refractory epilepsies, but should not be used first line due to the potential
risks of aplastic anemia and hepatotoxicity. Benzodiazepines, levetiracetam, or
zonisamide may reduce all seizure types, but rarely provide complete control.
Carbamazepine may lessen tonic seizures, but worsen atypical absences. Ethosux-
imide may be helpful for refractory atypical absences. Given the poor response
to AEDs, the ketogenic diet should be considered early in the course of LGS.
Approximately half of children experience significant seizure reduction with some
achieving seizure freedom.

Corpus callosotomy is a possible treatment for patients with intractable drop
seizures, but not for other seizure types. Section of only the anterior two-thirds
limits adverse effects compared to complete callosotomy, but is less effective.
Retrospective studies have demonstrated vagal nerve stimulation to reduce seizures
by approximately 50% in nearly half of children [43].

The interictal EEG in LGS shows 1.5-2.5 Hz polyspike and spike-and-wave
discharges on a slow background with increased activation during sleep recordings
(Figure 12.5). However, this pattern may take months to evolve and is present
in less than 30% of patients when they initially present. Early on, the EEGs
may be normal or show only mild background slowing or infrequent bursts of
generalized spike-wave discharges. Low-voltage, frontally predominant, >10 Hz
generalized paroxysmal fast activity is seen in slow-wave sleep and is suggestive
of the diagnosis of LGS, even if other EEG features have not yet fully evolved.

Developmental delay is common in children with LGS, but may not be obvious
early in the course. Ultimately over 80% of children are mentally handicapped
[44]. Factors predictive of poorer cognitive outcome include delayed development
prior to seizure onset, history of infantile spasms, and onset of symptoms before
three years, frequent seizures, and recurrent nonconvulsive status epilepticus.
Hyperkinetic behaviors, autistic features, and perseverative behaviors are common.

LGS is a relatively rare epilepsy syndrome with an incidence of 1.9-2.1 per
100 000 children but accounts for approximately 6—7% of patients with intractable
pediatric epilepsy. Onset is between the ages of one and eight, with typical
onset in the preschool years. The majority of patients are males. Two-thirds of
cases are “symptomatic,” affecting children with preexistent brain abnormalities,
which include malformations of cortical development, neurocutaneous disorders,
metabolic or genetic conditions, or pre-, peri-, or postnatal insults due to ischemia,
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Figure 12.5 This eight-year-old boy has a history of neonatal hypoxia and hypoglycemia
with developmental delay. He developed generalized tonic-clonic seizures at age two years. He
subsequently developed multiple seizure types, including atonic, complex partial, myoclonic,
and atypical absence seizures in addition to rare generalized tonic-clonic seizures. His awake
interictal EEG demonstrates high-amplitude generalized slow spike-and-wave discharges, char-
acteristic of Lennox-Gastaut syndrome.

infection, or trauma. One third of these “symptomatic” cases have a history of
infantile spasms. However, an underlying etiology frequently is not elucidated,
even in those with developmental delay at the onset of seizures. Approximately
30% of LGS cases are “cryptogenic,” affecting children who are neurologically
and developmentally normal prior to the onset of their epilepsy. Forty-eight per-
cent of this group has a positive family history of epilepsy or febrile seizures, and
LGS has been reported to be a phenotype of GEFS+ [45, 46].

LGS should be differentiated from myoclonic astatic epilepsy (MAE), which
presents at a similar age with frequent drop seizures and frontally predominant
slow spike-wave. Children with MAE typically have normal development before
seizure onset, a positive family history of epilepsy, and myoclonic-astatic or
prominent generalized tonic-clonic seizures. An EEG demonstrating parietal theta
rhythms is also suggestive of MAE. Drop seizures may also be seen in continuous
spike-wave in sleep (CSWS). However, the EEG shows CSWS and tonic seizures
do not occur. A transient LGS-like picture can also be seen in children with mesial
frontal or hemispheric seizures, but tonic seizures are rare.

Electrical status epilepticus in slow sleep (ESES)

ESES is an EEG finding in which there is nearly continuous activation of spike-
wave discharges in slow-wave sleep. Early EEG may demonstrate diffuse spikes
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and slow waves, predominantly in centrotemporal or frontotemporal regions.
However, with time, the EEG in non-REM sleep shows a picture of electrical
status, with diffuse, unilateral, or focal spike-waves that occupy 85% or more
of slow sleep. The discharges resolve upon awakening and are without clinical
accompaniment (Figure 12.6a,b).
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Figure 12.6 (a,b) This 10-year-old boy has a history of a left-sided grade 4 intraventricular
hemorrhage as a term neonate. He had mild developmental delay until age nine, when his
parents noted a global regression in skills. His expressive language was most affected. His
awake interictal EEG demonstrates infrequent bursts of generalized atypical spike-and-wave
discharges that are maximal over the left hemisphere, consistent with his prior intraventricular
hemorrhage (a). During sleep he had nearly continuous spike-wave discharges that were without
clinical symptoms, consistent with electrical status epilepticus in slow-wave sleep (ESES) (b).
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This EEG finding is seen in two related clinical syndromes: CSWS and
Landau-Kleffner syndrome (LKS). In both syndromes, children present in the
preschool or early school years with regression and a sleep EEG demonstrating
ESES [47]. The clinical symptoms of these two syndromes reflect the localization
of the EEG discharge. The EEG discharges in CSWS are maximal over the
frontal head regions. This correlates with a global regression in CSWS, including
decreased learning, expressive language difficulties, poor memory, hyperactivity
and inattentiveness, psychosis, and motor impairment. The EEG discharges in
LKS predominantly affect the temporal regions, correlating the regression in
receptive language, or acquired auditory agnosia. The majority of children with
CSWS present with seizures, which may consist of tonic-clonic, absence, atonic,
clonic, complex partial, and simple motor seizures. Tonic seizures are not seen.
Seizures are also commonly seen in children with LKS, but they are rarely frequent
or intractable. The usual semiology is that of a nocturnal hemiclonic seizure.

Some cases of CSWS are symptomatic of a prior brain insult. However, in
others, particularly LKS, no etiology is found and prior psychomotor development
was normal. These cases may represent the severe end of the spectrum of “benign
partial epilepsy of childhood.”

Antiseizure medications may be helpful in treating the seizures in CSWS and
LKS, but most drugs have little impact on the electrical status and cognitive
impairment. Some medications, such as phenobarbital, carbamazepine, or pheny-
toin may worsen this condition. Valproic acid or benzodiazepines are most likely
the best choices for seizure control. Ethosuximide and levetiracetam have also
been shown to be beneficial in small studies [48, 49]. Corticosteroids are often
considered the first-line treatment in CSWS but their efficacy has only been shown
in several unblinded studies [50]. Other clinicians have reported efficacy with short
three- to four-week cycles of high-dose diazepam (0.5 mg/kg) following a rec-
tal diazepam bolus of 1 mg/kg [49]. Case reports have also claimed efficacy for
intravenous immune globulin (IVIG), methylprednisolone, ACTH, sulthiame (for
cryptogenic cases), ketogenic diet, and multiple subpial transection [51-56].

Seizures and electrical status do spontaneously resolve in later childhood. How-
ever, although some improvements in language and cognition are usually also seen,
most children do not return to normal levels of functioning.

Devastating epileptic encephalopathy in school-aged children (DESC)

Devastating epileptic encephalopathy in school-aged children (DESC) occurs in
previously healthy school-aged children, without a prior history of epilepsy. It
is also known as febrile infection responsive epileptic (FIRE) encephalopathies
of school age [57]. The children develop a nonspecific febrile illness, followed
by refractory convulsive multifocal status epilepticus. The seizures may last for
weeks, in spite of all therapies, including general anesthesia. Although there is
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a febrile prodrome, no infectious etiology can be elucidated. The cerebrospinal
fluid (CSF) often does not demonstrate any significant abnormalities that would
suggest encephalitis [58]. The MRI findings are often nonspecific. There is no
effective treatment and no known etiology [59]. Unfortunately, those that survive
continue to have frequent intractable seizures with status epilepticus and profound
cognitive dysfunction. The death rate is high [58].

12.4 Symptomatic generalized epilepsy syndromes
of known cause

Specific genetic disorders leading to refractory seizures in infancy

Several genetic disorders, which may have characteristic associated findings,
can be associated with symptomatic generalized epilepsy that is usually severe
(Table 12.2).

Metabolic disorders

Metabolic disorders should be considered in children with symptomatic epilepsy
without clear etiology. A history of developmental plateau or regression, a fam-
ily history of similar symptoms in other family members or consanguinity, or
other systemic pathology is suggestive of metabolic disease. Seizures occur due
to storage of abnormal material within the neurons, deficits in energy production,
or interference with neurotransmitter synthesis and metabolism. Some of these
conditions may be treatable (Table 12.3).

Progressive myoclonic epilepsies

The progressive myoclonic epilepsies represent multiple rare degenerative
disorders that present with the combination of progressive myoclonus epilepsy
with multiple seizure types, cerebellar impairment, and cognitive regression
(Table 12.4). The EEG demonstrates diffuse background slowing. The myoclonus
is associated with a generalized spike-wave discharge. Occipital discharge may
also be present in Lafora disease. Photosensitivity is often present. Unfortunately,
there is no specific therapy available for most underlying disorders. However,
antiepileptic agents, such as valproic acid, zonisamide, benzodiazepines,
and levetiracetam, may substantially reduce the myoclonus. Piracetam is of
particularly benefit. Phenytoin and carbamazepine should be avoided as they may
worsen these disorders (Table 12.4).
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13.1 Diagnosis and evaluation

Epilepsy is a clinical diagnosis based on the history of having more than one
unprovoked event. Few patients have seizures witnessed by physicians personally
and therefore the history is either provided by the patient or family members as
oftentimes memory is not completely reliable from individuals who provide it.
The only way to positively identify epilepsy is to record an EEG during a seizure.
However, recording a seizure on a routine outpatient EEG is relatively uncommon
so other measures are needed to make a diagnosis (Table 13.1).

The neurological examination is often normal in patients with epilepsy although
an abnormal one is more often associated with partial seizures. The diagnosis is
aided when a focal or generalized neurologic deficit can be demonstrated sug-
gesting a symptomatic epilepsy syndrome. A focal or lateralized feature can
help distinguish partial epilepsies from generalized ones. Examination during the
immediate postictal period can reveal lateralized neurological deficits that help to
provide some anatomic clues as to the location of the seizure.
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Table 13.1 Diagnostic studies used to con-
firm partial epilepsy

Clinical history

Neurological examination
Electroencephalogram (EEG)

Magnetic resonance imaging (MRI)
Computed tomography (CT)

Positron emission tomography (PET)
Single-photon emission tomography (SPECT)

The neurological examination often shows memory impairment in partial epilep-
sies, particularly those arising from the temporal lobe. Memory disturbances result
from the underlying lesion and can be due to Antiepileptic Drug (AED) effects
or can reflect a reversible dysfunction induced by seizures. Oftentimes one can
see subtle abnormalities such as asymmetries in nasal labial fold or other cranial
nerves. At other times, the presence of a Todd’s paralysis defined as a postictal
focal weakness can help elucidate potential lateralizing anatomic clues to under-
lying lesions that may be responsible for seizures.

A number of procedures are used in the process of evaluating people with
epilepsy. The purpose of these tests is to help classify the epilepsy syndrome
and then seek remediable causes. Further diagnostic testing is often needed to
confirm or classify the cause of a seizure-like spell. Depending on the history,
assessing for metabolic derangements, cardiac disease, cerebrovascular disorders,
neoplasms, and infections may be considered as appropriate causes for seizures.
Investigations are often geared to uncover these etiologies.

For partial epilepsy evaluations, the EEG and neuroimaging are routine and con-
sidered standard of care. The value and limitations of these studies are discussed
in the following sections.

13.2 Electroencephalography (EEG)

The EEG is the single most informative diagnostic test in patients with partial
epilepsy. It should nearly always be performed. The EEG aids in classifying
the seizure types and helps distinguish between partial seizures and generalized
syndromes.

The characteristic interictal abnormality in epilepsy is a spike or sharp wave.
Focal or localized spikes are seen in partial epilepsy, whereas generalized spikes
occur in the generalized epilepsies. The interictal EEG in partial epilepsy shows a
spike in approximately 90—-95% of patients with this type of epilepsy, although up
to four recordings may be necessary to demonstrate the abnormality [1]. Recording
the EEG during sleep in the laboratory or overnight with an ambulatory EEG
device increases the yield of this procedure.
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It is important to note that interictal spikes are often seen in a small percentage
of normal individuals (i.e., patients without epilepsy), in less than 2% of the
time [2]. Therefore, finding a spike in the EEG does not necessarily confirm the
diagnosis of epilepsy. The diagnosis can only be absolutely verified if a clinical
seizure is recorded during the session. Otherwise the clinical history is the ultimate
means in determining the diagnosis. Nevertheless, the EEG remains one of the
most important tests that can be done to aid the diagnosis of partial epilepsy.

13.3 Imaging

Magnetic resonance imaging (MRI) and computed tomography (CT) should be
performed as part of the initial evaluation of all patients with epilepsy to identify
and treat common causes of epilepsy such as central nervous system hemorrhage,
tumor, and abscess. Areas of encephalomalacia from trauma can also be read-
ily identified. In the case of temporal lobe epilepsy, mesial temporal sclerosis is
a diagnosis that is almost strictly based on imaging characteristics. MRI is the
procedure of choice and it is superior to the CT scan in detecting all patholog-
ical processes except perhaps subarachnoid hemorrhage. CT scan is helpful in
emergent situations or when MRI is contraindicated.

MRI is the preferred imaging modality and it is highly sensitive and identifies
nearly all macroscopic lesions including tumors, dysplasias, vascular malforma-
tions, encephalomalacia, and atrophy. Finding a focal disturbance leads one toward
a diagnosis of partial epilepsy, provided the history is consistent with this lesion.
MRI should be performed in all individuals who do not have an inherited epilepsy
syndrome. Patients whose seizure types change or who are refractory to medication
often merit a repeat study. Epilepsy centers often have specialized MRI protocols
and if referral to such a center is contemplated it may be appropriate to defer the
MRI until it can be performed there.

Although MRI is clearly superior, the CT is still useful. Tumors larger than 1
or 2 cm in size can usually be identified. However, lesions in the temporal lobe
can be missed with CT scans because of bony artifacts. The CT scan is better at
identifying calcifications than the MRI scan. However, if the CT scan is normal
it cannot be considered adequate and an MRI should be performed as standard of
care. Consequently CT is useful only if MRI is not available and imaging needs
to be performed immediately.

Positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) are often performed in presurgical evaluation processes for
patients with epilepsy. These particular studies do not have a common role in
the routine diagnosis of patients with partial epilepsy. They do, however, have an
important function in the management of patients with refractory epilepsy where
surgical therapy is being considered.
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13.4 Treatment and management

Once a diagnosis of partial epilepsy has been made the next question that emerges
is whether therapy with AEDs is necessary. It is important to consider a num-
ber of factors in making that determination. The decisions of whether to start a
medication or not will likely depend on a risk-benefit assessment of whether the
risk of further seizures is high enough that medication therapy should be initiated.
Because medications are not entirely risk free and there is still potential for risk of
serious reaction to medications, it is important to demonstrate to the patient that
the benefit of therapy outweighs the risk in order to assure compliance. It is impor-
tant to remember that the main goal of epilepsy treatment is to enable affected
individuals to live as normal a life as possible. Therapy is not only directed at
seizures but should remediate any psychosocial impairments as well.

13.5 Which patient should be treated
with antiseizure drugs?

Nearly all patients who have had more than one partial seizure should be treated
with antiseizure medications. The risk of recurrence after two or more partial
seizures is 80-90% and is even higher in those individuals with an overt lesion
on neuroimaging studies or interictal spike or sharp waves on an EEG [3].

There are very few groups of individuals where initiating seizure medications
could be avoided (Table 13.2). Potential caveats could be made for children with
rolandic epilepsy given that this condition occurs principally at night. Individuals
with simple partial seizures where there is no loss of consciousness and minimal
impact on quality of life may be exempted from therapy. Other groups may include
those who have a symptomatic cause of their seizures, including alcohol and drug
abuse, acute illness, postimpact seizures from head trauma, and seizures from
excessive sleep deprivation. It follows that managing the environmental issue or
avoiding the offending agent that precipitated the seizure is a better choice of
therapy than proceeding with long-term seizure medications.

The AEDs currently available in the US have been presented in other chapters
in this text. Currently there are 18 different AEDs that are available for the
management of epilepsy. Table 13.3 lists the medications approved for partial
epilepsy. Of these, phenytoin, carbamazepine, phenobarbital, gabapentin, prega-
balin, tiagabine, oxcarbazepine, vigabatrin, lacosimide, zonisamide, levetiracetam,
valproic acid, lamotrigine, and felbamate are all approved for the management of
partial seizures. The question that emerges is how does one select between these
various choices?

There are a number of factors that play into making a decision between seizure
medications. These include both patient- and drug-specific factors. With regards
to patient-related factors identifying the right drug for the seizure diagnosis is
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Table 13.2 Partial epilepsy patients
that may not require medications

Benign rolandic epilepsy
Recurrent symptomatic seizures
Simple partial seizures

Table 13.3 Medications approved
for use in partial epilepsy

Carbamazepine
Felbamate
Gabapentin
Lacosamide
Lamotrigine
Levetiracetam
Oxcarbazepine
Phenobarbital
Phenytoin
Pregabalin
Tiagabine
Topiramate
Valproic acid
Vigabatrin
Zonisamide

essential. Because efficacies of most seizure drugs are relatively similar to one
another, other factors take on a greater importance in making a choice. The age,
gender of the patient, potential drug interactions, and the duration of treatment
may all be important factors for the individual making that decision. With regards
to drug factors, the titration schedule, whether the drug is metabolized renally
versus hepatically, pharmacokinetic profile, available dosage forms, preparations,
as well as cost all factor into the equation.

For some physicians, mechanisms of action may play a role in the decision pro-
cess for choice of seizure agent (Table 13.4). Common mechanisms of action for
the treatment of partial epilepsies include agents that modulate repetitive activation
of the sodium channel, such as phenytoin, carbamazepine, oxcarbazepine, and lam-
otrigine. Other sodium channel modulators include lacosamide. GABA enhancers
include phenobarbital and benzodiazepines. Increased GABA also may occur via
the blockage of reuptake or catabolism of the enzymes responsible for GABA
such as tiagabine and vigabatrin respectively. Other mechanisms that may be of
importance in partial epilepsy include blockage of unique binding sites exempli-
fied by gabapentin, levetiracetam, and pregabalin. Carbonic anhydrase inhibitors
such as topiramate and zonisamide may also be useful.
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Table 13.4 Putative mechanisms of action by which AEDs prevent partial seizures

Blockade of Other GABA- Increased Unique Carbonic
repetitive sodium binding GABA by binding anhydrase
activation of channel blocking sites inhibition
the sodium modulation reuptake or and pH
channel catabolism changes

of enzymes
Carbamazepine Lacosamide Phenobarbital Tiagabine Gabapentin Topiramate
Felbamate — — Vigabatrin Levetriracetam  Zonisamide
Lamotrigine — — — Pregabalin —
Oxcarbazepine = — — — — —
Phenytoin — — — — —

13.6 Evidence-based guidelines

The American Academy of Neurology published guidelines for new onset and
refractory epilepsy with regards to the choice of seizure medications in these var-
ious seizure groups [4]. For new onset epilepsy there was evidence to support the
use of gabapentin, lamotrigine, topiramate, oxcarbazepine, and levertiracetam [4].
For refractory epilepsy, gabapentin, lamotrigine, pregabalin, topiramate, tigabine,
oxcarbazepine, levertiracetam, and zonisamide are useful for adjunctive, partial
epilepsy management [4]. In pediatric patients with partial seizures gabapentin,
lamotrigine, topiramate, oxcarbazepine, and levertiracetam were also found to
be effective.

