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To the memory of
Fred
Our dear teacher, mentor, and friend
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Foreword

Drs. Cataltepe and Jallo have assembled a book on surgery
for epilepsy in children that is impressive in its complete-
ness and in its list of authors. It does honor to the person to
whom it is dedicated, Dr. Fred Epstein, and I am sure that he
would be extremely proud of his two former fellows. The
book is organized to be useful not only to the student desir-
ing an overview of the subject but also to the clinician need-
ing information about a certain aspect of managing a child
with epilepsy.

As the editors correctly emphasize, surgery on the ner-
vous system of children has distinctive demands and is not
simply an extension of surgeries performed on adults. Chil-
dren have unique conditions that result in epilepsy and the
surgical management of these conditions requires unique
approaches, much as does their medical management. The
book extensively covers preoperative assessment and surgical
techniques in pediatric epilepsy and includes numerous
chapters that discuss the wide range of surgeries that can be
used to treat a child with refractory epilepsy. The chapters

are organized in a thoughtful manner allowing easy access
to information needed by the reader and an impressive list
of very experienced clinicians and surgeons has been called
upon to write these chapters. This lends a considerable
weight of authority to this book. Consequently, this text is
a welcomed addition to the literature of pediatric neurosur-
gery and childhood epilepsy.

It is an honor to be asked to write the foreword to what
should be a book destined to be owned and read by many.
I congratulate the editors and authors for assembling and
contributing to such a work.

Rick Abbott, MD

Attending Physician

Department of Neurosurgery

The Children’s Hospital at Montefiore
Professor

Department of Neurosurgery

Albert Einstein College of Medicine






Preface

Epilepsy is one of the most common neurological disorders in
children. The burden of epilepsy in children is not limited to
seizures but also involves cognitive and psychosocial damage
as well as developmental stagnation—even decline. Despite
many new antiepileptic medications, approximately 20% of
the children with epilepsy continue to suffer from medically
intractable seizures. Surgical management of epilepsy stays
as a single remaining treatment option for most of these
children.

Surgical management of epilepsy in childhood is chal-
lenging in many ways and requires the special expertise of
a multidisciplinary team. Although epilepsy has many com-
mon features in both adults and children, pediatric epilepsy
disorders and their surgical management have many sig-
nificant differences and peculiar characteristics. Cause and
nature of the seizures in children are much more diverse,
including perinatal injuries, stroke, and certain pediatric
epilepsy syndromes such as infantile spasms. Hemispheric
pathologies such as Rasmussen encephalitis and Sturge-We-
ber syndrome constitute a significant group among pediat-
ric epilepsy patients, and some epileptic syndromes are seen
exclusively in children but rarely or never occur in adults.
Each one of these disorders has its own unique challenges as
an epilepsy syndrome and requires a great deal of expertise
and experience during the presurgical assessment stage, se-
lection of surgical candidates, and surgical strategy.

Although patient age is almost never significant in adult
epilepsy, it dominates the discussion in many areas in pe-
diatric epilepsy surgery, including feasibility and reliabil-
ity of certain diagnostic techniques during preoperative
assessment, surgical indications, timing of the surgery,
surgical approaches, and even outcome measures. Cata-
strophic epilepsy syndromes seen in very young ages are
another significant and challenging topic relevant only in
pediatric epilepsy surgery. Therefore, awareness of age-re-
lated characteristics, special paradigms, and controversies
have the utmost importance in pediatric epilepsy surgery.
Finally, the types and frequency of commonly performed

surgical procedures in pediatric epilepsy also differ from
adult epilepsy surgery. Some surgical procedures, such as
hemispheric or multilobar resections, disconnections, and
multistage resections are performed almost exclusively in
pediatric epilepsy patients as opposed to adults. Consider-
ing that an intracranial operation in an infant is a challenge
by itself, the significance of expertise and experience in per-
forming a challenging and complex procedure such as hemi-
spherectomy or hemispherotomy in an infant can be easily
appreciated. Therefore, we believe that pediatric epilepsy
surgery should not be seen as a simple extension of adult
epilepsy surgery. Pediatric epilepsy surgery requires surgical
expertise and experience extending to both specialties: pe-
diatric neurosurgery and epilepsy surgery. Therefore, having
experience in both surgical areas is equally significant in the
management of this unique group of patients.