In older adults, the Veterans’ Administration Cooperative Study on Geriatric
Epilepsy compared lamotrigine, gabapentin, and carbamazepine for management
of older patients with partial epilepsy [5]. Investigators found that adverse effects
were a common problem in older adults with epilepsy. More importantly lamot-
rigine and gabapentin were recommended as initial therapy for older patients with
epilepsy as compared to carbamazepine based on adverse effects [5].

McCorry and colleagues have also performed systematic reviews of various
medication options for partial epilepsy [6]. The choice of seizure medication varied
by gender. For women of childbearing years, lamotrigine is recommended as the
first-line agent with topiramate and valproic acid as alternative choices [6]. For
women with unclassified seizures who are not potentially childbearing and all
other patient groups, first-line AEDs include valproic acid but alternative choices
include lamotrigine and topiramate [6].

13.7 How well do seizure medications work?

This question was addressed in a seminal study by Brodie and Kwan in 2002 [7].
Using newer agents Brodie and Kwan investigated 523 untreated patients with
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epilepsy. Of those 523 patients, 470 were drug naive, 47% responded to their first
AED and 13% were seizure-free on the second AED [7]. Of the individuals who
failed to respond to the first two agents, only 1% responded to the third choice [7].

The study uncovered that there are two groups of epilepsy patients [7]. There
are those that can be managed with literally any type of seizure medication and
will likely respond to the first or second agent presented to them in monotherapy.
However, there is another group of individuals who are more difficult to identify
at an early point and fail to respond to any drug. These cases are defined as
refractory epilepsy patients who may need to be assessed for surgical intervention
at an earlier point in their evaluation process as opposed to committing them
to multiple medication trials. Thus, after failure of two seizure medications one
should consider the possibility of refractory epilepsy and refer the patient to an
epilepsy specialist for an epilepsy surgery evaluation.

13.8 Conclusion and summary

There are a number of therapeutic options available for the management of patients
with epilepsy. There are 18 different seizure medications with unique pharmacoki-
netic and efficacy characteristics that are suitable for almost any type of patient
who presents with partial epilepsy. It is essential to make an early and accurate
diagnosis of partial epilepsy so that patients can be appropriately managed with
medication, and if they fail medication then with epilepsy surgery. It is only by
an accurate diagnosis, history, and appropriate use of confirmatory tests which
include EEG and MRI that an individual’s quality of life can be maintained and
the psychosocial burden of disease prevented.
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14.1 Introduction

Temporal lobe epilepsy (TLE) is the most common form of localization-related
epilepsy (LRE) in adults accounting for approximately 60% of all patients with
epilepsy [1]. Medial temporal lobe epilepsy (mTLE) is much more common than
neocortical TLE, and represents a heterogeneous spectrum of focal seizures that
are clinically expressed by structures of the medial temporal lobe. mTLE with
hippocampal onset accounts for at least 80% of all temporal lobe seizures [2].
However, mTLE is a syndrome due to a variety of pathologies and manifestations
that have been classified based upon the site of suspected neuroanatomic origin by
the International Classification of Epilepsies and Epileptic Syndromes in 1985 [3].
Previous terminology for the focal seizures of temporal lobe origin have included
psychomotor seizures, limbic seizures, and temporal lobe seizures and their use
has varied over the years with newer classification proposals that have included a
shift from complex partial seizures of temporal lobe origin to focal seizures with
dyscognitive (or other) characteristic semiologic features [4] though the working
definition is continuing to undergo evolution. While mTLE is not only the most
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common human adult epilepsy syndrome that is diagnosed, it is also the one that
is most frequently refractory treatment and highly associated with hippocampal
sclerosis (HS) [1] making it a frequent medical challenge and common surgical
substrate. While it is a well-characterized and relatively homogeneous clinical
syndrome, a differential diagnosis exists and overlap between psychiatric and
behavioral counterparts have been identified and defined primarily through clinical
information that has been obtained from surgical series comprised of patients
requiring temporal lobectomy [5]. The overall prognosis for patients with drug-
resistant mTLE is often associated with a higher rate of morbidity and impaired
health-related quality of life (HRQOL) [6]. In addition, a greater mortality rate
is evident that is more often observed among the more severely affected patients
who often have ongoing seizures and have failed epilepsy surgery.

14.2 Functional neuroanatomy of the temporal lobe

The temporal lobe is the most epileptogenic region of the brain. The medial
temporal lobe is part of the limbic system concerned with the affective aspects
of behavior. Focal seizures may arise from one or both mesial temporal lobes
including the amygdalae, hippocampus, and parahippocampal gyrus. When acti-
vated during an aura, the amygdalae in humans often produce a sense of fear
or create a sense of impending doom. The amygdalae may also be involved in
defensive behavior that involves pupillary dilation, aggressive posturing, and auto-
nomic effects including piloerection, tachycardia, and tachypnea, and rarely, a
sense of anger or rage. Hypersexuality and hyperactivity, and oral exploration
may be present following bilateral amygdala lesions. The medial temporal lobe
is also highly involved with episodic (information that is tied to the time and
place of occurrence) and declarative memory (explicit memory for facts that can
be verbalized) involving new memories for experienced events. The hippocam-
pal formation (HF) is composed of the dentate gyrus (DG), hippocampus, and
subiculum. It is a three-layered allocortex with pyramidal cells in the subiculum
and hippocampus that have the potential for neural plasticity through long-term
potentiation [7]. Divided into the head, body, and the tail, the hippocampus ranges
in length from 4 to 4.5 cm and is important for memory functions and for spatial
navigation. It is divided into subfields of the cornu ammonis (CA): CA1-CA4 are
surrounded by the DG that is crucial for transfer of short-term memory to long-
term storage in the association cortices. The parahippocampal gyrus has two-way
connections between the hippocampus and all of the major cortical association
areas and with the primary olfactory cortex [8]. Patients with extensive damage
to the mesial temporal lobes may become amnestic with an inability to form and
retain new memories. Neuropsychological testing and the intracarotid amobarbital
test have allowed us to assess the memory functions of the hippocampus and other
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cognitive functions in patients with epilepsy [9]. Memory dysfunction has been
exemplified by H.M., a man who underwent aggressive bilateral resection of the
temporal mesial structures for refractory epilepsy resulting in severe anterograde
and retrograde amnesia [10].

The left temporal lobe typically functions as the dominant temporal lobe to
govern verbal memory. In one longitudinal study when resective surgery was per-
formed for mTLE a decline in 30% was noted after right temporal resection and
51% after left temporal resection; however, if successful surgery was able to be
performed then cessation or reversal of the decline in memory function was noted
[11]. The dominant lateral temporal neocortex is involved in auditory compre-
hension and may become involved with medial temporal dysfunction. Language
function within the dominant temporal lobe is involved in both comprehension
and naming. Confrontational naming and delayed memory has been shown to be
reduced by up to 40% in patients with TLE compared with <5% of controls [12].
The nondominant temporal lobe structures are more involved in visual memory.
The basal aspect of the temporal lobes appear to be more involved in visual
processing of faces and scenes that reflect activity in the fusiform and parahip-
pocampal gyrus. Cognitive decline is commonly associated with mTLE and may
be an effect of progressive hippocampal formation atrophy (HFA) from continued
seizures or a cause of seizures. The consequences of HFA remain to be proven
because the differences in etiology may have a substantial impact on memory and
cognition [13].

14.3 Pathology

mTLE is most often an acquired form of LRE and is highly associated with
the pathophysiology of HS especially in patients with drug-resistant seizures also
referred to as mesial temporal lobe epilepsy. Other temporal and extratemporal
regions are known to be affected in patients with mTLE mainly those areas with
anatomic and functional connections to the hippocampus [14]. HS is the most
common pathology in surgical series and may be readily detected by brain MRI
as mesial temporal sclerosis (MTS). Less frequently gliomas, angiomas, cavero-
mas, or traumatic or infectious lesions may occur and dual pathology occurs in
5-30%. While lesional mTLE is associated with a lesion of the temporal lobe,
nonlesional mTLE is distinguished based upon neuroimaging and the absence
of identifiable pathological substrate. A normal-appearing hippocampus occurs in
30-40% with the remaining 60—70% of patients with HS on histopathology [15].
HS is comprised of a combination of atrophy and astrogliosis of the amygdala,
hippocampus, parahippocampal gyrus, and the entorhinal cortex. Postmortem stud-
ies have revealed that the synaptic reorganization in the hippocampus in patients
with HS is frequently a bilateral finding that appears to be a permanent feature in
patients with mTLE [16]. Other pathological findings include loss of internal HF
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architecture, atrophy of the ipsilateral amygdalae, mammillary bodies, fornix, and
white matter. The hippocampus consists of several functional subfields including
the DG, CA 1-3, and the subiculum. Initial recognition of hippocampal atrophy in
TLE revealed ipsilateral heterogeneous cytoarchitectural alteration and neuronal
loss within the DG and the CA1 subfield with relative preservation of CA2 [17].
Four different patterns of hippocampal atrophy have been described in mTLE due
to HS: end folium sclerosis (atrophy of DG); atrophy of CA1l; atrophy of CA1 +
DG; and global atrophy [18]. Postsurgical pathological series appear to demon-
strate more widespread involvement with either global atrophy or atrophy of the
CAl, CA3, and DG in those patients with successful seizure outcome following
temporal lobectomy [19]. If isolated subfield involvement is encountered alone
then the presence of total HFA may appear to be absent using neuroimaging tech-
niques. A specific pathophysiologic mechanism may underlie drug-resistance in
mTLE. Cell counts and immunohistochemical staining have been used to identify
different cell populations in the dentate in mTLE [15]. Neuronal loss in the hip-
pocampus is accompanied by selective loss of somatostatin and neuropeptide Y
interneurons and sprouting and reorganization of surviving synaptic connections
that in essence rewires the hippocampal connections [20]. Dynorphin and neu-
ropeptide Y immunohistochemistry demonstrates mossy fiber sprouting into the
inner one-third of the granule cell of the dentate molecular layer which facilitates
synaptic reorganization and recurrent excitation that leads to epileptogenicity and
recurrent seizures [15, 20].

Certain molecular mechanisms are associated with drug-resistant mTLE such
as low brain GABA levels [21]. In addition, glutamate levels and changes in
neuronal glutamate transporters are another mechanism that is disordered [22].
Vesicular glutamate transporters are responsible for loading presynaptic vesicles
with glutamate and are used as a marker for glutamatergic synapses in human
hippocampus. In HS, vesicular glutamate transporters have been decreased in
the hippocampal subfields (increased in non-HS patients compared with autopsy
controls) with severe neuronal loss, but were strongly up-regulated in the DG
reflected by synaptophysin, neuropeptide Y, and Timm’s staining that indicate
additional glutamatergic synapses possibly formed by mossy fiber sprouting [23].
The excitation incurred from seizures propagation, deafferentation from loss of
hippocampal connections, or the chronic effects of AEDs may explain an extrahip-
pocampal distribution of atrophy that has been reported in patients with mTLE
with HS [24].

Genetic influences have also been notable in mTLE. A familial form of TLE has
been reported with autosomal dominance although it is rare and generally not asso-
ciated with HFA [25]. Additional familial forms have been reported where mTLE
was observed in families but not associated with an autosomal dominant transmis-
sion. Furthermore, HFA may present in first-degree relatives who do not manifest
clinical seizures further confusing the cause-and-effect relationship between HFA
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and mTLE [26]. HFA has been associated with the APOe4 allele and may be seen
with an earlier age of expression of mTLE [27]. TLE phenotypes may be asso-
ciated with SCN1B mutations as a subtype of cryptogenic generalized epilepsies
with febrile seizures [28]. Other genetic markers have been reported to be more
common in mTLE associated with HFA [29]. The role of pharmacogenetics in
contributing to AED resistance has most closely examined the genetic polymor-
phisms in the ABCB1 gene [30]. This multiple drug resistance gene and receptor
polymorphism has been suggested to facilitate drug efflux transport and reduce the
brain—drug response with a greater risk for developing drug-resistant mTLE [31].
The membrane drug transporter P-glycoprotein found in tissue removed at surgery
from patients with refractory mTLE due to HS affects drug protein products that
can alter AED pharmacokinetics or pharmacodynamics, though there may well be
several factors involved in drug resistance [32].

14.4 Differential diagnosis

Reasonable certainty should exist based upon the clinical evaluation alone to
establish the diagnosis of mTLE [33]. However, a definitive diagnosis is not
always readily established when a direct historical account is lacking, or when
nonepileptic seizures mimic TLE [33]. Video-EEG monitoring is the gold stan-
dard for refining a differential diagnosis in patients with mTLE and “spells” (see

Table 14.1 “Petit mal” seizures and the clinical differences: mTLE versus absence epilepsy

Clinical features mTLE Absence epilepsy

Age of onset Usually early adolescence 4-8 years (Childhood
absence)

Risk factors Febrile seizures or early Family history may be present

childhood “injury”

Aura Yes No

Clinical seizures STARING STARING = eyelid fluttering

Consciousness Impaired Brief interruption to
impaired

Automatisms Often; oral and complex Occasionally

Duration >30 s to 2 min Brief: 10-20 s

Postictal Yes may be variable No

MRI Often lesional/MTS* Normal

EEG (Anterior) temporal IEDs 3 Hz generalized spike-waves

Pathology HS or focal cortical lesion None/presumed genetic

Response to AEDs One-third refractory to AED Excellent but 15% resistant.
Some AEDs may worsen

Course Often progressive Remission in 50%

“Lesion status (MTS) is dependent upon the quality of neuroimaging and interpretation.
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Table 14.1). Neurologists appear to be more accurate than non-neurologists in
arriving at a correct diagnosis with mistake rates of 5.6% versus 18.9% for gener-
alists in one study [34]. Psychogenic nonepileptic attacks (PNEAs) are “seizures”
that represent the majority of misdiagnosed TLE. The rate of misdiagnosis ranges
from a low of 5% to over 30% in patients with intractable seizures undergo-
ing video-EEG monitoring [35]. The “emotional” changes with temporal partial
seizures may involve a feeling of fear that can mimic the psychological appearance
of panic attacks though the duration is brief (usually seconds to 1-2 minutes),
consciousness is impaired, and other features (such as shortness of breath, chest
pain, diaphoresis) are typically absent [36]. Psychic auras that involve experiential
symptoms to include “butterflies,” fear, déja vu, jamais vu, or other indescribable
symptoms may mimic psychiatric complaints and lead to misinterpretation. Per-
ceptual changes of visual, auditory, or olfactory ictal phenomenon may suggest
psychotic symptoms. The diagnostic specificity is less accurate when these symp-
toms occur as auras or as a part of brief complex partial seizures [33]. Cognitive
changes of depersonalization, derealization (“‘dreamy states”), out-of-body experi-
ences (“autoscopy”), feeling of a presence, or forced thinking may masquerade as
dissociative symptoms [37]. Focal seizures involving a broad range of emotions
such as crying (dacrocystic), laughing (gelastic), and distress (fear, anxiety, panic)
may occur and suggest a primary psychiatric diagnosis or PNEA. Sexual automa-
tisms may also occur and inappropriate behavior such as disrobing, rubbing and
scratching the genital area makes nonepileptic behavior suspect.

The overemphasis on MRI and EEG may be a pitfall to the correct diagnosis of
mTLE. HS has been identified in PNEA patients without epilepsy [38]. Similarly,
wicket waves on the interictal EEG may occur as a normal physiological variant
that is misidentified in patients with PNEA [39]. Physiologic nonepileptic seizures
are less frequently confused with mTLE though syncope is an important “episode”
to recognize given their implication and the prolonged exposure to AEDs prior to
recognition [40]. Behavioral misidentification due to nonepileptic attacks, incor-
rect drug selection, and patient failure to comply with medical recommendations
may all contribute to a refractory state. When epilepsy does exist, a differential
diagnosis to classify and localize the seizures also occurs. Video-EEG is crucial
to correctly classify and characterize those with “pseudotemporal” lobe epilepsy.
Misidentification of extratemporal lobe epilepsy such as occipital or orbitofrontal
epilepsy that propagates to the temporal lobe may demonstrate mTLE semiology.
Similarly, patients with “petit mal” seizures and staring episodes may be quickly
differentiated into focal seizures of mTLE or absence seizures of generalized
epilepsy with EEG [41] (see Table 14.1).
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14.5 Diagnosis

Historical features

The historical features of mTLE are fairly consistent; however, precise knowl-
edge of the natural history is still incompletely available [5, 42]. The birth, labor,
delivery, and development are typically normal. Early risk factors are often evi-
dent on retrospective studies and report early injury as a common substrate in
childhood for patients with mTLE. Most have a history of at least one seizure
in early childhood with the majority experiencing febrile seizures (FS) though
other symptomatic causes such as head trauma, perinatal injuries, congenital brain
malformations, CNS infection, and indolent tumors may also occur.

FS represent the most common risk factor that occurs during infancy and early
childhood. Approximately two-thirds of patients with TLE in one series had FS
without an infection involving the CNS prior to the onset of complex partial
seizures [5]. Nearly 75% of these FS were complex with prolonged or focal fea-
tures that occurred to distinguish them from simple febrile convulsions. Complex
FS are seizures associated with fever for 15 minutes or longer, have focal clinical
signs during the seizure, or recur within a 24-hour period. A history of childhood
prolonged FS is often present in patients with refractory mTLE and suggests HS
as the underlying pathophysiology for recurrent seizures [43]. However, a his-
tory of FS does not increase the risk of epilepsy substantially above the general
population rates. Whether there is a cause-and-effect relationship between FS and
mTLE due to HFA is unclear. However, when complex febrile convulsions are
prolonged, hippocampal swelling may be observed and progress to HS when serial
MRIs are performed prospectively [44]. While the association FS with TLE and
HS remains unresolved, a subset of children with complex FS appear to be at risk
for developing mTLE later in life.

The onset of mTLE characteristically occurs at the end of the first or second
decade in most people after a latency following an FS or an early cerebral “injury.”
Hormonal influences during menses and ovulation in women may lead to reports
of catamenial exacerbation. Focal seizures without (auras) and with (complex
partial) impairment in consciousness are the most common seizure types in mTLE
and may exhibit a wide degree of clinical heterogeneity. The ictal semiology
of the aura at the initial onset of behavioral symptoms frequently appears in
isolation when seizures begin early in life [45]. More than 80% of patients report
an aura [5] with experiential and viscerosensory symptoms comprising the most
characteristic forms in mTLE. Psychic phenomenon including fear, anxiety, déja
vu, and autoscopy commonly occur with mTLE in addition to viscerosensory
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auras, and a nausea, “butterflies,” or rising epigastric sensation are commonly
reported. Sensory and autonomic auras also occur but are less characteristic than
an indescribable feeling that many patients with mTLE volunteer. Olfactory auras
may raise the possibility of a tumor as opposed to HS [46] and may prompt
gadolinium use when neuroimaging.

Clinical features

Focal seizures with impaired consciousness (complex partial) in mTLE are the
primary seizure type with a behavioral semiology that reflects its anatomic site
of origin in the mesial temporal structures. Men and women are equally affected.
The clinical and semiologic differences between patients with TLE exist not only
with respect to mesial and lateral distinction but the evolution of semiology is
also stratified with respect to the age of onset with greater motor manifestations
occurring in those <6 years of age [45, 47]. Epilepsy occurs in all age groups,
but the elderly represent the group with the highest prevalence with seizures
that are often under-recognized because they may be subtle and associated with
unawareness, or present as confusion or memory lapses to suggest a nonepileptic
source [48]. The clinical semiology of focal seizures has been best defined through
epilepsy surgery referrals that validate the origin of behavior with seizure free-
dom after resection [49]. Focal seizures with impaired consciousness in mTLE
typically occur with a fixed stare, impaired consciousness, and oral or manual
automatisms over 30—60 seconds. Ipsilateral automatisms and contralateral dys-
tonic posturing during the seizure are very useful lateralizing signs that reflect
seizure onset; however, propagation to symptomatic regions limit use of seizure
semiology alone [50]. Semiologies that suggest nondominant lateralization include
“ictal speech,” vomiting, and intermittent “responsiveness.” Postictal aphasia is
predictive of epilepsy from the dominant temporal lobe. Tonic or clonic jerking
and postictal Todd’s paresis lateralize to the contralateral hemisphere and indicate
propagation and involvement of the ipsilateral motor extratemporal or neocorti-
cal structures. Pupillary dilatation, hyperventilation, piloerection, and tachycardia
are autonomic features that may occur. Seizure semiology does not appear to
be clearly distinct with different pathologies though HS may be more character-
istically associated with ipsilateral limb automatisms and contralateral dystonic
posturing. Whether the person with mTLE begins with a first seizure and then
follows the course toward intractability or whether the disorder evolves over time
with the possibility of intervention remains to be determined [42]. Secondarily gen-
eralized seizures are relatively infrequent and are usually controlled with AEDs
and do not occur as the exclusive or predominant seizure type [5]. Prolonged
seizures and status epilepticus are infrequent but may occur.
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Neuroimaging

Brain MRI is the gold standard for neuroimaging when patients are evaluated
for focal anatomic pathology in mTLE [51]. MTS can be readily visualized
on qualitative high-resolution brain MRI with the characteristic features of HFA
(Figure 14.1a) and increased signal on fluid attenuated inversion recovery (FLAIR)
or T-2 weighted sequences that are best noted on coronal sections with special

Figure 14.1 (a) Sagittal high-resolution brain MRI with left HFA. (b) Coronal FLAIR brain
MRI showing left MTS.
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protocols that include anatomical orientation, thin sections, and imaging sequences
to augment visualization (Figure 14.1b). Quantitative volumetric analysis demon-
strates normal hippocampal volumes ranging from 2660 to 5180 mm® with a
standard deviation of <10% from normal volumes in normal young adults [42].
New onset epilepsy typically does not demonstrate HFA when compared with
adult controls [52]. When prospectively evaluated, decline in hippocampal vol-
ume may begin before 1 year [53] and by 3.5 years demonstrate a volume decline
of up to 10% from individual baseline volumes [54]. HFA when visualized is
seen to progress over time in patients with refractory mTLE [55]. In addition, the
progression of white and gray matter atrophy using voxel-based morphometry was
greater in patients with left mTLE when compared to right mTLE and was more
pronounced when seizure control was poorer and a longer duration of epilepsy
was evident [14]. One study demonstrated that patients with right mTLE are more
likely to present bilateral hippocampal abnormalities [56].

The sensitivity of the MRI signal on a 1.5 T magnet is usually too low to achieve
a significant resolution to identify individual subfields though higher field strength
MRI and alternative sequences may provide greater detail [57]. Higher resolution
imaging allows for greater resolution of internal structures of the mesial temporal
lobe including visualization of Amon’s horn of the hippocampus. Neuroimaging
techniques for subfield analysis require brain MRI with high field strength mag-
nets. Regions that are able to be identified include the CA subfields, DG, and
global atrophy [57]. About 30% of patients with drug-resistant focal seizures har-
bor foreign tissue lesions with an estimated 60—70% of those with “nonlesional”
MRI suspected to harbor HS [58], though with 30% that are MRI-negative for HS
and may be able to be identified by focal or regional cerebral hypometabolism
using positron emission tomography (PET) [59]. The anatomic distribution of
changes that may be encountered in mTLE have been reported to extend outside
the hippocampus and include a network of extrahippocampal gray matter loss that
has been detected using voxel-based morphometry to study diffuse abnormalities
[24]. These prospective data provide evidence that mTLE can be a progressive dis-
order characterized by developing atrophy in both the hippocampus and neocortex
compared to age-matched controls over a few years time [24, 60].

Other neuroimaging techniques may be useful in mTLE when a lack of con-
cordant or discordant information exists in the presurgical evaluation. Among
quantitative MRI techniques, a prolonged T2 relaxation time (T2 relaxometry) is
a sensitive technique to identify hippocampal abnormalities that are not obvious
on visual inspection of the anatomic brain MRI [61]. fMRI has become used in
assisting with identification of functional cortex and may be useful in helping to
define language areas [62]. Proton magnetic resonance spectroscopy (MRS) may
be useful in patients with congenital malformations to detect significant changes
in chemical ratios of neuronal N -acetyl-L-aspartate to choline and total creatine,
and to highlight the relationship between gray and white matter. Diffusion MRI
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enhances neuronal fibers that are operational in water diffusion to permit further
functional definition of white matter networks.

Among functional neuroimaging 18F-fluorodeoxyglucose PET (FDG-PET) has
been most frequently applied clinically to demonstrate ipsilateral regional cerebral
hypometabolism and metabolic rates that are reduced in 60—90% of patients with
mTLE when compared with contralateral regions [63]. Ictal single-photon emis-
sion computed tomography (SPECT) and subtraction ictal SPECT coregistered
with MRI (SISCOM) may assist with localization, operative strategies, and even
in predicting surgical outcome [64].

Electrophysiology

The interictal features of mTLE on the EEG are often associated with anterior tem-
poral spikes or sharp waves (Figure 14.2) with maximal voltage over the temporal
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Figure 14.2 Characteristic left anterior temporal sharp-and-slow wave during routine
interictal EEG.
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basal electrodes. During video-EEG monitoring >90% of patients with mTLE will
demonstrate anterior temporal electrode or sphenoidal interictal epileptiform dis-
charges (IEDs) [5, 65]. Intermittent focal slowing is commonly associated with
IEDs with localizing value when appearing as temporal intermittent rhythmic delta
activity. Special electrodes to record from the mesial-basal temporal regions help
facilitate definition of the polarity and field of spread. Mid-temporal epileptiform
discharges may occasionally occur in mTLE, but this finding should prompt con-
sideration of a larger or extramesial generator. Approximately one-third of patients
demonstrate bilateral temporal IEDs [5, 65, 66] and when not seen are usually the
effect of a shorter duration of recording. Temporal IEDs in wakefulness or REM
sleep most often are concordant with the site of seizure onset [67]. The strong
localizing ability of unilateral temporal IEDs on EEG and ipsilateral hippocampal
atrophy has led some to question the need for ictal recordings in patients with
mTLE due to the high concordance with seizure onset [68].

The characteristic ictal EEG pattern associated with focal seizures of medial
temporal lobe origin is a unilateral regular 5—9 Hz rhythmic ictal theta or alpha
discharge maximal in the anterior temporal scalp electrodes (Figure 14.3) that
occurs after the onset of clinical symptoms [69]. This finding has been reported
to occur in up to 94% of patients with mTLE and correctly lateralize the seizure
onset in >95% of patients. Less commonly, a similar vertex and parasagittal pos-
itive rhythm or a combination of morphologies may be recorded in mTLE that is
coincident with the negativity observed at the temporal basal electrodes [70]. How-
ever, this pattern may also occur at some point during the ictal discharge in those
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Figure 14.3 Scalp EEG depicting a brief focal electrographic seizure in mTLE. Note the
characteristic evolving left regional anterior temporal rhythmic ictal theta discharge.
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without hippocampal TLE [71]. Partial seizures propagated from extratemporal or
neocortical structures to the mesial structures may explain the reduced specificity
seen in patients without HFA. Nevertheless, patients with normal brain MRI and
a rhythmic ictal theta discharge at seizure onset may still be able to predict a
favorable response to temporal lobectomy [72]. TLE has also been subdivided
by means of continuous EEG source imaging using multiple fixed dipole analy-
sis of scalp EEG. Ictal rhythms with a predominant basal source component had
hippocampal onset seizures while those with anterior temporal source maximum
had entorhinal onset and those with lateral source maximum had neocortical onset
[73]. Scalp EEG patterns of temporal lobe seizures are not a direct reflection of
ictal activity at seizure onset but rather a reflection of the differences in seizure
development, propagation, and synchrony of the direct cortical discharges [74].
Using simultaneous intracranial and surface ictal EEG recordings (64 total chan-
nels) obtained from a combination of subdural strip (Figure 14.4), intracerebral
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Figure 14.4 Invasive EEG represented by bitemporal subdural strips to lateralize a patient
with right mTLE. Note the right regional temporal onset during second 2. L/RAT: L/R ante-
rior temporal; L/RMT: L/R mesial temporal. Reproduced with permission from Tatum W.O.,
Husain A.M., Benbadis S.R., and Kaplan P.W. (2008) Handbook of EEG Interpretation.
New York: Demos Medical Publishing, p. 114.
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Figure 14.5 Invasive EEG with combined depth and subdural strips to localize left medial
temporal onset focal seizures. Note seizure onset in the left depth demonstrating left anterior
pes hippocampus onset manifest as rhythmic ictal fast activity. Depth electrodes are denoted by
R/L (right/left)AP: R/L anterior pes; R/LPP: R/L posterior pes; R/LPH: R/L parahippocampal
while subdural strips are identified as R/LAT: R/L anterior temporal; R/LST: R/L subtemporal;
R/LPT: R/L posterior temporal; R/LF: R/L frontal. Courtesy of Michael R. Sperling, MD;
Jefferson University Hospital, Philadelphia, PA.

depth (Figure 14.5), and scalp electrodes Pacia and Ebersole reported an ictal EEG
classification system for TLE [74]. Discharges initially confined to the hippocam-
pus produce no scalp EEG rhythms but required the recruitment of the inferolateral
temporal neocortex before the regular 5—9 Hz subtemporal and temporal EEG pat-
tern was evident on scalp recording. When the ictal discharge was confined to the
mesial basal temporal cortex, a vertex dominant rhythm became noted due to the
net vertical orientation of the dipole. Widespread bilateral background attenuation
(corresponding to 20—40 Hz fast activity on invasive recordings) and irregular
2—4 Hz delta on scalp EEG at onset were more likely to be associated with neo-
cortical seizures with a focal or regional onset on invasive recording. While the
conventional range of EEG analysis involves frequencies <100 Hz, depth elec-
trodes and visual analysis have revealed discrete focal high-frequency oscillations
(ripples <250 Hz and fast ripples >250 and <500 Hz) that may be present during
the immediate preictal period at the region of seizure-onset in mTLE and rarely
in the regions of propagated or nonlocalized seizures [75].
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Treatment

Most patients with focal seizures will respond to medical treatment with appro-
priate AEDs. For one-third of patients with continued seizures despite therapy,
the sequella may involve a constellation of features. The impact from cumulative
AED load, cognitive deterioration, psychosocial dysfunction, restriction in activity
of daily living, and compromised quality of life may appear to progress over time
[76]. Patients with HS ultimately have a small likelihood of maintaining seizure
freedom in surgical series [77] though little is known about the natural history in
the community at large.

Consequences of mTLE include morbidity that may be related to the adverse
effects of treatment and from recurrent seizures. Soft tissue injuries are the most
common type of injury sustained as the result of a seizure. Head injuries are also
commonly encountered [78]. Adverse effects on the developing brain may stem
from recurrent seizures but may also occur from over-treatment [79]. Increased
mortality may occur from many different causes both directly from seizures due to
accidents, suffocation, and drowning. In addition, the underlying pathology leading
to seizures from head trauma, stroke, infections, and brain tumors may compromise
life expectancy independently of the effect from seizures. Sudden unexplained
death in epilepsy (SUDEP) is a distinct cause for fatality in epilepsy that is
greater in patients with uncontrolled seizures underscoring the need to consider
all options including medical and surgical therapy for patients with refractory
mTLE. SUDEP requires that there is a diagnosis of epilepsy, that the deceased
was in a reasonable state of health, the death was sudden (minutes) and occurred
during benign circumstances, and that it was not directly caused by seizures or
status epilepticus and was without obvious medical reasons. Patients with mTLE
that fail surgery are among the highest risk patients and are at risk for SUDEP
occurring with a range between 2.2 and 9.3 per 1000 patient-years compared with
0.5-1.9 in community prevalence samples [6].

Medical

Nearly two-thirds of patients with partial-onset seizures will achieve seizure free-
dom [80] yet of all etiologies complex partial seizures due to HS have the worst
prognosis for medical control with only 11-42% of patients becoming seizure-free
[77, 81]. Failure to identify refractory patients early during the course of treat-
ment may be compounded by observing approximately one-quarter of patients with
refractory TLE that exhibit a significant period of seizure control before intractabil-
ity finally becomes evident [82]. Newer generation AEDs hold the promise of
similar efficacy but with improved tolerability. However, most AEDs exert their
effect by providing a favorable balance between reducing neuronal excitation (by
modulating sodium and calcium channels that reduce excitatory amino acids) or
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enhancing neuronal inhibition (and potentiating the effects of GABA), though
some have novel mechanisms that offer the mechanistic rationale for polyphar-
macy. Suicide is significantly increased in TLE and may have a neurobiological
basis from the anatomy that cross-links the limbic system between epilepsy and
depression. The effect of AEDs on suicide received attention from the US FDA
after demonstrating a small but significant effect that occurred in pooled data
taken from the placebo arm of controlled clinical regulatory AED trials compared
with placebo. In terms of adjusted risk estimates for the treatment groups, 0.43%
of the drug patients experience suicidal behavior or ideation compared to 0.24%
of the placebo patients.

Failure of the first AED for reasons of inefficacy has demonstrated to be the most
powerful predictor of subsequent successful trials of AED use [80]. A minority of
drug-resistant patients are able to achieve seizure freedom even after the failure of
two or more AEDs [82, 83]. Still, this minority underscores the need to consider
continued AED trials when resective surgery is not feasible. A recent review of
over 2734 patients with drug-resistant epilepsy after temporal lobe surgery versus
medical treatment found that 12% of patient in the nonoperated pooled controls
would become seizure-free without surgery despite a lack of control for many
years [84]. In the absence of long-term randomized trials, observational studies
have shown that when seizure freedom does occur, the introduction of new AEDs
into the maintenance drug regimens to produce seizure freedom may last up to
12 months or longer in a limited number of refractory patients [85]. New AED
development will continue to provide a better understanding of the molecular
mechanisms that underlie TLE. Still, treatment with a change in medical regimen
when necessary, as well as adjunctive treatment with resective epilepsy surgery
are both standards of care for eligible patients with drug-resistant TLE [86].

Surgical

When AEDs are ineffective in maintaining seizure freedom, resective epilepsy
surgery must be considered. Temporal lobectomy represents two-thirds of the sur-
gical procedures performed for all drug-resistant focal seizures. Surgical outcome
is expected to approach 70% or more and is the prototype for surgically remediable
epilepsy syndromes [87]. A single one-year randomized controlled trial performed
in Canada demonstrated superiority of surgical treatment in TLE over continued
medical treatment once pharmacoresistance was established [88]. In this adult trial
40 surgery patients were compared with 40 patients treated medically. Only 3% in
the medication-only group were seizure-free at one year; however, after surgery
58% were free of seizures that impaired consciousness. Many other uncontrolled
studies are consistent with nearly identical results to the class 1 trial [86]. A
multicentered trial found that when HFA was present and generalized tonic-clonic
seizures were absent, these were selection criteria that were most predictive of a
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favorable outcome after epilepsy surgery associated with mTLE [89]. Long-term
follow-up studies of medical versus surgical treatment otherwise have been poorly
established. A meta-analysis of surgical outcome further demonstrated that two
years after surgery 55% of refractory patients are completely seizure-free and 68%
are free from complex partial seizures [84]. Though pathological heterogeneity
may exist the recognition of HS has dramatically improved our ability to render
drug-resistant patients seizure-free after resective epilepsy surgery. Surgery is >4
times more effective than best medical treatment [84, 88]. Early observations of
patients with epilepsy and “exploratory” nonresective craniotomies found some
influence of surgery on seizure reduction though they did not become seizure-free
[90]. This suggests that while an effect from the surgical procedure itself may
occur, seizure freedom from successful resection of the medial temporal structures
is the only way to definitively validate the origin of the seizures to serve as a “gold
standard” for seizure localization. In general, temporal resections (Figure 14.6)
are usually more effective than extratemporal or multilobar resections to result
in seizure freedom [91]. Additionally, the surgical technique is another crucial
factor and even patients with various pathologies may do well with resection
of the targeted lesion in its entirety [92]. Quality of life was also shown to be
better after epilepsy surgery when compared to continued medical care though
was best correlated with those who achieved seizure freedom (P < 0.001) [88].
Additionally imaging evidence has suggested that neuronal dysfunction outside
the epileptogenic zone may be reversible after successful surgical treatment
[93]. An important minority ranging from approximately 20—50% of seizure-free
surgical patients able to discontinue AEDs remained “cured” of refractory
mTLE [94]. Similarly, in a minority of patient, risks of intracranial surgery

Figure 14.6 Coronal T2-weighted brain MRI showing postoperative changes in the temporal
lobe following left anterior-mesial temporal lobectomy.
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have included infection, hemorrhage, or focal neurological deficits. Transitory
language, “pie in the sky” visual field defects, rare motor deficits, and memory
deficits may occur as morbidities with mortality rare in experienced centers.

Neurostimulation is a form of therapy that may be considered when surgery is
not an option. Despite the surge of new AEDs, the greater availability of resective
epilepsy surgery, and the resurfacing of the ketogenic diet, neurostimulation main-
tains a unique role in the treatment of refractory mTLE. Vagus nerve stimulation
(VNS) is not a curative device with <5% becoming seizure-free with use, though
a mean reduction in seizure frequency of 25-28% at three months improving to
about 40% by year has been shown [95]. VNS should be considered in patients
with mTLE only when craniotomy and resective surgery is undesirable, and after
a definitive diagnosis of epileptic seizures. Primary adverse effects of hoarseness,
tingling at the electrode site and shortness of breath though are mild. Simultane-
ous AED reduction appears possible for improved tolerability [96]. Other forms of
intracranial neurostimulation including thalamic deep brain stimulation (DBS) and
a responsive neurostimulator (RNS) are promising and may benefit more patients
in the near future.

Illustrative case

A 33-year-old right-handed white female with a history of depression was self-
referred for evaluation of an investigational AED trial. She first experienced a
single complex febrile convulsion at 2 years of age and was well until menarche
at 12 years of age when a nocturnal “grand mal” seizure was witnessed. A brain
MRI and EEG were “negative” and she was treated with carbamazepine (CBZ).
Retrospectively, episodes of “déja vu” were identified where she would “feel as
though she had the feeling she had done this before.” She would then briefly
stare with a brief lapse of awareness for “seconds” while she tried to “fight it”
following which she felt fatigue. Others would see her staring and “concentrating”
during this time. She was maintained on CBZ monotherapy for 17 years by her
primary care physician later with brief trials of lamotrigine and levetiracetam.
She continued to experience weekly “déja vu” without further “seizures” until
impaired consciousness intensified leading to her own concerns of driving safety.

The neurological examination was normal. A repeat EEG revealed left anterior
temporal IEDs. A high-resolution brain MRI using an epilepsy protocol clearly
delineated severe left MTS. Admission for video-EEG monitoring captured three
habitual seizures that began with her warning prior to a stare, impaired conscious-
ness, lip smacking, and bilateral hand automatisms for 30—60 seconds, following
which she was tired and had trouble with verbal expression. Interictal EEG demon-
strated state-independent T1 spikes and sharp waves. The three focal seizures with
impaired consciousness were identical and began after an abrupt left regional
temporal sharply contoured 7 Hz theta maximal at the T1/F7 derivation with a
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Figure 14.7 Coronal FLAIR sequence brain MRI following amygdalohippocampectomy. Note
the small targeted resection margin in the left mesial temporal lobe.

left hemispheric-predominant bilateral field of spread that ceased abruptly with
left temporal postictal delta slowing. A brain FDG-PET revealed left temporal
hypometabolism. Subsequently, neuropsychological testing revealed a full-scale
IQ of 105, mild verbal memory impairment, no psychiatric barriers, and motivation
to undergo a surgical procedure. Wada testing demonstrated the left hemisphere to
be dominant for language function and 8/8 recognition with left hemispheric injec-
tion and 5/8 recognition with right hemispheric injection of sodium methohexital.
She subsequently underwent left amygdalohippocampectomy (Figure 14.7) and
has been seizure-free for >2 years on tapering doses of CBZ.