Over the past two decades, surgical treatment of epilepsy
in children has become more widely available. Many spe-
cialized pediatric epilepsy surgery centers around the world
have been established, and the number of neurosurgeons
with expertise and experience in both areas has increased
significantly. We have witnessed tremendous advances in
diagnostic studies and significant refinement and sophisti-
cation in surgical techniques during this period. As a result,
epilepsy surgery in children has become a widely acceptable,
established treatment option. Therefore, we believe that
more focused efforts on pediatric epilepsy surgery, includ-
ing the publication of epilepsy surgery textbooks devoted to
pediatric epilepsy, are needed to further support the devel-
opment of this field.

We conceived this book as an attempt to integrate the
many facets of the epilepsy surgeon’s and the pediatric neu-
rosurgeon’s focus. Although there are several excellent and
comprehensive books on epilepsy surgery, there is no pedi-
atric epilepsy surgery book in print. Therefore, an up-to-date
book devoted to pediatric epilepsy surgery that is accessible
to epilepsy surgeons, pediatric neurosurgeons, general neu-
rosurgeons, and neurosurgeons-in-training with an interest
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in this topic, as well as pediatric neurologists and epileptolo-
gists managing children with epilepsy, is along-delayed effort.
This book focuses on pediatric epilepsy surgery by present-
ing the current state of the art, highlighting the controversial
issues by mainly focusing on surgical strategies and diag-
nostic techniques, and describing details of the widely used
surgical techniques in pediatric epilepsy surgery.

We have attempted to choose all the relevant topics in
pediatric epilepsy surgery and have recruited well-known
experts to provide an up-to-date review of these topics. This
book starts with an overview of pediatric epilepsy surgery
followed by chapters describing the selection of surgical can-
didates, including young patients with congenital or early
lesions. The first part of the book deals with preoperative
assessment techniques with sections on electrophysiologi-
cal, neuroimaging, and neuropsychological assessment. The
second part constitutes the backbone of the book: surgical
approaches and techniques. This part includes all relevant
surgical epilepsy techniques. The resective surgical tech-
niques for temporal and extratemporal lobes have been
covered under separate sections with chapters devoted to
different surgical approaches. The section that follows ex-
tensively covers hemispherectomy and hemispherotomy
techniques with comprehensive reviews of each technique in
separate chapters that are written by well-known experts on
each technique. The next several sections define the surgi-
cal techniques currently used for disconnection procedures,
neuromodulation procedures, and radiosurgery. The third
part of the book is concerned with postoperative outcomes,
and the book ends with a fourth section on advances by pro-
viding a brief overview of promising diagnostic and manage-
ment techniques in three separate chapters.

Overall, we believe this book offers some unique features
to the reader. Unlike other epilepsy surgery books, it was
prepared by organizing related surgical approaches under
separate sections, such as temporal lobe surgery, extratem-
poral lobe surgery, disconnection surgeries, hemispher-
ectomy techniques, and so forth. For example, all major
hemispherectomy and hemispherotomy techniques are cov-
ered in a separate section that includes separate chapters for
each surgical approach. These chapters were written by the
most prominent experts in these techniques, and extensive
details with a large number of illustrations and high-quality
photos were used to describe the procedures. The book also,
for the first time, uniquely integrates the pediatric neurosur-
gery and epilepsy surgery perspectives in a text dedicated to
pediatric epilepsy surgery.

This book was conceived by two pediatric neurosurgeons
who were privileged to be trained in pediatric neurosurgery
from one of the pioneers of this field: Fred Epstein. They also
share another common interest: the surgical management of
children with epilepsy. One of us had an opportunity to have

extensive exposure to epilepsy surgery and fellowship train-
ing under G. Rees Cosgrove at Massachusetts General Hospi-
tal and Youssef Comair at the Cleveland Clinic. The other of
us took over a well-known pediatric epilepsy surgery pro-
gram during the early stage of his pediatric epilepsy surgery
career. This background gave us a unique opportunity to de-
velop a subspecialty interest and to embrace both fields with
equal enthusiasm. It is our sincere hope that this book will
fulfill our goal to integrate both aspects of pediatric epilepsy
surgery and to give some additional insights to the reader
managing this complex and challenging patient group.
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Pediatric Epilepsy Surgery: Introduction

Oguz Cataltepe and George 1. Jallo

An estimated 10.5 million children worldwide have epilepsy.
The annual incidence is reported to be 61 to 124 per 100,000
children in developing countries and 41 to 50 per 100,000
children in developed countries.! Epilepsy, especially pedi-
atric epilepsy, not only causes seizures but also is frequently
associated with other disabilities. Almost half of all children
with epilepsy have high rates of co-morbid learning dis-
abilities, mental retardation, developmental delay, psychi-
atric and behavioral difficulties, and psychosocial problems.
Therefore, preventing cognitive and developmental stagna-
tion or decline in children with epilepsy is as important as
achieving seizure freedom and constitutes one of the main
challenges in the management of these patients. However,
despite major advances and improvements in diagnostic
techniques and medical management options in pediatric
epilepsy, approximately 20% of children with this disease
continue to suffer from medically intractable epilepsy. Sur-
gical management is often the single remaining treatment
option for some of these children, not only to control sei-
zures but also to prevent and improve the co-morbid condi-
tions mentioned previously.2-’

It is a well-known fact that the comprehensive care of
children with epilepsy is challenging. Specialized knowledge
of and expertise in the medical and surgical management
of such patients are required. Thus, a well-coordinated, col-
laborative relationship between medical and surgical teams
in a multidisciplinary environment is critical for successfully
managing pediatric epilepsy patients. Today, many pediatric
epilepsy centers are designed and organized with this col-
laboration in mind, although it was not the case for many
years.

B Historical Evolution of Pediatric
Epilepsy Surgery

Although surgical intervention in epilepsy patients has a rel-
atively long history, many decades elapsed before epilepsy
surgery became an established and accepted treatment op-
tion for adult epilepsy patients. Pediatric epilepsy surgery
has followed an even more hesitant course. For years it was
performed in only a handful of centers, remaining an option
of last resort in the management of children with epilepsy.

Even children with intractable epilepsy were rarely referred
to specialized epilepsy surgery centers. The outcomes data
derived from an early pediatric epilepsy surgery series were
also discouraging.

The historical reluctance to perform pediatric epilepsy
surgery stemmed from several legitimate concerns at the
time, such as the unavailability of epilepsy surgery centers
in many locations, poor results, and a general lack of knowl-
edge or misinformation about pediatric epilepsy surgery.
Limited data regarding the long-term effects of epilepsy
surgery on children as well as epidemiologic data showing
that many childhood seizures were benign and had favor-
able outcomes also contributed to this reluctance to perform
pediatric epilepsy surgery.?

As a result, it took almost two decades after publication
of the results of initial surgical series with pediatric epi-
lepsy patients to see any increase in the number of centers
offering surgery as a management option for children with
epilepsy.>-1? As interest in pediatric epilepsy and its surgi-
cal management gradually increased, many pediatric neu-
rology programs established separate pediatric epilepsy
sections. Gradually, pediatric neurosurgeons, along with
epilepsy surgeons, started to operate on increasing numbers
of pediatric epilepsy patients. Although the initial surgical
series included mostly older children, the patient age gradu-
ally decreased to the point that reports of infantile epilepsy
surgical cases started appearing in medical journals.>-7.13.14
As a result, there has been a gradual, then an exponential,
increase over the past 10 years in the number of centers pro-
viding surgical management as an option for pediatric epi-
lepsy patients.