This case illustrates a few salient points including the characteristic history of
patients with mTLE. Her chronic exposure to AEDs prior to surgical attention is
typical of the delays that those with mTLE due to HS incur prior to definitive
treatment [86—89]. The caretaker’s misinterpretation of “seizure control” as an
absence of generalized tonic-clonic seizures is partly responsible for many patients
self-referring themselves to an epilepsy center for new treatment options available.
In addition, her presurgical evaluation is classic for those with mTLE with a phase
1 that allows her to “skip” directly to surgery as a “slam dunk” straightforward
case of surgical mTLE. In the setting of her seizure semiology and concordance
of her phase 1 data a >70% likelihood of seizure freedom with a normalized
HRQOL was anticipated [97] and realized at two years following surgery.

14.6 Concluding statements

mTLE is a well-recognized, distinct, and prevalent human focal epilepsy syndrome
with a well-known clinical, neuroradiographic, electrographic, and pathological
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profile. Newer neuroimaging techniques are increasingly identifying symptomatic
“causes” of acquired mTLE through greater resolution of the medial temporal
neuroanatomy. Neurophysiological refinement of macroscopic spatial and tempo-
ral resolution may provide more precise seizure localization [98], and advances in
seizure prediction allow for earlier recognition to facilitate intervention. Advances
in understanding the spectrum of mTLE suggest a continuum from a focal network
centered over the medial temporal lobe to a widely extended network that goes
beyond the medial temporal structures and even beyond the limits of the temporal
lobe [99].

For patients with mTLE, targeting treatment that is aimed at improvement
in their health, employment, education, and social activities remains the ulti-
mate goal. The fundamental need for epilepsy classification, definitive diagnosis,
and focus on achieving a seizure-free outcome with treatment can not be over-
emphasized. Over-treatment with AEDs complicates the risky delay which may
introduce serious drug adverse effects and expose the patient to ongoing seizure-
related morbidity and mortality. Improvement in the domains of HRQOL is more
difficult to achieve the longer mTLE remains uncontrolled and epilepsy surgery
remains a standard of care in need of early consideration [100]. In the future
other less or non-invasive techniques such as viral vectors that introduce novel
genes into the brain and cell grafting may promise a futuristic treatment approach
to afford suboptimal surgical candidates with mTLE an alternative to resective
surgery [101].
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15.1 Intractable partial epilepsy

Approximately 30% of all patients with epilepsy will continue to have disabling
seizures despite antiepileptic drugs (AEDs). Patients with medically resistant
epilepsy are at increased risk for serious morbidity and mortality [1-3]. Most indi-
viduals who will respond favorably to AED medication are successfully treated
with the initial drug selection. Patients who “fail” two AED medications used
appropriately are likely to have drug-resistant seizure disorder and should be
investigated for alternative forms of treatment [4, 5].

The World Health Organization estimates that epilepsy is the cause of 1% of
the global burden of disease based on productive years lost to disability or pre-
mature death [4, 6]. Partial, or localization-related epilepsy, is the most common
seizure disorder and 20—40% of patients will experience physically and socially
disabling drug-resistant seizures [5, 7—9]. In fact, the majority of studies show that
patients who fail to respond to two first-line AED trials, have a low probability
of being seizure-free with continued drug trials [5, 8]. The most widely quoted
study found less than 3% of patients are rendered seizure-free after failure (due to
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lack of efficacy) of only two AEDs [5, 8]. This study showed that 47% of patients
respond to the first AED, 13% respond to the second AED, and only 3% respond
to a third drug or multiple drugs. Of those patients who did not respond to the
first AED because of lack of efficacy, only 11% subsequently became seizure-
free. These results suggest that for a patient who has had adequate trials of two
AEDs, i.e. failed because of efficacy and not side effects, the probability of phar-
macological seizure remission is low. Generally, after failing two or three AEDs
individuals are considered to have drug-resistant epilepsy (DRE) [5, 8]. It should
be noted, however, that other recent studies have shown higher seizure remission
rates in some populations [10, 11]. French et al. [10] found that 32 (16%) of
198 patients with poorly controlled partial epilepsy achieved at least a six-month
seizure remission during a three-year period during which they received additional
AED trials. Notably, 21 of these patients previously had epilepsy surgery.

When evaluating a patient with DRE it is important to consider and investi-
gate known factors associated with poor seizure control, for example, medication
noncompliance, alcohol abuse, and obstructive sleep apnea.

15.2 Epilepsy surgery

Epilepsy surgery is an effective and safe therapy for carefully selected patients
with drug-resistant partial epilepsy (DRE) [12—16]. While only one study rep-
resents Class I evidence [17] there is now widespread consensus (Neurology
consensus practice parameter [18]) that epilepsy surgery should be considered
for patients with drug-resistant localization-related partial epilepsy. In particular,
many patients with Temporal lobe epilepsy (TLE) or lesional epilepsy have sur-
gically remediable epilepsy syndromes [4, 19]. The majority of these patients
will experience a significant reduction in seizure frequency following surgical
resection of the region of epileptic brain [13, 18-24]. A recent study using a
decision analysis model showed that on average anterior temporal lobe resection
provides substantial gains in life expectancy and quality-adjusted life expectancy
for surgically treated patients with DRE compared with medical management [16].

Patients with TLE and MRI lesional MRI syndromes are generally the most
favorable candidates for surgical resection. The frequency of seizure activity, type
of seizure(s), comorbidity, and underlying pathology are important variables to
consider when evaluating a patient’s candidacy for surgical treatment. The impact
of chronic epilepsy on psychosocial, economic, and quality of life should be
taken into account [9]. The goals of epilepsy surgery are to eliminate seizures and
improve a patient’s quality of life, for example, allow individuals to work, attend
school, live independently, and drive [16, 25, 26].

The most common operative procedures are focal resection of epileptic brain
tissue, for example, focal corticectomy, and anterior temporal lobectomy [18, 19].
The rationale for surgical treatment is that removing the epileptogenic zone



15.2  EPILEPSY SURGERY 249

(EZ), that is, site of seizure onset and initial seizure propagation [14, 23, 27],
will eliminate seizures (Figure 15.1). The preoperative evaluation is directed
at identifying the site of seizure onset, seizure propagation, and the location of
functional eloquent cortex. Most patients undergo scalp video-EEG monitoring to
record their habitual seizures, MRI to identify possible structural abnormalities,
neuropsychological evaluation, visual field testing, and the intracarotid sodium
amobarbital procedure, known as the Wada test (named after Canadian neurol-
ogist Juhn Wada) (Table 15.1). The high diagnostic yield of MRI to identify
pathological substrates, for example, post-traumatic encephalomalcia, vascular
malformation, tumor, malformations of cortical development (MCD), mesial
temporal sclerosis (MTS), is well established in patients with DRE (Tables 15.2
and 15.3). Selected patients will require functional neuroimaging, that is, PET,
SPECT, functional MRI, and possibly chronic intracranial EEG monitoring to
localize the region of seizure onset [13, 14, 23, 27-32].

The outcome of epilepsy surgery is dependent on many variables including the
age of seizure onset, location of the epileptic brain tissue, underlying pathology,

Table 15.1 Presurgical evaluation

Performed invariably Performed variably At selected centers
History and examination Video-EEG (intracranial) SISCOM

Routine EEG Electrocorticography MRS

MRI head FDG-PET PET receptor studies
Video-EEG (scalp) Interictal-ictal SPECT Functional MRI
Neuropsychology Sodium amobarbital study (Wada) MRI volumetry

Performed invariably: almost always obtained prior to epilepsy surgery; performed variably: available at
most epilepsy centers, and used in selected candidates; performed selected centers: not widely available;
MRI: magnetic resonance imaging; PET: positron emission tomography; SPECT: single-photon emission
computed tomography; SISCOM: subtraction ictal SPECT co-registered to MRI; MRS: magnetic resonance
spectroscopy.

Table 15.2 Surgically remediable epileptic syndromes

Selected partial epilepsy MRI (%) SISCOM Pathology
syndromes

Substrate-directed

Medial temporal lobe epilepsy >90 — MTS

Lesional epilepsy: tumor 100 — Ganglioglioma, glioma, DNET
Lesional epilepsy: vascular 100 — Cavernous hemangioma, AVM
Lesional epilepsy: malformation 80-90 — FCD

Non-substrate-directed

Neocortical (extrahippocampal) 0% 75% Gliosis, focal cell loss, none

FCD: focal cortical dysplasia.
Adapted from Cascino (2001) [33].
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Table 15.3 MRI and mesial temporal sclerosis

MRI techniques Sensitivity (%)
T2-relaxometry 79
IR 86
Visual atrophy 90
IR + visual atrophy 93
Hippocampal volumetry 97

Inversion Recovery (IR).
Reproduced from Kuzniecky et al. (1997) [44].

and surgical strategy. Favorable prognostic indicators include an early age of
seizure onset, medial temporal lobe seizure onset, and a completely resectable
structural lesion on MRI, for example, MTS, cavernous malformation, focal low-
grade neoplasms [20, 24, 34]. Approximately 80-90% of patients with TLE
secondary to MTS, and the above-listed lesional epilepsy syndromes may be ren-
dered seizure-free or near seizure-free following a total excision of the EZ. Less
favorable operative candidates include patients with MCD and normal MRI, that
is nonlesional epilepsy [29, 35-38]. Nonlesional extratemporal partial epilepsy
remains a very significant challenge [24, 39-43].

The cost of the presurgical evaluation and treatment is considerable. This cost,
however, must be considered within the context of the costs of intractable epilepsy
that includes AED therapy office visits, laboratory studies, unemployment, and
lost productivity [4, 6, 16]. In addition to the psychosocial benefits for individuals
the large-scale economic benefits to society of rendering patients seizure-free are
well recognized.

15.3 Localization of the epileptogenic zone

The presurgical evaluation for epilepsy surgery is focused on localization of epilep-
tic brain, that is, the region of brain generating the patient’s habitual seizures
(Figure 15.1). The cornerstones of the presurgical evaluation are (i) the clinical
history and neurological exam, (ii) scalp video-EEG to record the patient’s habitual
seizures, (iii) seizure protocol MRI, and for some patients, (iv) functional neu-
roimaging (SPECT, PET, MRS, fMRI, magnetoencephalography (MEG)), Wada
testing, and chronic intracranial EEG monitoring i(EEG). The surgical treatment
is based on the concept that seizures begin in a discrete region of brain, the seizure
onset zone (SOZ), and then propagate to a critical volume of “susceptible tissue”
to generate seizures. In order to obtain seizure freedom, the SOZ and the surround-
ing EZ must be resected [27]. Unfortunately, in practice the EZ does not have
a clear anatomical, imaging, or electrophysiological definition. In patients with a
focal lesion on MRI, for example, low-grade tumor or a vascular malformation,



15.3 LOCALIZATION OF THE EPILEPTOGENIC ZONE 251

|:| Seizure Onset Zone (SOZ)
I:l Epileptogenic Zone (EZ)

Figure 15.1 The epileptogenic zone is defined as the region that must be resected for the
patient to be seizure-free. The seizure onset zone is the region of seizure onset determined
by iEEG.

if the SOZ localizes to the MRI lesion then complete resection of the MRI lesion
will most often eliminate the seizures [19]. The rate of seizure-free outcomes in
these selected patients with MRI lesions can approach 80—90%, demonstrating the
efficacy of epilepsy surgery [4, 14, 19, 23, 24, 34]. However, many patients have a
normal MRI, or lesions that extend beyond what is evident on MRI, for example,
MCD [38], or into functionally eloquent brain that cannot be safely removed.
These patients make up at least 30% of evaluations at major epilepsy centers. For
patients with normal MRI scans only 30—50% of those finally deemed surgical
candidates will achieve seizure freedom [24, 39-43] (Table 15.4), demonstrating
the current limitation of epilepsy surgery.

The history and exam

The evaluation of patients with epilepsy requires a careful history and neurological
exam [14, 18, 23, 45]. The age of epilepsy onset, history of febrile seizures, family
history of epilepsy, history of significant head trauma, meningitis or encephalitis,
cognitive deficits and abnormal neurological exam are of particular importance.
To establish the likelihood of DRE it is important to establish the history of
appropriate AED trials, the reason for AED failure, and history of medication
compliance. In addition, lifestyle factors known to exacerbate seizures such as
alcohol abuse should be pursued. Additionally, recent studies have identified sleep
apnea as exacerbating seizure control [46].
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Electroencephalography

Scalp video-EEG emerged in the 1970s as a way to obtain rigorous electroclinical
correlation of seizures. Video-EEG is an indespensible tool for characterizing
seizure type and identifying the region on onset in partial seizure disorders. Using
simultaneous video and EEG the correlation of seizure semiology and EEG is
possible [47, 48]. Video-EEG monitoring is performed in these individuals to
confirm the diagnosis of a partial seizure disorder, establish the seizure-type, and
determine the disabling effect of the ictal behavior.

The practice of EEG and video-EEG has undergone very little change over the
past three decades. However, there is emerging data to support that the clinical
bandwidth of current clinical EEG may be too restricted, and that activity outside
the clinical bandwidth is important [49, 50]. This is discussed further below in
the context of intracranial EEG.

Magnetic resonance imaging (MRI)

MRI has been demonstrated to be the most sensitive and specific structural neu-
roimaging procedure in patients with epilepsy [19, 51, 52]. Importantly, MRI is
a noninvasive technique that has no known adverse biological effect. The pres-
ence of an MRI-identified structural abnormality often will suggest the location
of seizure onset. The high diagnostic sensitivity of MRI for lesions, for example,
tumor, vascular malformation, enecephalomalcia, low-grade neoplasm, MCD and
MTS, is well established [30, 31, 37, 43, 44, 52—54]. There is a broad consensus
that MRI identifies MTS with high sensitivity, one of the most common patholo-
gies encountered in patients with intractable partial epilepsy [44]. The importance
of MRI in selection of favorable candidates for epilepsy surgery, tailoring the
operative resection, and to confirm the extent of the resection postoperatively is
well recognized.

The optimal MRI techniques and magnet strength continue to be advanced
[55-60]. In patients with partial epilepsy the MRI should include coronal or
oblique-coronal images using T1-weighted and T2-weighted sequences. FLAIR
sequences have also been shown to increase the sensitivity of MRI to indicate a
signal change.

The MRI seizure protocol at the Mayo Clinic Rochester includes: (i) sagittal
T1-weighted imaging with minimum echo time (TE) and 500 ms repetition time
(TR) required for whole-head coverage with 5 mm thick contiguous sections, (ii)
whole-head coronal three-dimensional volumetric spoiled gradient-echo (SPGR)
acquisition is performed with minimum full TE and TR, 192 views, one repetition,
1.5 mm section thickness with 124 partitions, 22 cm field of view, and 45 flip
angle, and (iii) coronal spin-echo (SE) imaging is performed with TE of 30 and
80 ms, TR greater than 2000 ms, 20 cm field of view, 4 mm section thickness and
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2 mm intersection gap, and 192 views with one repetition. An oblique-coronal
FLAIR sequence is also obtained. The FLAIR sequence allows the pathological
signal change to be differentiated from the physiological signal alteration related
to cerebrospinal fluid. Contrast enhancement study will be performed if a space-
occupying lesion is detected [51, 52, 61].

15.4 Lesional MRI (or substrate-directed
epilepsy syndromes)

Patients with lesional epilepsy may have a primary brain tumor, vascular anomaly,
MCD, encephalomalcia, gliosis, or MTS [13, 24, 34, 38, 40, 44]. The common
surgical pathologies encountered in patients with lesional epilepsy include a low-
grade neoplasm [62—64], vascular malformations such as cavernous hemangioma
[65—-67] and focal cortical dysplasia [35, 36, 38, 57]. Individuals with MTS and
lesional pathology usually have an abnormal MRI study and the seizure-types
are classified as substrate-directed partial epilepsy [13, 19]. The MRI in these
individuals suggests the likely site of seizure onset. The goal of the presurgical
evaluation is to identify the site of seizure onset and initial propagation [23, 27].
In patients with an MRI-identified lesion or unilateral MTS the purpose of the
electroclinical correlation is to confirm that the structural abnormality is consistent
with region of seizure onset [19, 44]. The demonstration of concordance between
the MRI and the SOZ indicates the potential for a favorable operative outcome.
Approximately 80% of patients with unilateral MTS, low-grade glial neoplasm, or
a cavernous hemangioma are rendered seizure-free with surgical resection of the
entire epileptogenic lesion [4, 13, 17, 18, 20, 24, 55, 68—71]. Unfortunately, the
operative outcome is currently less favorable for individuals with focal cortical
dysplasia and other MCDs [19, 20, 35, 36, 38, 39, 57, 72].

15.5 Functional neuroimaging and intracranial EEG

Functional neuroimaging procedures may not be necessary in patients with a struc-
tural MRI abnormality that is concordant with the presurgical evaluation. Both
MRS and PET have a good diagnostic yield in patients with TLE [31, 58, 73].
These techniques may be useful in patients with indeterminate structural MRI
studies, for example bilateral hippocampal abnormalities [31, 58, 73]. In patients
with normal MRI localization of the EZ is challenging. Chronic intracranial EEG
monitoring may be required in these patients, especially patients with extratem-
poral epilepsy. Identification of a localized subtraction ictal SPECT co-registered
to MRI (SISCOM) focus may be a reliable indicator of the SOZ [31, 74-78].
SISCOM may reveal a localized region of cerebral hyperperfusion or hypoper-
fusion [31, 74—78]. The SISCOM findings are also often predictive of operative
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MEG, PET and SISCOM
Surgical Outcomes

Diagnostic MEG PET SISCOM
value (Cl) (Cl) (Cl)
Sensitivity (%) 31 54 62
(12.0-46.9) (31.6-66.3) (38.8-74.0)
PPV (%) 57 78 80
(22.4-87.2) (45.6-95.8) (50.4-96.2)

Figure 15.2 Diagnostic value of functional imaging studies. Adapted from Knowlton et al.
(2008) [79].

outcome (Figure 15.2). Ultimately, a decision regarding surgical treatment must
be based on a convergence of the neurodiagnostic evaluation [30].

Positron emission tomography (PET)

PET is a functional neuroimaging study that may be useful in identifying a
localization-related abnormality and assist the surgical planning in patients with
intractable partial epilepsy [58, 73, 80—82]. The most common study used in the
evaluation of intractable partial epilepsy is the FDG-PET. The disadvantages of
PET include the difficulty in obtaining ictal studies and the cost of the procedure.
A cyclotron is required for the production of the short half-life radiopharmaceu-
ticals. The sensitivity of PET in patients with TLE these individuals is reported
to approach 90% [83]. The false lateralization rate for PET in patients with uni-
lateral TLE is reported to be approximately 1-2% [83, 84]. The most common
interictal FDG-PET abnormality is a region of focal hypometabolism that corre-
sponds to the localization of the EZ [80, 83]. The anatomical region associated
with the interictal hypometabolism is characteristically larger than the pathological
findings underlying the EZ. The focal hypometabolism may indicate a functional
metabolic alteration related to the underlying pathological network generating
partial seizures, and does not correlate with focal cell loss in hippocampus [82].
Unfortunately, PET has been shown to be less useful in patients with neocortical
epilepsy [83]. Approximately one-third of patients with extra-temporal epilespy
may have a localized PET abnormality indicating the site of seizure onset [85].
The inability to perform peri-ictal studies in patients and the current lack of sensi-
tivity of FDG-PET in non-substrate-directed extratemporal seizures is a significant
limitation of PET in the evaluation of potential operative candidates.
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Novel positron emission tomography tracers

Imaging the spatial distribution of neuronal receptors using PET may prove use-
ful in patients with localization-related epilepsy [86]. Benzodiazepine receptors
(BZDRs) and central opiate receptors can be identified with (11C) flumazenil
PET and (11C) carfentanil PET, respectively [86]. Focal BZDR decreases and
increased or decreased selected opiate receptor activity may be present in patients
with substrate-directed pathology [86].