The accumulated data and reported results from the most
recent surgical series are encouraging. It is now clear that
surgical intervention in children with intractable epilepsy
dramatically improves outcomes, providing not only seizure
reduction and freedom but also resulting in improved behav-
ior, quality of life, language, and cognitive function.!® Thus, in
a relatively short period of time, pediatric epilepsy surgery
procedures have been transformed from rarely performed
interventions into an established management option for
children with intractable epilepsy. These developments have
led many children’s hospitals to establish pediatric epilepsy
surgery programs. As a result, pediatric epilepsy surgery has



2

1 Pediatric Epilepsy Surgery: Introduction

become a very active subspecialty interest for many pediat-
ric neurosurgeons in these programs.

B Epilepsy Surgery in Children as a
Special Expertise

Initially, the main principles behind the surgical manage-
ment of epilepsy patients, starting with the preoperative as-
sessment and extending to the actual surgical procedures,
were primarily developed for adult epilepsy patients. These
principles were later extrapolated and applied to pediatric
epilepsy patients.'® However, because pediatric epilepsy
patients are significantly different from their adult counter-
parts, pediatric epilepsy surgery should not be viewed sim-
ply as an extension of adult epilepsy surgery.

Although there are many common features in the surgi-
cal management of pediatric and adult epilepsy patients,
there are also many differences. Understanding these dif-
ferences is of critical importance in patient management.*!”
For example, pediatric epilepsy patients have very diverse
epileptic disorders that exhibit different electrophysiological
characteristics and clinical semiology from adult epileptic dis-
orders. In addition, pediatric epilepsy patients may have devel-
opmental and psychosocial problems that must be taken into
account when considering surgery. Therefore, using appropri-
ate pediatric neurosurgery techniques and having expertise in
the surgical management of children, especially infants, are as
important as having expertise in epilepsy surgery.

Among pediatric epilepsy patients, infants and young
children constitute an extremely challenging subset. Aware-
ness of age-related characteristics as well as of the special
paradigms and issues related to treating this patient group
is an important prerequisite for ensuring good surgical out-
comes. For example, the surgical management of medically
intractable seizures in children is characterized by several
uniquely challenging problems and requires a special ap-
proach to presurgical assessment, surgical indications, and
surgical strategy. In addition, there is significant controversy
regarding issues such as patient selection criteria, presurgi-
cal assessment methods, appropriate surgical indications,
and the timing of surgery, as well as the appropriate surgical
techniques to be used for children of different ages.

To meet these challenges, the Subcommission for Pediat-
ric Epilepsy Surgery was formed by the International League
Against Epilepsy (ILAE) in 1998 to formulate appropriate
standards for epilepsy surgery in childhood. In 2003, the
subcommission organized a meeting to address the follow-
ing questions*:

1. Are the unique characteristics of children with epilepsy
and their syndromes sufficiently different to justify dedi-
cated pediatric epilepsy centers?

2. Is adequate information available to propose guidelines
regarding patient selection and surgical treatment for pe-
diatric epilepsy surgery patients?

At the end of the meeting, the subcommission agreed that
the “neurobiological aspects of epilepsy are unique to chil-
dren, especially the young, and as such require specific pe-
diatric epilepsy expertise. Collectively these features justify
the unique approach necessary for dedicated pediatric epi-
lepsy surgery centers.”

B Characteristics and Special
Considerations of Pediatric
Epilepsy Surgery

Although many aspects of epilepsy and its surgical man-
agement in children are similar to those in adults, there are
significant differences and challenges unique to children,
especially infants and young children. These differences
become critical during many stages of the surgical manage-
ment of pediatric epilepsy, starting from the preoperative
assessment and extending to the surgical intervention itself.
We will briefly review these areas to provide a general per-
spective on the subject.

Preoperative Assessment
Pediatric Epilepsy Syndromes

The causes of epileptic seizures amenable to surgery are
much more common and diverse in children'3: perinatal
injuries; infantile spasms; hemispheric syndromes, such
as Rasmussen encephalitis; and neurocutaneous disorders,
such as Sturge-Weber syndrome. Some causes are seen ex-
clusively in children and rarely or never occur in adults. Each
of these disorders has its own unique diagnostic and surgical
challenges as an epilepsy syndrome.

The neuropathological substrate of epilepsy and its ob-
served frequency in children are also significantly different
from those in adults. Although cortical malformations are
the most common neuropathological substrate in children
(23-78%), they are much less common in adults. Although
mesial temporal sclerosis (MTS) in children is seen much less
frequently (17-38%) than in adults, dual pathologies associ-
ated with MTS occur much more frequently in children.!347

The clinical and electrophysiological spectrum and presen-
tation of intractable, localization-related epilepsy are often
heterogeneous and wide ranging in childhood. In childhood,
intractable seizures can be quite atypical and poorly defined
compared with the relatively well-defined clinical and electro-
physiological characteristics of epilepsy syndromes in adults.
Unilateral localized or hemispheric etiologies in children may
present with generalized seizures and electroencephalogra-
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phy (EEG) patterns, progressive neurological disorders, and
bilateral congenital brain syndromes.*!”

Some of the pediatric epilepsy syndromes seen in infants
and young children are much more than seizure disorders
and can be catastrophic because of the associated cogni-
tive and developmental delay or regression. These cases are
problematic, and their management requires a great deal of
expertise. The seizures in these patients are also frequently
extratemporal and cover large cortical areas, including the
eloquent cortex. Invasive monitoring, cortical mapping, and
stimulation studies may be needed more frequently in these
children than in adults.

Age of Patient

Although the age of the patient is almost never a signifi-
cant topic in the treatment of adult epilepsy, it dominates
the entire approach to treatment in many areas of pediat-
ric epilepsy surgery, including preoperative assessment and
testing, surgical indications, the timing of surgery, surgical
approaches, and outcome measures. Rapid brain matura-
tion during early infancy and childhood is responsible for
a complex evolution of clinical seizure semiology and EEG
and neuroimaging findings.*#!” This complexity makes the
assessment of the clinical, electrophysiological, and imaging
findings very challenging.

The naturally lower level of cognitive maturation and lan-
guage development in children can be an obstacle or a limit-
ing factor for some preoperative tests, such as the intracarotid
amobarbital procedure (Wada test) or functional magnetic
resonance imaging (fMRI). Also, the harmful and sometimes
catastrophic effects of seizures on the developing brain in
young children are a major concern, and early surgical inter-
vention may be considered in some infants to prevent these
seizures. However, some surgical techniques, such as cortical
stimulation and mapping under local anesthesia and depth
electrode placement, may not be feasible in young children.

Medical Intractability of Epilepsy

The criteria used to define medical intractability in children
are significantly different from those used in adults. Earlier
identification of medical intractability in pediatric epilepsy
patients, as opposed to adult epilepsy patients, is feasible in
many cases because certain pediatric epilepsy syndromes or
seizure etiologies imply intractability by their very nature.
These children do not need long trial periods with every
major antiepileptic drug (AED). The developing brain is also
much more vulnerable to the adverse effects of AEDs, mak-
ing the risk-benefit assessment for long-term trials of AEDs
more critical in children than in adults. Conversely, epilepsy
in childhood is often not a fixed condition, and although it
may evolve toward intractability in some cases, it may remit
or stop spontaneously in others. Therefore, decisions regard-

ing medical intractability can be made easily and quickly in
some well-defined pediatric epilepsy syndromes. However,
in some cases, great caution must be exercised before decid-
ing whether a patient is indeed a surgical candidate.

Electrophysiological Characteristics of Epilepsy

Electrophysiological evaluation of cortical activity in infants
and young children is extremely difficult because of poorly
defined “normal” and “abnormal” EEG patterns of the im-
mature brain, the absence of well-defined epileptiform
discharges, rapidly spreading ictal activity, and the great
variability of electrophysiological seizure patterns. These
characteristics make the localizing value of EEG findings for
children very controversial as opposed to those for adults.
As a result, defining the epileptogenic zone in the immature
brain is a daunting task in many cases, one that needs to be
handled with a great deal of expertise.