The PET tracer alpha [11C] methyl-L-tryptophan (AMT) has also been shown
to be potentially useful in the assessment of patients with intractable epilepsy [87].
AMT is selectively taken up by epileptogenic cortical malformation in tuberous
sclerosis.

Magnetic resonance spectroscopy (MRS)

Proton (1H) MRS has been shown to be a reliable indicator of the temporal
lobe of seizure origin in patients with mesial TLE [88—-92]. 1H MRS is highly
sensitive in the lateralization of temporal lobe seizures by revealing a reduction
in N-acetylated compound (NA) concentrations or abnormalities in the creatine
(Cr)/NA or NA/choline ratios. The underlying pathogenesis for the metabolic
changes are likely to be complex and may relate to focal neuronal loss, glio-
sis, or a functional alteration intimately associated with the frequency of seizure
activity. The diagnostic yield of MRS is similar to structural MRI in patients
with mesial TLE related to MTS [93]. The detection of metabolic abnormalities
by 1H MRS also correlates with the outcome following temporal lobectomy for
intractable partial epilepsy [89, 93]. Preoperative metabolic abnormalities in the
contralateral temporal lobe were predictive of operative failure. 1H MRS may be
of particular benefit in patients with TLE and normal structural MRI [89, 93].
Proton spectroscopy may also lateralize the epileptic temporal lobe in patients
with bilateral HFA. There is limited information regarding the diagnostic yield
of 1H MRS in patients with neocortical, extrahippocampal seizures. The potential
benefits of proton spectroscopy in patients with nonlesional extratemporal seizures
remain to be determined. At present, IH MRS is an investigative diagnostic
tool that is largely restricted to some epilepsy centers. Despite observations of
focal metabolic abnormalities in selected patients with nonlesional extratemporal
seizures, it is currently not clear if this technique will have a role in patients with
non-substrate-directed extratemporal partial epilepsy.

Single-photon emission computed tomography (SPECT)

A primary advantage of SPECT over other functional imaging techniques is
the ability to obtain peri-ictal (interictal/ictal/postictal) imaging in patients with
partial epilepsy being considered for epilepsy surgery. There is a broad consensus
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that ictal SPECT studies are superior to interictal images in localization-
related epilepsy [28, 30, 85, 94]. SPECT studies involve cerebral blood
flow imaging using radio-pharmaceuticals, principally either technetium-99m-
hexamethylpropylene amine oxime (99mTc-HMPAO) or 99mTc-bicisate, which
have a rapid first pass brain extraction with maximum uptake being achieved
within 30-60 seconds of an intravenous injection [28, 30, 74, 77, 78, 85, 94].
These studies may produce a “photograph™ of the peri-ictal cerebral perfusion
pattern that was present soon after the injection. The SPECT images can be
acquired up to four hours after the termination of the seizure so that the individual
patient can recover from the ictus prior to being transported to the nuclear
medicine laboratory. SPECT studies have an important clinical application in the
potential identification of the epileptic brain tissue when the remainder of the
noninvasive presurgical evaluation is unable to lateralize or localize the site of
seizure onset [30, 85].

The initial blood flow SPECT studies in patients with intractable partial epilepsy
involved interictal imaging that variably detected a focal hypoperfusion in the
region of the EZ [30, 85]. Interictal SPECT images have proven to have a rela-
tively low sensitivity and a relatively high false positive rate in TLE [85]. Interictal
SPECT has also been shown to have a low diagnostic yield in patients with
extratemporal seizures [83]. Ictal SPECT studies have been confirmed to be use-
ful in patients with TLE to identify a region of focal hyperperfusion [85]. The
rationale for interictal SPECT imaging at present is to serve as a reference for a
baseline study for the interpretation of ictal SPECT images. The diagnostic yield
of ictal SPECT has been established to be superior to interictal SPECT in patients
being considered for surgical resection [78]. The recent development of stabile
radiotracers that do not require mixing immediately before injection has made
ictal SPECT more practical [74].

Subtraction ictal SPECT co-registered to MRI (SISCOM)

The imaging paradigm using computer-aided SISCOM has been introduced in
patients with intractable partial epilepsy [31, 75-78]. SISCOM represents an
innovation in neuroimaging that may be useful in the evaluation of patients with
non-substrate-directed partial epilepsy [31, 75—-78]. Subtracting normalized and
co-registered ictal and interictal SPECT images, and then matching the resultant
difference image to the high resolution MRI for anatomical correlation has been
shown to be useful for localization of the EZ [77]. SISCOM in a series of 51
patients had a higher rate of localization (88.2% vs. 39.2%, p < 0.0001), bet-
ter inter-observer agreement, and was a better predictor of surgical outcome than
visual inspection of the interictal and ictal images [77]. The study demonstrated the
inherent problems with visual interpretation of either peri-ictal or interictal SPECT
studies alone. The methodology used for SISCOM at the Mayo Clinic involves
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co-registering of the interictal to the ictal SPECT study using a surface-matching
algorithm [75-78].

The clinical parameters that are significant in determining the diagnostic yield
of SISCOM include the duration of the seizure and the length of time of the injec-
tion from ictal onset. The seizure should be at least 5—10 seconds in duration and
the time from seizure onset should be less than 45 seconds for optimal results [76].
The disadvantages of a SISCOM study include the need for hospitalization and
long-term EEG monitoring, the use of radioisotopes for two imaging procedures,
and the need to record the patient’s habitual seizure. The indications for SISCOM
in patients undergoing a presurgical evaluation include: non-substrate-directed par-
tial epilepsy and conflicting findings in the noninvasive evaluation. SISCOM has
proven to be useful to identify a “target” for placement on intracranial EEG elec-
trodes [30, 95]. The presence of a SISCOM alteration may obviate the need for
intracranial EEG recordings in selected patients. For example, patients with non-
substrate-directed partial epilepsy of non-dominant temporal lobe origin may not
require chronic intracranial EEG monitoring if the extracranial ictal EEG pattern
and peri-ictal SPECT studies are concordant. SISCOM also improves the diag-
nostic yield of postictal studies in patients with intractable partial epilepsy [78].

SPM-SPECT analysis

The above reviewed SPECT and SISCOM imaging methods do not account
for the physiological variations expected in cerebral profusion. In particular, the
interictal SPECT is a selected sample that will reflect the cerebral blood flow
at that time of isotope injection. Recently, statistical parametric mapping (SPM)
has been applied to SPECT and SISCOM imaging methods to address this
deficiency. SPM-SPECT techniques show significant improvement in localization
of epileptogenic brain [96, 97].

Intracranial EEG (iEEG)

Patients with drug-resistant partial epilepsy undergoing evaluation for epilepsy
surgery may require implantation of intracranial electrodes to localize the brain
region(s) generating seizures. Intracranial EEG is generally considered the clinical
gold standard for localizing the SOZ [13, 14, 23, 27, 72, 98], and is used to guide
resective surgery. Without an MRI lesion, however, there is currently no clear
definition beyond the SOZ and seizure propagation to guide what must be resected
for seizure freedom. While interictal epileptiform spikes and sharp-waves are
established signatures of epileptic brain [13, 14, 23, 27], and studies demonstrate
that iEEG spikes are increased in the SOZ [99], it is well known that the brain
regions mapped by interictal spikes generally extend well beyond what must be
resected for seizure freedom. For example, the presence of independent bitemporal
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spikes in unilateral TLE is well known [24]. Clearly, the spikes should not be
used to direct surgery to the contralateral temporal lobe. The standard practice in
most epilepsy centers is to record a patient’s habitual seizures and use the SOZ
determined by iEEG to guide surgical resection. Recent studies have demonstrated
the importance of seizure onset pattern recorded by iEEG in the localization of
the EZ and outcome from resective surgery [100—102].

Despite advances in digital electronics and computing that have revolutionized
animal electrophysiology [103, 104], clinical iEEG continues to utilize narrow
bandwidth (0.1-100 Hz) recordings from widely spaced (5—10 mm) macroelec-
trodes (>1 mm?). The optimal spatial and spectral resolution for recording seizures
remains and area of active research. The spatial organization of the human brain
extends from submillimeter diameter cortical columns to centimeter scale lobar
structures. The activity generated by these neural assemblies ranges from DC to
high-frequency oscillations (DC—1000 Hz). This remarkable range of human brain
electrophysiology is not probed by current clinical iEEG [103, 105-109].

15.6 Symptomatic partial epilepsy

The three major categories of symptomatic partial epilepsy are as follows: (i)
mesial temporal lobe epilepsy (mTLE); (ii) lesional epilepsy; and (iii) nonlesional
neocortical epilepsy [21]. Partial seizures disorders account for the majority of
epilepsy [110]. In one tertiary center cohort of 2200 patients, partial epilepsy
was more than twice as common as symptomatic, cryptogenic, and idiopathic
generalized epilepsies combined. Moreover, in that study two-thirds of the partial
seizure disorders localized to the temporal lobe [111]. Unfortunately, despite opti-
mal medical therapy many patients continue to experience seizures [110, 112]. As
has been discussed above surgery is an established therapeutic option for DRE.

Mesial temporal sclerosis

The EZ in the temporal lobe most often involves the amygdalohippocampal com-
plex. A common pathological substrate of mTLE is MTS [12]. The surgically
excised hippocampus in these patients almost invariably shows neuron loss and
gliosis [113]. MRI findings in patients with MTS include hippocampal atrophy and
an increased mesial temporal T2 signal intensity [44, 61]. Inspection of a seizure
protocol MRI will allow detection of 80—90% of the cases of MTS [44, 61]. The
hippocampal atrophy is most obvious using the T1-weighted image in the oblique-
coronal plane. The signal intensity alteration can be identified using T2-weighted
imaging or the FLAIR sequence in the oblique-coronal plane. The oblique-coronal
planes are useful for MRI studies in patients with MTS because of the ability to
directly compare the two hippocampi for any side to side asymmetry [44, 61].
Potential limitations of visual inspection of the MRI in patients with suspected
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MTS includes head rotation, symmetrical bilateral hippocampal atrophy, subtle
unilateral atrophy or signal intensity alteration. Most importantly, visual inspection
is a subjective determination that is strongly dependent on the inspector’s exper-
tise for appropriate interpretation. Three-dimensional SPGR images are helpful
since they are reformatted into true anatomic coronal plane.

MRI-based quantitative hippocampal formation volumetric studies have been
developed to objectively determine the degree of hippocampal volume loss in
patients with MTS [51, 52, 61]. Absolute hippocampal volume measurements are
performed using a standardized protocol with the results being compared to age-
matched normal controls to assign abnormal values [114]. A unilateral reduction
in hippocampal volume has been shown to be a reliable indicator of the temporal
lobe of seizure origin in patients with medically refractory partial epilepsy. A
history of a neurologic illness in childhood, for example, febrile seizure, head
trauma, or meningitis, appears to be important risk factors for the development
of MTS [114-116]. The duration of epilepsy and age at the time of surgery have
not correlated with volumetric results in most studies.

The identification of MTS in the surgically excised temporal lobe is a favor-
able prognostic for seizure control following epilepsy surgery [12]. Nearly 90%
of patients with unilateral hippocampal atrophy are rendered seizure-free [12, 24].
MRI is also a recognized predictor of neurocognitive outcome in patients under-
going anterior temporal lobectomy [117]. Patients with normal left hippocampal
volumes are at significantly greater risk for experiencing a significant decline in
cognitive performance following a left medial temporal lobe resection compared
to patients with left hippocampal atrophy [118, 119].

Primary brain neoplasms

The epileptogenic potential of primary brain neoplasms has been recognized since
the initial work of J. Hughlings Jackson over a century ago. Low-grade, slowly
growing tumors are most commonly associated with a chronic seizure disorder
[120]. The histopathology commonly associated with seizures includes the fol-
lowing tumors: oligodendroglioma, fibrillary astrocytoma, pilocytic astrocytoma,
mixed glioma, ganglioglioma, and dysembroblastic neuroepithelial tumor (DNET).
The DNET probably is more closely related to a disorder of cortical development
than a primary brain neoplasm [63, 121]. Imaging features common to all these
tumors include a typically small size, localization at or near a cortical surface,
sharply defined borders, little or no surrounding edema and, with the exception of
the pilocytic astrocytomas, little or no contrast enhancement. Most patients with
primary CNS tumors and chronic epilepsy do not present with progressive neu-
rological deficits, “changing” neurological examination or evidence for increased
intracranial pressure [120].
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Vascular malformations

There are four types of congenital cerebral vascular malformations: arteriovenous
malformations (AVMs), cavernous hemangiomas, venous angiomas, and telang-
iectasias [52, 66, 67, 122, 123]. The epileptogenic potential of these pathological
lesions is quite different. The common malformations resected for partial epilepsy
are cavernous hemangiomas and AVMs. Seizures may in fact be are often the only
clinical manifestation with these lesions. Venous angiomas and telangiectasias are
often incidental findings in patients with seizure disorders. MRI is essential for the
recognition and diagnosis of cavernous hemangiomas and occult AVMs. AVMs
may be associated with a flow signal on MRI. Cavernous hemangiomas char-
acteristically have a target appearance on T2-weighted images with a region of
increased T2 signal intensity surrounded by an area of decreased signal produced
by remote (often occult) hemorrhage with methemoglobin deposition. Resection
typically leads to complete or significant improvement in seizure control.

Malformations of cortical development

MCD are an important etiology for symptomatic partial epilepsy
[36, 38, 57, 124, 125]. The use of MRI has allowed recognition of these lesions
and demonstrated the frequency and importance of cortical developmental malfor-
mations in patients with intractable partial epilepsy. A variety of developmental
abnormalities have been recognized that are commonly associated with medically
refractory seizures and neurocognitive decline [126]. Cerebral developmental mal-
formations could previously only be diagnosed by postmortem examination. MRI
is essential for the diagnosis and proper classificiation of these pathological lesions.
A classification of the developmental abnormalities has been introduced by
Kuzniecky based on the structural neuroimaging findings [127]. The disorders
of cortical development have been classified by localization of the pathologi-
cal lesions: generalized or diffuse disorders, unilateral disorders, focal disorders,
and diffuse disorders [38, 127]. The generalized disorders include lissencephaly,
“double cortex” or band heterotopia, subependymal heterotopia, and megalen-
cephaly. Hemimegalencephaly is a unilateral cortical developmental malformation.
Focal disorders include the following: focal cortical dysplasia, polymicrogyria,
schizencephaly, and focal subcortical heterotopia. Focal cortical dysplasias are
the most often considered for surgical resection [38, 127]. Thin section three-
dimensional volumetric MRI is extremely useful in evaluating these anomalies. It
is difficult to resolve volume-averaged normal cortical infolding from true areas
of abnormalities if the spatial resolution of the images is coarser than 1.5 mm.
Reformatting of 1.5 mm three-dimensional SPGR MRI sequences is also helpful.
Tuberous sclerosis can present as a focal or diffuse developmental abnormality.
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15.7 Non-lesional MRI (non-substrate-directed
partial epilepsy)

The seizure-types in patients with localization-related seizure disorders and normal
MRI studies are classified as non-substrate-directed partial epilepsy [127]. The
anatomical localization of the EZ in these individuals commonly involves the
neocortex, that is, extrahippocampal [38, 52, 127]. The surgical pathology in
these patients includes gliosis, focal cell loss, MCD, or no clear histopathological
abnormality [120]. The MRI may be indeterminate in selected lesional pathology,
for example, focal cortical dysplasia [127]. The primary determinant of outcome in
patients with normal MRI is the origin of seizure onset. Patients with normal MRI
and TLE have significantly higher probability of excellent outcome compared to
patients with extratemporal lobe epilepsy (Table 15.4).

The reason for the unfavorable operative outcome in patients with non-substrate-
directed partial epilepsy is the inherent difficulty identifying the EZ [120]. The
potential limitations of interictal and ictal extracranial and intracranial EEG mon-
itoring in patients with partial seizures of extratemporal origin have been well
defined [120]. The anatomical region of epileptic brain in these patients is often
spatially diffuse making a complete resection of the EZ difficult. A large resec-
tion increases the likelihood of rendering the patient seizure-free, but increases the
potential for operative morbidity [38, 120, 125]. Advances in peri-ictal SPECT

Table 15.4 Surgical outcomes for localization-related partial epilepsy
(surgically remediable syndromes)

Localization-related partial Outcomes (excellent?) (%)

Epilepsy syndrome
Temporal lobe epilepsy
Lesional (pathological substrate) (70-90) [13, 17, 18, 24, 128]
Nonlesional (cryptogenic) (48-65)
49-60 [97]
65 [129]
48 [130]
Extratemporal epilepsy
Lesional (pathological substrate) (66-72)
72 [131]
66 [41]
67 [120]
Nonlesional (cryptogenic) (25-41)
41 [131]
37 [39]
29 [41]
25 [120]

“There is some variability in definition of excellent outcome across studies.
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imaging have assisted the selection of operative candidates with non-substrate-
directed partial epilepsy, altered the preoperative evaluation, and tailored the
surgical excision. Contemporary neuroimaging studies used to localize the EZ in
patients with non-substrate-directed partial epilepsy being considered for surgical
treatment include PET, MRS, and SPECT [82, 84-87, 132].

When MRI fails to demonstrate a potentially epileptogenic lesion, the chance
of excellent surgical outcome is lowered [12, 20, 28, 101, 133, 134]. Surgical
results for extratemporal epilepsy with normal preoperative MRI findings can be
particularly poor, likely reflecting the difficulty with accurate localization and
resection of the EZ. The reported frequency of excellent surgical outcomes for
nonlesional partial epilepsy is 48—65% for the temporal lobe [130], 37% for mixed
mesial temporal and neocortical [60, 135, 136], and 25-56% for extratemporal
epilepsy [24, 41, 134, 131, 137]. However, the reports of seizure-free outcome
in nonlesional extratemporal disease are all based on relatively small case series
(Smith et al. [41] n = 17; Mosewich et al. [131] n = 24; Chapman et al. [39]
n = 10; Sylaja et al. [137] n = 17). Without a clear anatomic lesion, localization
of the epileptogenic region must rely on scalp and intracranial EEG recording,
magnetoencephalography, or functional imaging tests such as SPECT or PET.

15.8 Non-lesional temporal lobe epilepsy
(surgically remediable syndrome?)

Temporal lobectomy has been shown to render about 80% of patients seizure-
free if a MRI structural abnormality is concordant to the SOZ [13]. On the other
hand, patients with TLE and normal MRI have received less attention and physi-
cians may be reluctant to consider surgery for TLE when structural neuroimaging
appears normal. Existing research suggests disparate rates of successful surgery
in patients with nonlesional MRI [70, 137-140]. Some of these studies were con-
ducted during the 1980s and early 1990s, prior to the widespread use of epilepsy
neuroimaging protocols that are more sensitive for detecting MTS. Some studies
have used pathologic findings to categorize patients [20, 69], which is not available
preoperatively for clinical prognostication. Other studies include heterogeneous
patient populations and only small numbers of patients with nonlesional MRI.
We recently examined the efficacy of epilepsy surgery and noninvasive pre-
dictors of favorable outcome for patients with drug-resistant TLE and a normal
seizure protocol MRI [1]. We identified a cohort of 40 patients with a nor-
mal “mayo seizure protocol” MRI who underwent anterior temporal lobectomy.
Engel class I outcomes (free of disabling seizures) were observed in 60% (24/40)
patients. Preoperative factors associated with Engel class I outcome were: (i)
absence of contralateral or extratemporal interictal epileptiform discharges, (ii)
SISCOM localized to the resection site, and (iii) subtle nonspecific MRI findings
in the mesial temporal lobe concordant to the resection. In conclusion, carefully
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selected patients with TLE and nonlesional MRI anterior temporal lobectomy often
are rendered seizure-free. This favorable rate of surgical success is likely due to
the detection of concordant abnormalities indicating unilateral TLE and the use
of standard temporal lobectomy that includes anterior temporal neocortex and the
amygdala-hippocampal structure.