Surgical Indications
Harmful Effect of Seizures on the Developing Brain

The cumulative harmful effect of frequent seizures on the
developing brain can be catastrophic. In addition to frequent
clinical seizures, continuous postictal state and frequent in-
terictal epileptiform discharges may cause an irritable, dys-
functional cortex and, possibly, secondary epileptogenesis.
Consequently, intractable seizures and their deleterious ef-
fect on the developing brain may result in mental retarda-
tion, debilitating behavioral problems, aggression, attention
deficit disorder, and hyperactivity. Although spontaneous
remission of the seizures is possible, the risk of permanent
neurologic, psychosocial, and cognitive impairment from
their recurrence and from the adverse effects of AEDs is
significant during this crucial period of brain development.
Therefore, pediatric epilepsy teams must not only consider
seizures when making decisions regarding epilepsy surgery
but also consider the potentially harmful effects of seizures
on the developing brain.

Functional Plasticity of the Developing Brain

There is a significant amount of accumulated data regarding
the functional plasticity of the young brain gleaned from
experimental animal studies as well as from observation of
human patients after surgical resection or cerebral insults
at a young age.® These data show that young children have a
much greater potential for recovery after a cerebral injury,
including surgery, and a significant capacity for reorganiza-
tion of neurological function.'> These phenomena are espe-
cially evident in the often speedy recovery of speech-related
functions in young children and constitute a remarkable
asset of early childhood. The functional plasticity of the
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young brain also makes children more vulnerable to the
deleterious effects of repeating seizures, which can result
in deviant or delayed development and trigger permanent
changes in developing neural circuitry. It is of utmost im-
portance that the pediatric epilepsy surgery team members
fully appreciate the functional plasticity and potential of
the young brain and take these characteristics into consid-
eration when making presurgical assessments and surgical
decisions.*

Psychosocial Factors

The psychosocial effects of seizures are much more det-
rimental in young children than in adults. Although this
theory has yet to be proven, successful seizure control may
facilitate cognitive development and may help reduce the
behavioral or psychological burden of epilepsy on the child
and family.* Therefore, the importance of early reduction of
the burden of chronic epilepsy, its psychosocial benefit, and
its positive effect on the quality of life in children and their
families cannot be overemphasized.

Timing of Surgery

The timing of surgery is another unique aspect of pediat-
ric epilepsy. As discussed earlier, the cumulative harmful
effects of epilepsy on early brain development are a major
concern in the treatment of pediatric epilepsy patients. Al-
though consensus is still lacking, there are strong arguments
in the literature supporting emerging clinical data indicat-
ing the benefits of early surgical intervention in catastrophic
epilepsy.

Because many types of pediatric epilepsy syndromes are
inherently medically refractory, there is no need to “prove”
medical intractability before embarking on a surgical course
of action. The harmful effects of prolonged seizures and the
toxic effects of AEDs on synaptogenesis, brain development,
and cognitive and psychosocial development bolster the argu-
ment for early surgery in pediatric epilepsy patients. Even if
seizures are successfully controlled with medical treatment,
frequent interictal discharges can still cause permanent
changes in synaptogenesis and cytoarchitecture in immature
brains and may even create a secondary epileptogenic focus.

The potential for significant recovery is highest during
the period of high synaptic and dendritic density (ages 3-7
years), when the plasticity of the brain peaks.! Surgery per-
formed within this time frame may help hasten recovery,
and anticipated postoperative impairments may be milder.
In well-selected patients, early surgical intervention may
prevent the negative cognitive, psychosocial, and develop-
mental effects of seizures. Accumulating data show the posi-
tive effect of epilepsy surgery on clinical outcome; not only
is seizure control enhanced, but so are the behavioral, cogni-
tive, and developmental domains of life.>* Thus, early surgi-

cal intervention helps children to develop without further
psychosocial harm and, in many cases, to maximize their
developmental potential.