15.9 Surgical advances

The use of gamma-knife for treatment of DRE is currently under investigation.
While the use of gamma-knife for treatment of AVM is widely used, the role
of gamma-knife for treatment of substrate-directed epilepsy remains investiga-
tional [141, 142]. The current data suggest slightly reduced and delayed efficacy
compared to resective surgery for mesial temporal epilepsy. The post-procedure
morbidity and mortality are higher, and currently there is no convincing evidence
that there are cognitive benefits.

Whether gamma-knife has a role in treatment of seizures that co-localize with
elogent brain or regions that are not safely accessible for resection remains unex-
plored [142].
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16.1 Introduction

Recurrent, unprovoked seizures or epilepsy is seen in approximately 0.5% of the
population [1]. Forty percent to 50% of newly diagnosed unprovoked seizures are
partial onset [2, 3]. The majority of partial epilepsy can be attributed to an under-
lying CNS structural lesion or disorders. For newly diagnosed epilepsy, 12—13%
of cases are symptomatic partial, 18—29% cryptogenic partial, but only 1-5%
idiopathic partial [4—6]. In population-based studies of classification of new onset
epilepsy completed since the introduction of widespread use of MRI the inci-
dence of idiopathic partial epilepsy is 1.7—1.8/100 000 person years as compared
to 8.4—17.11/100 000 for symptomatic partial epilepsy [3, 6]. The leading sites of
onset are frontal, temporal, and central sensorimotor cortex [4].
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Classification of seizure type and epilepsy syndrome is useful in determining
prognosis and treatment. The idiopathic partial epilepsies (IPEs) are relatively rare,
as noted above, but tend to be of childhood onset with relatively benign prognosis.
For patients with cryptogenic partial seizures, the absence of a defined underlying
structural lesion may add to the challenge faced by patients in understanding and
accepting their disorder. Seizures in two-thirds of those with epilepsy are well
controlled with medical therapy; however, after two appropriate anticonvulsants
have failed, the likelihood of seizure control with further medical therapy is poor
[7, 8]. For medically refractory partial epilepsy, surgery may offer the greatest
likelihood of seizure freedom. Unfortunately, the process of evaluation for epilepsy
surgery in patients with idiopathic partial epilepsy can be particularly challenging,
and the outcome for non-substrate-directed epilepsy is less favorable.

16.2 Genetic or IPE syndromes

Most idiopathic focal epilepsies demonstrate complex inheritance patterns, with
both mutifactorial genetic and environmental influences, but a small number
of single-gene disorders are also recognized in small kindreds (Table 16.1)
[9-13]. The pattern of inheritance is autosomal dominant with variable degrees
of penetrance in an affected kindred. These epilepsy syndromes usually have
defined ages of onset and semiologies, infrequent seizures, relatively high
rates of remission, good response to anticonvulsants, and relatively normal
neurodevelopment—although learning deficits have been reported in 15% in a
recent report [14]. However, some can evolve into refractory epilepsies leading
to surgical management [15]. The most commonly encountered IPE is benign
childhood epilepsy with centrotemporal spikes (benign rolandic epilepsy),
followed by benign occipital epilepsy [4, 6]. The syndromes of autosomal
dominant nocturnal frontal lobe epilepsy, familial MTLE, familial lateral TLE,
and familial partial epilepsy with variable foci have been described from select
pedigrees and affect both children and adults.

16.3 Medically refractory non-substrate-directed
partial epilepsy

For those with medically refractory epilepsy, the likelihood of a good surgical out-
come improves if a structural abnormality can be detected and completely resected
[24—30]. For medically refractory epilepsy with a defined focal MRI abnormality,
epilepsy surgery can lead to seizure freedom for 50-70% of patients [31-34].
Even in those with subtle, nonspecific abnormalities on MRI, seizure freedom has
been reported in up to 60% [35]. Unfortunately, for refractory epilepsy without
MRI abnormalities, seizure-free outcomes tend to be poorer—roughly 40% at
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5-10 year follow-up in a pediatric population [36, 37]. These nonlesional cases
constitute 20—30% of the referrals to tertiary epilepsy centers [38]. Many factors
contribute to the lower rates of seizure freedom in this population, but the chal-
lenge arises in defining the epileptogenic zone in the absence of a clearly defined
anatomic target. In the absence of a structural lesion defined by MRI, the use of
PET, SPECT, and MEG to supplement localization by EEG becomes increasingly
important to determine surgical candidacy.

EEG

The importance of localized EEG findings is demonstrated by a retrospective
review of 236 children offered resective surgery. Patil er al. reported that 90%
of those with MRI abnormalities were offered surgery regardless of EEG results,
while when the MRI was normal only 78% with a localizing ictal EEG pattern and
7% without localized EEG findings were offered surgery [39]. Scott et al. reported
similarly that only three (7.5%) patients from a cohort of 40 adult patients with
normal MRI and lack of data concordant with their ictal EEG findings proceeded
to surgery (two underwent temporal lobectomy) [40].

Expanded EEG electrode density has the potential to assist with localization in
challenging cases. High-density EEG arrays use 256 contacts for source localiza-
tion to provide a testable hypothesis for intracranial grid implantation in patients
without a localizing EEG onset [41, 42]. However, there is no published evidence
demonstrating postsurgical outcomes in large numbers of patients with nonle-
sional epilepsy.

Positron emission tomography (PET)

PET is a noninvasive technology which evaluates cerebral metabolism using dif-
ferent ligands [43]. The most commonly used ligand is [18F]-fluorodeoxyglucose
(FDG), but the use of other ligands such as [11C]-flumazenil (FMZ), [11C]-alpha-
methyl-tryptophan (AMT), and [18F]-trans-4-fluoro-N-2-[4-(2-methoxyphenyl)
piperazin-1-yl]ethyl-N-(2-pyridyl)cyclohexane carboxamide (FCWAY) (a sero-
tonin 1A receptor ligand) has been reported [44—47]. FDG-PET is of greatest
proven utility in symptomatic TLE, where it may be localizing 80—100% of the
time [32, 43, 48-50].

However, FDG-PET also has utility in the presurgical evaluation of
cryptogenic epilepsy. In the absence of localizing information from MRI and EEG,
PET can aid surgical decision-making. FDG-PET provided additional information
regarding epileptogenic sites in 77% of patients and led to a “major change”
in management in 45% following standard MRI and video-EEG evaluation in
113 pediatric patients with temporal and extratemporal epilepsy [51]. FDG-PET
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changed management in 71% of 110 temporal epilepsy patients following MRI
and EEG—in 20%, surgery was based solely on PET results [52].

Salamon and colleagues have reported their use of FDG-PET coregistered with
MRI (FDG-PET/MRI) in detecting cortical dysplasia [53]. In the subset of 10
patients with histologically proven cortical dysplasia with normal MR imaging,
FDG-PET/MRI identified hypometabolism in 40%. They reported seizure freedom
in 80% of their patients and specifically mentioned that persistent seizures were
seen only in those with resections limited by eloquent cortex or which would have
led to significant neurological disability.

From the standpoint of outcomes, Chung and colleagues reported seizure free-
dom in 47% of 89 cryptogenic, neocortical epileptic adults and children followed
for two years postoperatively; ictal EEG, FDG-PET, and ictal SPECT provided
localizing information 71, 44, and 41% of the time, respectively [54]. Seo et al.
reviewed 27 children with cryptogenic, intractable epilepsy who were followed
for at least two years postoperatively—18 (67%) were seizure-free [55]. All had
undergone invasive subdural monitoring, ictal SPECT, and FDG-PET. Eighteen
(67%) patients had focal hyperperfusion with ictal SPECT. Twenty-one (78%) had
hypometabolism of a region or lobe of interest with FDG-PET; of these 90% had
either an Engel class I (seizure-free) or II (rare disabling seizures) outcome.

For many of the reports, the utility of FDG-PET in identifying seizure onset
zones is difficult to determine as the correlation between the normality of the MR
imaging, focality of the PET findings, location of seizure onset zone based on
intracranial monitoring, and seizure freedom are not explicitly stated. This issue
is addressed more directly in studies comparing the use of FMZ- and FDG-PET in
refractory partial epilepsy. FMZ is a benzodiazepine receptor antagonist and loss
of FMZ binding in mesial temporal sclerosis is thought to correspond to neuronal
cell loss [47, 56]. Several authors have suggested that FMZ-PET is no more likely
to lateralize the temporal lobe seizure’s onset zone than FDG-PET, and in some
cases FMZ may be falsely lateralizing [57, 58].

Other reports presented evidence that FMZ-PET may demonstrate some util-
ity for neocortical epilepsy. Six patients with frontal epilepsy (five with normal
MRIs) exhibited FMZ hypometabolism which correlated with seizure onset zones
identified with subdural electrode recordings; FDG hypometabolism was seen in
only half of the patients [59]. Seven (77%) temporal and extratemporal epilepsy
patients (1.5—19 years old) with normal MRI studies had Engel class I outcomes
following intracranial monitoring [60]. The extent of unresected FMZ abnormal-
ities and large preoperative FMZ-PET abnormalities independently corresponded
with poor outcomes. While FDG-PET abnormalities occurred in the same region,
the extent of unresected abnormalities did not correlate with seizure outcomes in
this report. In 100 consecutive refractory epilepsy patients, reduced FMZ binding
was seen in the epileptogenic lobe based on intracranial monitoring in 8 of 17
(47%) patients with normal MR imaging [58].
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Another ligand used for PET evaluation is AMT, a precursor to serotonin,
which has been reported to be upregulated in dysplastic epileptogenic tissue. This
ligand has been examined in epilepsy presurgical evaluation, primarily for tuberous
sclerosis [61, 62]. Only one study has reported surgical outcome using AMT- and
FDG-PET, and AMT-PET did not prove to be more sensitive than FDG-PET [63].

SPECT/SISCOM

SISCOM is used for localization of a seizure onset zone for cryptogenic and
symptomatic cases. Patients are injected with a radioactive tracer at the time of
seizure onset, which then accumulates at cerebral areas of hyperperfusion. A sec-
ond, interictal SPECT is obtained to determine baseline perfusion characteristics.
These two images are subtracted via software and overlaid onto MR images.
SISCOM provided localizing information in 88% of 51 consecutive refractory
partial epilepsy patients (both symptomatic and cryptogenic) compared to 39%
of side-by-side comparison of ictal and interictal scans [64]. Additionally, when
SISCOM results were concordant with other studies, 62% of the patients had
“excellent” seizure outcomes (no more than nocturnal seizures or nondisabling
simple partial seizures). SISCOM results can also significantly impact decision-
making: SISCOM changed consensus recommendations in 10/32 (31%) patients
with otherwise nonlocalizing studies [65].

Magnetoencephalography

MEG is a noninvasive technique that can complement standard EEG recordings
in presurgical evaluations. This technique models the same electromagnetic fields
detected with EEG, but MEG offers advantages over EEG such as better spatial
resolution and better sensitivity for abnormal activity in sulci permitted by the
perpendicular orientation of the magnetic and electric fields [66]. However, several
factors limit the availability of MEG, including cost, limited duration of recording,
and restriction of the patient’s movements during the study.

MEG’s sensitivity for abnormal activity (dipole sources) has been reported to
be 70—90% for neocortical epilepsy, compared to a 40—50% diagnostic yield with
TLE [67-69]. MEG is not simply a more expensive EEG and has been useful in
surgical planning. Several authors have reported that MEG led to alterations in
surgical planning in more than 20% [70, 71]. Lau et al. reviewed published reports
of MEG source imaging (MSI) and seizure outcome which encompassed temporal
epilepsy only, extratemporal epilepsy, and combinations of the two in both adults
and children [72]. Across the 17 studies reviewed, the average MEG sensitivity
was 84% with a 95% confidence interval of 12%, but ranged from 20 to 100% in
the individual studies. The specificity ranged from O to 100% across the studies,
but for the eight non-zero studies, the average specificity was 52% but with a
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broad confidence interval of 24%. The authors concluded that on the whole MEG
can be helpful in localizing a seizure onset zone, but cautioned that its sensitivity
and specificity were not consistently high as a primary diagnostic tool.

MEG detects dipole sources, which are derived based on certain mathematical
assumptions [73]. “Highly localized” or “densely clustered” dipole sources have
been significantly associated with the seizure onset zone identified by intracranial
recording and with a seizure-free outcome [71, 74, 75]. Ramachandran Nair et al.
reported that 36% of 17 pediatric patients with normal or “subtle” MR findings
were seizure-free. Of these Engel class I patients, all had highly localized MSI.
Those with scattered or bilateral MSI had worse outcomes.

Comparing different modalities

Particularly with nonlesional epilepsy, identification of a seizure onset zone is
heavily reliant on investigations adjunctive to the MRI such as PET, MEG, ictal
SPECT/SISCOM, and invasive recording. Little research has compared the utility
of the techniques compared to each other, in part because not all institutions have
access to all of these technologies and not all patients are appropriate candidates
for these options.

Won and colleagues reported on 118 consecutive epilepsy patients ranging from
8 to 55 years who underwent resective surgery and were followed for at least 12
months postoperatively [76]. Only 26 of these patients had normal MRI, and
not all patients received FDG-PET or SPECT. PET and ictal SPECT correctly
lateralized the lesion in 80 and 55% of the cases, respectively; of those with
class I or II outcomes, lateralization was correct in 85 and 75%, respectively. No
mention was made of localization, a more useful piece of information for surgical
planning. Notably, inclusive of all 118 patients, the MRI was concordant with
video-EEG, PET, ictal SPECT, and intracranial electrodes 58, 68, 58, and 47% of
the time, respectively. The lateralization by these modalities for all of the patients
varied depending on whether temporal (80-90% for MRI, PET, ictal SPECT) or
extratemporal (40—60%) epilepsy was being evaluated.

Kim et al. reviewed their seizure-free pediatric patients (n = 42) who had under-
gone FDG-PET and SISCOM evaluation [77]. While they did not explicitly state
the number of nonlesional epilepsy cases in this cohort, the MRI was concordant
with and accurately localized the area of resection 82—84% of the time with all
patients with a good outcome. PET correctly localized the epileptic zone in 63%
of the extratemporal cases and 73% of temporal epilepsy cases. Similarly, SIS-
COM accurately localized the seizure onset zone in 85% of extratemporal epilepsy
patients, but only 67% of TLE patients.

Seo et al. reviewed 27 pediatric patients who underwent epilepsy surgery for
partial seizures, infantile spasms, and Lennox-Gastaut syndrome, had normal
or “nonsuspicious” MRI, and two years of follow-up [55]. All had undergone



278 NON-SUBSTRATE-DIRECTED PARTIAL EPILEPSY

FDG-PET, ictal and interictal SPECT, and subdural electrodes. Sixty-seven
percent were classified as Engel class I. Hypometabolism in the region or lobe
identified as the seizure onset zone was detected with PET in 78% of the cases,
90% of whom had an Engel class I or II outcome. Focal hyperperfusion with
SPECT at the site of the seizure onset zone identified by the intracranial grids
was seen in 67%.

Knowlton et al. conducted a prospective observational study of 72 refractory
epilepsy surgery patients (children and adults), who underwent intracranial moni-
toring [78]. Sixty-two proceeded to resective surgery; all had undergone MEG, 51
FDG-PET, and 34 SISCOM. Of the Engel class I patients, MEG accurately local-
ized the seizure onset zone in 75%. In those who underwent both MEG and PET,
MEG was accurately localizing in 56% and PET was localizing in 59%; concor-
dance was observed in 25%. In those who underwent both MEG and SISCOM,
MEG was accurately localizing in 38% and SISCOM was localizing in 50%;
concordance was observed in 19%. In those who underwent all three diagnostic
studies, MEG was accurately localizing in 31%, PET was localizing in 54%, and
SISCOM was localizing in 62% (concordance was only seen in 3 of 27 patients).
The full import of these values is complicated, but the authors concluded that
each modality independently has diagnostic and predictive value for postopera-
tive seizure freedom and complements the others. While not sufficiently powered
to compare the three modalities collectively, the authors note that localizing SIS-
COM data had the highest odds ratio for seizure freedom (9.1 vs. 4.4 for MEG
and 7.1 for PET). They also noted that SISCOM and MEG were more useful for
neocortical epilepsy, while PET was more useful for mesial temporal epilepsy.

Intracranial EEG

Even after the noninvasive diagnostic testing described above, certain hypotheses
may need to be tested before proceeding to resection, such as: which of sev-
eral imaging abnormalities is the seizure onset zone; are the areas localized by
the noninvasive tests truly the site of seizure onset; does the seizure onset zone
overlap with eloquent cortex. At this time, such questions can only be addressed
by the surgical placement of electrodes placed onto the surface or embedded in
the substance of the brain.

Several authors have reported on features of seizure onset that predicted
postsurgical outcome. Wetjen ef al. retrospectively reviewed 51 nonlesional,
extratemporal epilepsy patients who underwent intracranial EEG monitoring [38].
Ninety percent who underwent resection had sufficient information to review,
and of this group, 50% had an Engel class I outcome. Focal, high-frequency
(>20 Hz) oscillations at seizure onset were seen in 86% of those with a class I
outcome, and 20% of those with a non-excellent outcome. Spencer and colleagues
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reported that the presence of interictal epileptiform abnormalities outside of the
resection zone was associated with poor outcome in 6 of 13 neocortical epilepsy
patients [79]. In their review of 22 children with normal, subtle, or nonfocal
MRI findings, Ramachandran Nair reported that having five or less adjacent grid
contacts involved at seizure onset was associated with seizure freedom (5 of 5),
while seizure freedom was seen in only 18% (3 of 17) whose seizure onset zones
extended over more than five adjacent electrodes [75].

16.4 Conclusions

Localization-related epilepsy is more common than generalized epilepsy; however,
the prognosis for seizure control and remission is variable. Idiopathic or genetic
partial-onset epilepsies often have a high likelihood of spontaneous remission, but
some epilepsy syndromes are unlikely to remit.

Almost one-third of epilepsy patients do not fully respond to anticonvulsant ther-
apy. Resection of a MRI lesion leads to postoperative seizure freedom in 50-70%
of refractory epilepsy patients. For those without a clear lesion on neuroimaging,
the likelihood of seizure freedom is 40—50%. The presurgical evaluation for the
MRI-negative patients could include PET (FDG, FMZ), SPECT/SISCOM, MEQG,
and intracranial EEG. No one technology has proven to have better sensitivity or
specificity and is not predictive of eventual surgical outcome.

Unfortunately there is no easy protocol to follow in the use of these ancillary
technologies. Practical considerations such as availability and cost may super-
vene over medical decision-making (e.g., temporal versus extratemporal). The
evidence-based approach to this decision tree is limited by small numbers, admix-
ture of pediatric and adult cohorts, retrospective series (sometimes collected over
years in which practice patterns could have evolved), mixed collections of crypto-
genic/symptomatic patients and temporal/extratemporal epilepsy, and no explicit
characterization of case complexity.

With these limitations in mind, the report by Knowlton et al. prospectively
compared these modalities (albeit not every patient received all of the technologies,
and the analysis was underpowered in many respects) and noted that the studies
were complementary [78]. Less often than might have been expected, the studies
were not concordant and did not obviate the need for intracranial EEG. Each
localizing study provides a hypothesis, shaped by the history and physical, to be
tested with intracranial EEG or nonsurgical management.

As they are more commonly used, the need for more prospective trials to better
define the strengths, weaknesses, and indications for these technologies will be
helpful in improving surgical outcomes for medically refractory, non-substrate
directed epilepsies.
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17.1 Introduction

Surgery for epilepsy has been around for almost a century. Many of the functional
neuroanatomic correlations have come through the practices related to epilepsy
surgery from the days of Wilder Penfield. Nevertheless, the surgical option was
more for lesional cases with tumors, malformations, and other gliotic processes.
It was made much more widely applicable through developments in neuroimag-
ing, MRI, neurophysiologic monitoring, and video-EEG monitoring. Still, in the
early days of epilepsy surgery, the surgical option was viewed as the last resort
option, as practitioners and patients alike had an inherent fear of “brain surgery.”
More recently, due to favorable success rates in certain subgroups of patients and
increasing realization of the severity of the medical and psychosocial burdens of
refractory epileptic condition, epilepsy surgery has become much more widely
available and has become a readily accessible option in most communities in the
United States and the developed countries. Long-term follow-up of patients under-
going epilepsy surgery also demonstrated long-lasting seizure freedom in many
patients [1].

This chapter will provide an overview of various aspects of epilepsy surgery for
different types of epileptic conditions. Obviously the subject is too vast to cover
in any detail as many reviews and books have been written on the subject [2, 3].
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The perspective presented here is from the practice of the Mayo Clinic’s
Comprehensive Epilepsy Program, but would be applicable in most tertiary
epilepsy surgical programs.

17.2 The process of presurgical evaluation

Timing of surgical evaluation

The decision to consider surgery may come at any time in the course of epilepsy
evaluation and care. In general, if medical therapy fails to provide satisfactory
clinical and psychosocial outcome, then the surgical option should be considered.
Nowadays with many excellent medications available to control the seizures with
more tolerable side-effect profiles, one may have more monotherapies and combi-
nation therapies to try over time. However, if two or three effective monotherapies
in sufficient doses fail, then the likelihood of successful medical management
becomes quite low and it may be time to consider the surgical option. It is also
important to note that not doing surgery is not necessarily risk-free, as intractable
epileptic conditions have morbidity and mortality such as sudden unexplained
death in epilepsy (SUDEP) [4]. Obviously, if the epileptic seizure occurs in the
setting of other intracranial processes that would require surgery on its own merit
for diagnosis or therapy, then the surgical option would be considered very early.
Brain tumors, arteriovenous malformations, abscesses, or indeterminate lesions in
need of diagnosis may need surgical intervention apart from epilepsy considera-
tion, but the presence of an epileptic condition may modify the surgical approach.

In the most ideal situation, epilepsy surgery may be curative. Surgically reme-
diable situations may provide a chance for the cure of the epileptic condition,
implying the possibility of discontinuing the antiseizure medication therapy even-
tually. There are also situations where surgery may be palliative, in that it may
modify some aspects of the seizure condition to improve the clinical situation.
Seizure frequency or severity may improve, or certain types of disabling seizure
may be eliminated without affecting other types. Lastly, there are now deep brain
stimulation therapy options, either responsive or duty-cycle (scheduled repetitive)
stimulation. The extracranial stimulation device, vagus nerve stimulator (VNS),
is also to be considered a surgical option, in that it is not a medication or a
dietary modification.

Noninvasive monitoring

Once a decision is made to consider the surgical option, we begin the phase of
presurgical evaluation. This involves initial evaluation in the clinic by an epilepsy
specialist who would take careful history, including different seizure types, to
make sure there is no evidence for a multifocal epileptic condition, which makes
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curative surgery much less feasible. High-resolution imaging with MRI is essential
to look for potential epileptogenic lesions. The next step is the electrophysiologic
correlation of epileptic focus by continuous video-EEG monitoring, where the
ictal onset zone can be localized using scalp EEG monitoring. This step also
verifies that the intractable seizures are indeed a surgically approachable condition
and not a primary generalized epilepsy. Occasionally, nonepileptic behavioral
spells may masquerade as intractable epilepsy, even in patients who also have an
epileptic condition.

Functional imaging may also be useful to help localize the focus. These include
ictal SPECT scan with subtraction of the interictal SPECT scan co-registered
on MRI (SISCOM) [5]. Interictal PET scan using 2-DG may also be useful to
seek hypometabolic epileptic focus [6]. Other radioligands, flumazenil or AMT
(alpha-methyl-tryptophan) may also be helpful in certain circumstances [7]. MR
spectroscopy and MEG may also provide additional information. Other functional
studies may include intracarotid amytal study (Wada test) to lateralize language
and to assess memory processing. Neuropsychometric testing can identify any
cognitive deficits that may be lateralizing or localizing and can also serve as a
baseline for comparison postoperatively.

Once these studies are completed, it may be best to reassess the situation. An
interdisciplinary team approach works the best, such as in an epilepsy surgical con-
ference where all the data are discussed with the participation of epileptologists,
neurosurgeons, neuroradiologists, and neuropsychologists. This works especially
well for complex and challenging cases.

In simpler situations where an epileptogenic lesion is identified in neuroimaging
and electrophysiologic localization is consistent, then surgery could be done in a
straightforward fashion to remove the lesion. Obviously, the neurosurgical exper-
tise is critical in tackling surgery in delicate or eloquent areas of cortex. Further
refinements, such as stereotaxic MRI guidance, intraoperative MRI, functional
MRI, intraoperative functional mapping in awake patients, and intraoperative
electrocorticography (ECoG) require highly trained and experienced teamwork,
involving neurosurgery, neurophysiology, and neuroradiology.

17.3 Intracranial monitoring

If the consensus of the epilepsy surgical conference discussion is to refine the
localization further with intracranial monitoring, the primary epileptologist, and
the neurosurgeon will counsel the patient and the family in preparation for the
phase II evaluation. Some patients choose not to pursue surgery, if they feel that
the risk of intracranial monitoring may not be worth the potential likelihood of
seizure freedom. In these instances, palliative procedures such as brain stimulation
protocol may be considered as well as other nonsurgical options.
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First surgery, usually with stereotaxic guidance (frame or frameless), implants
the electrodes onto the cortical surface, using combinations of grids (8 x 8,
4 x 6, etc.), and strips (eight or four contact straight or eight contact T).
Deeper structures, such as amygdala and hippocampus, require the use of the
depth electrodes with stereotaxic guidance. Functional imaging data can be
co-registered onto the stereotaxic representation to refine electrode placements
over or near critical functional areas. Dura is approximated over the electrode set
up and the wires from the electrodes are then tunneled through the skin to the
outside to be then connected to the amplifiers for recording. Reference electrodes
may be placed on the mastoids or an extra four contact strip electrode can be
secured into the subgaleal space outside the skull for stable recording. Skull bone
flap can be stored sterilely until the second surgery so that the volume of the
implanted electrode hardware would not pose significant mass effect.

Once the electrodes are implanted and ECoG recordings are satisfactory,
imaging with a high-resolution spiral CT scan allows verification of the location
of the electrodes to correlate with ictal electrophysiology. Co-registration of
these electrode images onto the 3D rendering of the cortex along with functional
imaging data may also help with the interpretation and correlation of the
information gathered. Verifying the localization of the electrodes by imaging
after the implantation is important for accurate interpretation of the ECoG data,
as the electrode tips need to be close to the area of your target.

With the intracranial electrode recording, it is important that the ECoG onset of
the seizure is prior to the clinical onset. In many cases, the ECoG onset is charac-
terized by fast activity that may be of low amplitude. One must be careful to look
at the recordings at a reasonable sensitivity. Frequently, due to the large num-
ber of electrodes implanted, the reviewing station’s monitor screen may not have
sufficient resolution to show these low-amplitude signals. In that situation, you
must examine subgroups of electrodes to insure that a low-amplitude fast activity
is correctly identified. If the electrographic onset is after the clinical onset, then
one must assume that the seizure onset zone is not close to where the electrodes are
recording. That is not a situation where resection can be confidently recommended.

Once the ECoG localization of the seizure onset zone is determined, the next
step would be to consider functional mapping, if the area is near the functional
cortex. It is usually done after a sufficient number of seizures are recorded for
confident localization of the epileptic focus to be resected, and after the anti-
seizure medications are restarted, so that the stimulus train does not easily trigger
the seizure afterdischarge, which would not allow the assignment of the observed
functional change to the electrode pair being stimulated. It is useful to have a
map of the electrode set up with markings for seizure onset zones, that is, the
resection zones, and for the eloquent cortical areas, to guide the surgical resection
margin. Additionally, vascular and gyral anatomy may further modify the resec-
tion margin intraoperatively. In cases where the functional zone is very close to
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the resection margin, the neurosurgeons may elect to perform resection with the
patient awake to clinically monitor the function as the resection is carried out.
This is a complex approach that requires the right kind of patient preparation
and a well-organized operating room team of surgeons, anesthesiologists, electro-
physiologists, and neuropsychologists. Obviously, if the seizure localization is not
possible, or if the resection would entail unacceptable risk of functional loss, then
the electrode set up is removed without any resection.

Postoperative care of the patient is also important in that the antiseizure
medications have to be continued and if oral intake is compromised, parenteral
option should be considered to maintain a reasonable AED level to prevent
perioperative seizures. Patients obviously will have a severe headache from the
craniotomy and resection, along with usual post-anesthesia difficulties. Periorbital
swelling from the edema migrating from the scalp can be quite disconcerting,
although quite transient.

Patients are then followed up approximately three months after surgery, usu-
ally with an EEG sleep and awake, and a visit with the neurosurgeon and the
epileptologist. Postoperative MRI may not be necessary, unless neoplasm or
vascular malformations were resected. If the patient is seizure-free and the EEG
appears favorable, then the antiseizure medication regimen can be simplified and
gradually lowered over the next couple of years. Many seizure-free patients choose
to remain on a single medication at a low dose for many years, rather than
discontinuing altogether.

17.4 Surgical procedures

Temporal lobectomy

Temporal lobectomy is the most frequent surgical intervention for intractable
epilepsy, since complex partial seizures of temporal lobe onset are the most
resistant and disabling epileptic condition. It is also one of the most effective
surgeries for long-term seizure-free outcome [1]. Most frequently, mesial tempo-
ral sclerosis is the underlying pathology and extensive mesial resection to include
amygdala and the anterior and middle portion of the hippocampus is carried out
with relatively modest resection of the lateral temporal neocortex.

In experienced hands, the standard anterior temporal lobectomy is of very low
risk, but the extent of the posterior resection toward the tail of the hippocampus
may be somewhat variable. The more posterior the resection, the more complete
quadrantanopsia may result due to the interruption of the Meyer’s loop of the
optic radiation that courses through the temporal lobe. The lateral neocortical
resection margin is determined in part through the intraoperative ECoG defining
the area of interictal epileptiform activity and in part anatomically regarding the
arteriovenous anatomy, such as the vein of Labbé.
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In cases where the MRI demonstrates hippocampal atrophy with T2 signal
change, the surgical outcome is excellent. Reasons for failure may be speculated
as residual atrophic hippocampus, usually the tail of the hippocampus that is
beyond safe surgical resection margin or other epileptogenic zones, since the
pathogenetic mechanisms of mesial temporal sclerosis may actually involve other
brain structures, including the contralateral hippocampus [8].

In nonlesional temporal lobe onset seizures, one could still consider surgical
resection without intracranial monitoring, if ancillary studies are supportive [9].
These include FDG-PET that demonstrates ipsilateral hypometabolism of the tem-
poral lobe with the electrographic onset, as well as MR spectroscopy showing
asymmetry [6]. If there are questions regarding the potential for lateral cortical
versus mesial temporal onset from scalp EEG monitoring, then one may have to
proceed to phase II evaluation with electrodes both mesially and laterally [10].
This could be done with stereotaxic depth electrode into the hippocampal region
and temporal craniotomy for lateral neocortical grids and strips, including sub-
temporal strips into the inferior mesial temporal region. One may also use single
temporal craniotomy to implant grids, along with orthogonal depth electrodes into
the mesial structures using frameless stereotaxic guidance.

Although the risk is considered quite low for nondominant, usually right, tem-
poral lobectomy, that is not always the case for dominant, usually left, temporal
lobectomy. As the verbal memory processing occurs with involvement of the
hippocampal circuitry, resection of the mesial hippocampus and the associated
connections of the adjacent structures in the standard anterior temporal lobectomy
may impact on the verbal memory processing. An intracarotid amobarbital study
(Wada test) may provide some measure of risk prediction, but it is not a highly
predictive test. Although some centers do not offer surgery if the risk is considered
high, many centers including the Mayo Clinic offer surgery to the fully informed
patients. Other measures also are predictive of the risk, such as a normal volume
and normal T2 signal hippocampus being associated with higher risk of verbal
memory deficit postoperatively. Ultimate satisfaction from the temporal lobec-
tomy depends heavily on seizure-free outcome, so that the verbal memory deficit
may be tolerated in that situation and the patient is more functional postopera-
tively. The least favorable outcome would be in patients who are not seizure-free
postoperatively and also have verbal memory decline.

Extratemporal lobe resections

Unlike the temporal lobe where well-defined hippocampal functional anatomy
predisposes to epileptogenesis and well-defined surgical resection can be done,
other neocortical regions have more diffuse and ill-defined gyral anatomy that
is not easily resectable on anatomic demarcations. Unless there are abnormal
imaging lesions, this is an area of epilepsy surgery that is the most difficult
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and likely the least effective in terms of seizure-free outcome. This continues to
be the most challenging aspect of the surgical approach to medically intractable
epilepsy over many decades, despite significant advances in neuroimaging. High-
resolution MR imaging, possible through higher magnet strength scanners, has
revealed subtle lesions that are epileptogenic. Other MR imaging sequences such
as double inversion recovery (DIR) sequence may accentuate the presence of
cortical dysplasia. Functional imaging such as FDG-PET has not been that helpful
in extratemporal cases, although different radioligands such as flumazenil or alpha-
methyl tryptophan may still prove to be more useful [7].

On the other hand, SISCOM has provided significant localizing information in
many cases of nonlesional extratemporal cases [5]. Although it does not always
localize the epileptogenic focus precisely, it provides reasonable guidance to the
phase II evaluation with intracranial monitoring. Both hyperperfusion and hypop-
erfusion imaging may be useful. Actual performance of the ictal radioisotope tracer
injection requires coordination of many personnel, including the ready availability
of the radioisotope tracer, rapid recognition and detection of the seizure onset, and
access to nuclear medicine to perform the scan. A sufficient number of seizures
need to be recorded initially to demonstrate the recognizable pattern of the habitual
seizures, both semiologically and electrographically. Once the ictal SPECT scan
is completed, then at least 24 hours later the interictal SPECT scan is done. This
allows for the decay of the radioactivity from the ictal scan and for the vascular
pathophysiology to recover from the ictal hyperperfusion. The usual protocol is
to restart the antiepileptic medication at the full dose and also to supplement with
intravenous lorazepam every 6 hours to prevent further seizure occurrences during
the 24 hours preceding the interictal radioisotope tracer injection.

Lesionectomy

If the lesion is thought to be highly epileptogenic, such as cavernous hemangioma,
dysembryoplastic neuro epithelial tumor (DNET), and so on, then one could con-
sider lesionectomy, even in eloquent areas, as long as there is good scalp EEG
monitoring correlation in terms of seizure onset [11]. However, if the lesion is
large or multiple, then additional localizing information will be necessary, includ-
ing the intracranial monitoring. In this situation, functional neuroimaging may
also be useful such as PET scan with specific ligands or SISCOM study to guide
the implantation of the electrodes intracranially.

Dual or multiple pathology
Bilateral hippocampal atrophy

The pathogenetic processes that cause hippocampal atrophy may frequently be
diffuse and cause bilateral damage [8]. Many times, the significant damage occurs
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mostly unilaterally with epileptic focus ipsilateral to the apparent damage. How-
ever, some may have significant atrophy of both hippocampi. In this situation,
obvious concern is that both hippocampi may be epileptogenic and therefore not
amenable to resection. Indeed, this may be a situation where deep brain stimu-
lation may be a more attractive option. Additional concern is that the resection
of one hippocampus may leave the patient with a hippocampus on the other side
that is atrophic and nonfunctional in terms of memory processing. Despite these
concerns, the seizure-free outcome is possible, if all the seizures arise from one
side to be resected [12]. Hippocampal volume measurement can be useful to deter-
mine which hippocampus is smaller, but ultimately intracranial monitoring with
bilateral hippocampal depth electrodes may be necessary [13].

Lesion plus hippocampal atrophy

In cases where the lesion is present in the temporal lobe, especially mesially,
then standard anterior temporal lobectomy including the lesion may be a simpler
approach. If the lesion is outside of the temporal lobe and there is hippocam-
pal atrophy, then it may be difficult to determine the focus of the seizures, and
intracranial monitoring may be necessary. One may consider a staged surgery,
based upon noninvasive studies, to do lesionectomy first and then, if necessary,
consider temporal lobectomy, or vice versa.

Multiple lesions (e.g., tubers)

In tuberosclerosis, usually the intracranial tubers are quite numerous so that it is
difficult to determine which tuber may be epileptogenic. If one can identify and
resect the epileptogenic tuber, then reasonable long-term seizure-free outcome is
possible. A PET scan using special ligand, AMT, may identify which tuber may
be epileptogenic, but usually intracranial monitoring is necessary to determine the
focus [14].

Corpus callosotomy

In cases of multifocal or generalized seizures where the falls from the seizure are
life-threatening or injurious, corpus callosotomy may offer a palliative option to
prevent the falls and also to improve seizure control [15]. Some would advocate
trying VNS first. Morbidity of complete corpus callosotomy led to changes in
surgical practice to first try anterior two-thirds callosotomy. Postoperative abulia
may be quite disabling for many patients, although most recover in a few days to
weeks. If anterior two-thirds callosotomy is not effective, then completion of cal-
losotomy can be considered. Mixed language dominance may pose a higher risk of
language dysfunction postoperatively. Partial onset seizures may actually be more
poorly controlled postoperatively and should be considered in the risk assessment.
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Hemispherectomy

This surgical approach seems quite drastic and indeed this is usually in the setting
of catastrophic hemispheric refractory epileptic condition, such as Rasmussen’s
encephalitis with progressive hemispheric atrophy with epileptic encephalopathy
[16]. The efficacy can be quite satisfactory in terms of seizure control and the
resulting spastic hemiparesis is usually well tolerated as most patients already
have significant hemiparetic process. Original anatomic hemispherectomy was
frequently associated with complication of superficial hemosiderosis and therefore,
nowadays, functional hemispherectomy is done where frontal and occipital lobe
is not resected, but disconnected by corpus callosal section.

Vagus nerve stimulator (VNS)

The mechanism of action of the VNS is not clearly delineated, but the effectiveness
could be likened to the trial of a new medication in that it is effective in about
half the patients to reduce the seizure burden by half [17]. The left vagus nerve
is stimulated, since in most patients the right vagus nerve controls the cardiac
function. The most common side effect is the hoarseness of voice that occurs
due to the stimulation of the recurrent laryngeal nerve within the vagus nerve.
Otherwise, the stimulation is well tolerated. A magnet device can be used to trigger
extra stimulation train to attempt to abort or shorten the seizure. There may be also
some degree of mood improvement, which led to its use in refractory depression.

Deep brain stimulation

Two different stimulation paradigms are being considered for approval by the
FDA after the clinical trials. Anterior thalamic stimulation is a duty-cycle stim-
ulation where a set pattern of stimulation is applied continuously, suppressing
the seizure occurrences [18]. Responsive neurostimulation system (RNS) is an
as-needed stimulation paradigm, where the device is programmed to detect the
onset of the seizure from the electrodes near the seizure focus and then deliver
the stimulus train that arrests the seizure evolution. In patients without a good
resective surgical option, these stimulation protocols may be useful, but in most
cases, these are palliative measures [19].

Stereotactic radiosurgery (Gamma-Knife)

This relatively new ‘“surgical” approach is used in many intracranial lesional
cases such as arteriovenous malformation and tumors of small to moderate
sizes, unrelated to epilepsy. In these lesional cases associated with epilepsy, the
results appear favorable. For hypothalamic hamartoma, classically associated
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with gelastic epilepsy, radiosurgery may be a very reasonable option to consider,
as the regular craniotomy approach in the hypothalamus is not without risk [20].

In mesial temporal lobe epilepsy, stereotactic radiosurgery is being investigated
for its efficacy and safety in comparison to the standard craniotomy approach.
It may be advantageous for the elderly or patients with higher risk for gen-
eral anesthesia and craniotomy. In addition, it would allow preservation of brain
parenchyma that is usually sacrificed during the craniotomy approach. This could
potentially reduce the likelihood of verbal memory decline from dominant tempo-
ral lobe surgery. Preliminary data appear favorable, but further clinical trial will
be necessary to validate the approach.

17.5 Conclusion

Epilepsy surgery is no longer the last resort option for many patients with med-
ically intractable epilepsy. Advances in anatomic neuroimaging have improved
detection of lesions amenable to highly effective epilepsy surgery. The surgical
option then may be considered earlier in the clinical management of epilepsy, bal-
ancing the risk of surgery with risk of ineffective medical therapy. There are many
different situations amenable to the surgical option and a comprehensive epilepsy
surgical center is the best option to evaluate the complex processes involved in per-
forming epilepsy surgery. New surgical therapy options such as brain stimulation
and stereotaxic radiosurgery may also provide additional avenues for improvement
in the management of patients with medically refractory epilepsy.
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genetic basis 93, 93—4
idiopathic generalized epilepsies 173, 174-82
prognosis/outcomes 182
syndromes 178—80
treatment /75, 180-2
idiopathic partial epilepsies (IPE) 271, 272
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idiopathic seizures 87, 88, 89
IEDs see interictal epileptiform discharges
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197
infantile spasms 181, 182, 186-8, 187
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31, 34-41
activation procedures 33—4
characteristics 34—8
differential diagnosis 36—8
evidence for importance 38—41
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periodic patterns 35-6, 36
secondary bilateral synchrony 42—4, 43
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272
gamma-knife surgery 264, 293-4
non-substrate-directed 262—-4, 272-9
substrate-directed 259-62
surgical treatment see surgical treatment
timing of surgical evaluation 286
inversion-duplication 15 syndrome 203
ion channelopathies 93, 93-4

Jackson, John Hughlings 2-3

Japanese encephalitis 86

juvenile absence epilepsy (JAE) 15, 179, 182

juvenile myoclonic epilepsy (JME) 15, 93,
179-80, 182

kainic acid receptors 119, 120
Kelly, Patrick J. 5
Klass, Donald W. 4

lacosamide 154-5
drug interactions 141, 154
indications 133, 154
mechanism of action 117, 118, 125
medical comorbidities 135, 137
side effects and toxicities 138, 139, 154
Lafora disease 207
lamotrigine 155-6
cost 146
drug interactions 141, 155
indications 133, 155
mechanism of action 117, 119, 120, 124
medical comorbidities 135, 137
side effects and toxicities 138, 139, 155
Landau-Kleffner syndrome (LKS) 195, 199
Laws, Edward P., Jr. 4
Lennox-Gastaut syndrome (LGS) 15, 190-3,
198
interictal EEG 192, 193
seizure types 177, 178, 191-2
lesional epilepsy see substrate-directed
epilepsy
lesionectomy 291
leucine-rich glioma inactivated gene 1
(LGI1) 93, 93
levetiracetam 156—7
breast-feeding risk 140
cost 146
drug interactions 141, 1567
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indications 133, 156
mechanism of action 117, 119, 120, 125
medical comorbidities 135, 137
side effects and toxicities 138, 139, 156
localization-related epilepsies see partial
epilepsies
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magnetic resonance imaging (MRI) 50-7,
51, 52,215
hippocampal volumetry 5, 55-7, 230, 260
at Mayo Clinic 4, 5
medial temporal lobe epilepsy 54-7, 229,
229-30, 259-60
non-lesional see non-substrate-directed
epilepsy
presurgical evaluation 252-3, 287
substrate-directed epilepsy 51, 52, 534,
54, 55, 56, 249, 253
magnetic resonance spectroscopy (MRS)
59-60, 230
presurgical evaluation 253, 255-6, 287
magnetoencephalography (MEG) 254,
276-7, 278, 287
malformations of cortical development
(MCD) 261-2
imaging 50, 53-4, 54, 55, 56
presurgical evaluation 253
malignant migrating partial epilepsy in
infancy 186, 197
Mayo, Charles H. 3
Mayo, William J. 3
Mayo, William W. 5
Mayo Clinic 3-5
medial temporal lobe epilepsy (mTLE) 14,
50, 221-40
diagnosis 227-34
differential diagnosis 225, 225-6
familial 224-5, 273
illustrative case 238-9, 239
neuroimaging 54-7, 56, 58—60, 59, 229,
229-31
pathology 223-5
stereotactic radiosurgery 294
surgical treatment 2368, 239, 239, 248,
259-60, 289-90
treatment 235-9, 259-60
see also temporal lobe epilepsy
medical comorbidities, antiepileptic drug
selection and 133-8, 134, 135-6, 137



INDEX

memory deficits 214, 222-3, 290
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mesial temporal sclerosis (MTS) 50, 223
imaging 54-7, 215, 229, 229-30, 250
presurgical evaluation 253
surgical management 259-60, 289-90
see also hippocampal sclerosis

metabolic disorders 196, 204-5

Middle Ages 2

Miller, Ross H. 4

Miller Dieker syndrome 201

Moersch, Frederick 3

motor seizures, simple partial 10

motor signs, seizures 71

movement disorders 105

myoclonic astatic epilepsy (MAE) (Doose

syndrome) 178, 193
myoclonic encephalopathy, early 184, /85,
197

myoclonic epilepsies
of infancy, severe see Dravet syndrome
juvenile JME) 15, 93, 179-80, 182
progressive 196, 200, 2067
with ragged red fibers 205, 207

myoclonic seizures 11-12, 177-8
antiepileptic drug selection 133, 180

myoclonus 105, 177-8

narcolepsy 105-6

neonatal-infantile seizures, benign familial 93

neonatal seizures, benign familial 93
neurocysticercosis 24
neuroimaging 49-63, 215
functional 57-63, 2538, 254
generalized epilepsies 181
at Mayo Clinic 4, 5
non-substrate-directed epilepsy 2748
structural 50-7
substrate-directed epilepsy 249, 2528
see also specific modalities
neuronal ceroid lipofuscinosis 206
neurostimulation 238, 286, 293
neurosurgery see surgical treatment
nightmares 106
night terrors 106
N -methyl-D-aspartate (NMDA) receptors
119-20, 120
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nonepileptic paroxysmal events 99-108, 100

nonepileptic psychogenic seizures see
psychogenic nonepileptic seizures
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271-9
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drug interactions 138-9, 141, 158
indications 133, 157
mechanism of action 117, 124
medical comorbidities 135, 137
side effects and toxicities 138, 139, 157

Panayiotopoulos syndrome 273
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parasomnias 106
paresis, ictal 71
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100
paroxysmal hypnagogic hypersynchrony 38,
42
partial epilepsies 213-19
antiepileptic drugs 132, 133, 216-19, 217,
218
cryptogenic 272
diagnosis and evaluation 213-14, 214
ictal EEG recordings 44, 44—5
idiopathic (IPE) 271, 272
interictal EEG 42—4, 214-15
intractable see intractable partial epilepsy
neuroimaging 49-63, 215
non-substrate-directed 262—4, 271-9
substrate-directed see substrate-directed
epilepsy
symptomatic 259-64, 271
treatment and management 216—19
see also extratemporal epilepsy; temporal
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partial epilepsy with variable foci, familial
273
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(PLEDs) 35-6, 36
perisylvian syndrome, bilateral 56
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PET see positron emission tomography
pharmacodynamic interactions 140
pharmacy benefit plans 1445
phenobarbital 151
cost 144
drug interactions 138-9, 141, 151
indications 133, 151
mechanism of action 115, 117, 123
medical comorbidities 134, 137
side effects and toxicities 138, 139, 151
phenylketonuria 204
phenytoin 150-1
cost 144, 146
drug interactions 138-9, 140, 142
indications 133, 150
mechanism of action 115-16, 117, 122
medical comorbidities 134, 137
side effects and toxicities 138, 139, 150
teratogenicity 140
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POLG1 203
polymicrogyria 56
polypharmacy, as cause of syncope 102
positron emission tomography (PET) 58-9,
59, 287
medial temporal lobe epilepsy 230, 231
non-substrate-directed epilepsy 274—6,
277-8
role in partial epilepsy 215
substrate-directed partial epilepsy 253,
254-5
postictal polymorphic delta activity (PPDA),
lateralized 75
post-traumatic epilepsy 92-3
postures, ictal 71
potassium channel gene mutations 93
pregabalin 158—-9
drug interactions 142, 158
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presurgical evaluation 286—7
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timing 286
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acute symptomatic seizures 21-2
epilepsy 19-21, 20
primidone 151-2
breast-feeding risk 140
drug interactions 138-9, 141, 152
indications 133, 151
medical comorbidities 134, 137
side effects and toxicities 138, 139, 151
probably symptomatic epilepsy 12
progressive myoclonic epilepsies 196, 200,
206-7
protein binding, drug interactions 139-40
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(MRS) 59-60, 230, 255-6
provocative testing
scalp EEG 33
video EEG monitoring 73
pseudoseizures see psychogenic nonepileptic
seizures
psychic symptoms 10, 227-8
psychogenic nonepileptic seizures (PNESs)
107-8
clinical features 70-3, 107-8
differential diagnosis 226
EEG features 75, 76, 107
EKG recordings 76
provocation 73
pyridoxal phosphate dependency 204
pyridoxine (vitamin B6)
dependency 204, 205
therapy 189

radiosurgery, stereotactic (gamma-knife) 264,
293-4
Rasmussen’s encephalitis 199, 293
refractory epilepsy 49-50, 219, 248
timing of surgical evaluation 286
see also intractable partial epilepsy;
surgical treatment
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REM behavior disorder 106
remote symptomatic seizures 87, 88, 89
causes 89, 89-90, 90, 91, 92
renal disease, antiepileptic drug selection
133, 134, 135-6
Rett syndrome 202
rhythmic temporal theta of drowsiness
(RTTD) 37, 38
ring chromosome 14, 203
ring chromosome 20, 201
risk factors for epilepsy 23—4
rolandic epilepsy, benign 272, 273
rufinamide 162-3
drug interactions 142, 163
indications 133, 162-3
mechanism of action 117, 126
medical comorbidities 136, 137
side effects and toxicities 138, 139, 163

Sandhoff disease 206
secondary bilateral synchrony 42-4, 43
seizure-like events
differential diagnosis 100
evaluation 99-108
seizure onset zone (SOZ) 250-1, 251
intracranial EEG 258-9
seizures
acute symptomatic or provoked see acute
symptomatic seizures
antiepileptic drug selection 132, 133
classification 9-12
clinical features 70-3, 71-2
cryptogenic 87, 88, 89
defined 19
EEG recordings 44, 44-5, 74-5
etiologies 83-94
idiopathic 87, 88, 89
remote symptomatic see remote
symptomatic seizures
unprovoked see unprovoked seizures
video-EEG monitoring 69-75
sensory seizures 10
serine deficiency 204
serine metabolism, disorders of 205
severe myoclonic epilepsy of infancy see
Dravet syndrome
Sharbrough, Frank W. 4
sharp waves, epileptiform 34, 35
Shelden, Walter D. 3
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simple partial seizures 10
single photon emission computed
tomography (SPECT) 60-1, 215, 256
non-substrate-directed epilepsy 276, 277-8
statistical parametric mapping (SPM)
analysis 258
see also SISCOM
SISCOM (subtraction ictal SPECT
co-registered to MRI) 5, 61, 61-3,
287
non-substrate-directed epilepsy 276, 277,
278, 291
statistical parametric mapping (SPM)
analysis 258
substrate-directed epilepsy 253—4, 257-8
6-Hz spike-and-wave discharges 38, 4/
sleep deprivation
routine scalp EEG 33
video-EEG monitoring 69
sleep disorders 105-7
sleepwalking 106—7
small sharp spikes 37, 37
smile, ictal 72
sodium channels (SCN) 118
gene mutations 87, 93, 189, 225
somnambulism 106—7
SPECT see single photon emission computed
tomography
speech, peri-ictal 72
sphenoidal electrodes 33, 74-5
spike-and-wave complexes, epileptiform 34,
35
spike-and-wave discharges, phantom 6-Hz
38, 41
spikes, epileptiform 34, 35, 214-15
staring spells 72, 191, 225, 226, 238
statistical parametric mapping (SPM)
analysis 258
stiripentol 190
stroke 104
unprovoked seizures after 90-2
subclinical rhythmic electrographic discharge
of adults (SREDAs) 37-8, 40
substrate-directed epilepsy 247-64
epilepsy surgery 248-50, 259-62, 263
gamma-knife surgery 264, 293-4
localization of epileptogenic zone 250-9
MRI 51, 52, 53-4, 54, 55, 56, 249, 253
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surgically remediable syndromes 50, 249,
249
subtemporal chain electrodes 75

subtraction ictal SPECT co-registered to MRI

see SISCOM
succinic semialdehyde dehydrogenase
deficiency 205
sudden unexplained death in epilepsy
(SUDEP) 235, 286
suicide 236
sulfite oxidase deficiency 205
surgical treatment 50, 285-94
history 2-3
intracranial monitoring 287-9
at Mayo Clinic 3, 4, 5

medial temporal lobe epilepsy 236—8, 239,

239, 248, 259-60
non-substrate-directed epilepsy 2624,
263, 277-8
postoperative care 289
presurgical evaluation 249, 249, 250-9,
274-9, 286-7
procedures 289-94
recent advances 264
remediable epileptic syndromes 50, 249,
249
substrate-directed epilepsy 248-50,
259-62, 263
symptomatic epilepsy 12, 183
causes 89, 89-90
probably 12
see also acute symptomatic seizures;
remote symptomatic seizures
symptomatic generalized epilepsies 174-5,
183-207, 184, 197-200
childhood onset 190-6
infantile onset 184-90
of known cause 196, 197-207
symptomatic partial epilepsy 259-64, 271
syncope
convulsive 102
diagnosis 101, 101-3
EEG changes 767

tachycardia, ictal 75-6

Tay-Sachs disease 206

telangiectasias 53, 261

temporal intermittent polymorphic delta
activity (TIPDA) 75
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temporal intermittent rhythmic delta activity
(TIRDA) 35, 36, 75, 232
temporal lobe, functional anatomy 222-3
temporal lobectomy 57, 236-8, 237,
289-90
temporal lobe epilepsy (TLE) 12—14, 221
familial 224-5, 273
familial lateral 93, 93, 273
features of seizures 72
ictal EEG 44, 44, 232, 2324, 233, 234
imaging 58-60, 59, 215
interictal EEG 35, 36, 231, 231-2
medial see medial temporal lobe epilepsy
nonlesional 263, 263—-4, 290
surgical outcomes 262-3, 263
video-EEG monitoring 70, 74-5
temporal scalp electrodes 33, 74
teratogenicity, antiepileptic drugs 140
tetrahydrobiopterin deficiencies 205, 206
tiagabine 159-60
drug interactions 139, 142, 159
indications 133, 159
mechanism of action 117, 121, 125
medical comorbidities 136, 137
side effects and toxicities 138, 139, 159
tilt table test 103
Todd’s paralysis 10, 71, 214
tonic-clonic seizures, generalized see
generalized tonic-clonic seizures
tonic limb posturing 71
tonic seizures 12, 178
antiepileptic drug selection 133
topiramate 160—1
cost 146
drug interactions 142, 160
indications 133, 160
mechanism of action 117, 120, 122, 124
medical comorbidities 136, 137
side effects and toxicities 138, 139, 160
transcranial magnetic stimulation, during
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transient global amnesia (TGA) 104-5
transient ischemic attacks (TIA) 103—-4
traumatic brain injury (TBI)
acute symptomatic seizures 85
epilepsy risk 23
unprovoked seizures 89-90, 92-3
trisomy 12p 203
truncal rotation 71
tuberous sclerosis 262, 292
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United States, state of epilepsy care 22-3
unprovoked seizures 19
after stroke 90-2
after traumatic brain injury 92-3
etiologic classification 87, 88
etiologies 87-94, 89, 90
incidence 87
recurrence risk 87-9
Unverricht-Lundborg disease 207
urea cycle disorders 204
uridine glucuronyl transferase (UGT) system
138, 139
urinary urge, ictal 72

vagus nerve stimulation (VNS) 238, 286, 293
valproate (divalproex sodium; valproic acid)
152-3
cost 146
drug interactions 139, 140, 142, 152-3
indications 132, 133, 152, 181
mechanism of action 116, 117, 119, 121,
123
medical comorbidities 134, 137
side effects and toxicities 138, 139, 152
teratogenicity 140
vascular malformations, cerebral 53, 253, 261
venous angiomas 53, 261
vesicular glutamate transporters 120—1, 224
video-EEG monitoring 32, 67-78, 100-1
admission and medication management
68-9
analysis of EEG data 747
discharge management 78
integration of clinical and EEG data 77-8
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pre-monitoring evaluation 67-8
presurgical evaluation 252, 287
spell evaluation 69-73

vigabatrin 1634
cost 144
drug interactions 142, 164
indications 133, 163, 181, 189
mechanism of action 117, 121, 125
medical comorbidities 136, 137
side effects and toxicities 138, 139,

163-4

viral encephalitis 86

visual seizures 10

vitamin B6 see pyridoxine

vomiting, ictal 72

Wada test 249, 287, 290
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West syndrome 181, 186-9, 187, 198
wicket waves (wicket spikes) 34, 35, 37
witnesses, history-taking from 100
Wolf-Hirschhorn syndrome 201

Woltman, Henry 3

women, antiepileptic drug selection 140, 143

Yeager, Charles LeVant 3

zonisamide 161
cost 146
drug interactions 139, 142, 161
indications 133, 161
mechanism of action 117, 119, 122, 125
medical comorbidities 136, 137
side effects and toxicities 138, 139, 161



Keep up with
critical fields

4
f.

‘g,-@

\

Would you like to receive up-to-date information
on our books, journals and databases in the areas
that interest you, direct to your mailbox?

N

N
Join the Wiley e-mail service - a convenient way
to receive updates and exclusive discount offers
on products from us.

Simply visit www.wiley.com/ email

and register online

We won't bombard you with emails
and we'll only email you with
information that’s relevant to you.
We will ALWAYS respect your e-mail

privacy and NEVER sell, rent, or
exchange your e-mail address to any
outside company. Full details on our

privacy policy can be found online.

WILEY-
BLACKWELL

www.wiley.com/email

—




	Cover
	Title
	Adult Epilepsy
	Copyright
	Dedication
	Contents
	List of contributors
	Preface
	1 Introduction: epilepsy
	Section 1 Pathophysiology and epidemiology of seizures and epilepsy
	2 Seizure and epilepsysyndromes classification
	3 Epidemiologyof seizure disorders

	Section 2 Diagnostic evaluation
	4 The roleof routine scalpelectroencephalography
	5 Neuroimagingin epilepsy
	6 Video-EEG monitoringdata
	7 Etiologies of seizures
	8 The evaluationof nonepilepticparoxysmal events

	Section 3 Principles of medicalmanagement
	9 Mechanisms of actionof antiepileptic drugs
	10 Antiepileptic drugs:pharmacology, epilepsyindications, and selection

	Section 4 Generalized epilepsies
	11 Idiopathicgeneralized epilepsies
	12 Symptomaticgeneralized epilepsies

	Section 5 Partial epilepsies
	13 Overview of diagnosisand medical treatmentof partial epilepsies
	14 Medial temporallobe epilepsy
	15 Substrate-directedepilepsy
	16 Non-substratedirectedpartialepilepsy
	17 Surgical treatment

	index