Nevertheless, there are significant concerns regarding
early surgical intervention in pediatric epilepsy patients.
The possibility of spontaneous remission is one of the main
arguments against early surgical intervention because many
childhood seizure disorders spontaneously remit in adult-
hood. Other concerns militating against early surgical in-
tervention include the possibility of eventually achieving
seizure control with AEDs, as well as the morbidity and mor-
tality risks associated with surgical intervention in infants
and young children.

Goals of Surgery

The goals of epilepsy surgery in children are somewhat dif-
ferent from those for adults. In addition to controlling sei-
zures, the goals of pediatric epilepsy surgery are to prevent
the possible harmful consequences of uncontrolled seizures;
to prevent continued interictal activity resulting in perma-
nent cognitive, behavioral, and psychosocial problems; to
prevent secondary epileptogenesis; and to avoid the adverse
effects of AEDs. However, despite the general acceptance of
and expectations regarding the benefits of seizure control
on the cognitive, behavioral, and psychological development
of the child, it is important to keep in mind that definitive
data on this matter are still pending. Therefore, the primary
goal of pediatric epilepsy surgery remains limited to the at-
tainment of seizure freedom until further data are gathered
to support the beneficial effects of surgery on the other do-
mains of a child’s life.4

Surgical Procedures

The type and frequency of commonly performed surgical
procedures used with pediatric epilepsy patients are differ-
ent from those used with adults. Some surgical procedures,
such as hemispheric or multilobar resections, disconnec-
tions, or multistage resections, are performed much more
commonly in pediatric epilepsy patients than in adults.
Hemispheric syndromes and related procedures are fre-
quently performed in young children, even in infants, but are
very rarely performed in adults. Hemispherectomy and its
variations in some large pediatric epilepsy surgery centers
compose up to 30% of epilepsy surgery procedures. These
are challenging and complex procedures that require con-
siderable expertise. Hemispheric and multilobar surgical
interventions in infants have a higher risk of perioperative
complications than any other epilepsy surgery procedure.
Table 1.1 presents data on the frequency of pediatric epi-
lepsy surgery procedures performed in three large centers.?

Multistage resective procedures performed in pediatric
patients with tuberosclerosis are also almost uniquely a pe-
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Table 1.1  Frequency of Pediatric Epilepsy Surgery Procedures
Cleveland  University of = GOSH?
Clinic? California,
Los Angeles™

Number of pediatric 136 198 199
epilepsy surgery
patients, n

Temporal 53% 28% 44%
procedures, %

Extratemporal 35% 23% 25%
procedures, %

Hemispherectomy 12% 42% 32%
procedures, %

Other procedures, % N/A 7% 13%

Abbreviation: Great Ormond Street Hospital, GOSH; not applicable, N/A.
Source: Cross JH. Epilepsy surgery in childhood. Epilepsia 2002;
43(suppl 3):65-70; Wyllie E, Comair YG, Kotagal P, Bulacio J, Bingaman
W, Ruggieri P. Seizure outcome after epilepsy surgery in children and
adolescents. Ann Neurol 1998;44(5):740-748; Mathern GW, Giza CC,
Yudovin S, et al. Postoperative seizure control and antiepileptic drug
use in pediatric epilepsy surgery patients: the UCLA experience 1986-
1997. Epilepsia 1999;40(2):1740-1749.

diatric epilepsy surgery procedure. Tuberosclerosis has its
own diagnostic challenges from the standpoint of epilepsy
surgery, and multistage procedures play a significant role
in the treatment of this disease complex. Another condition
seen in children, Sturge-Weber syndrome, has its unique
aspects as well, with affected patients requiring urgent at-
tention in pediatric epilepsy surgery centers because of the
syndrome’s potentially deleterious effects, such as develop-
mental delays and progressive hemiparesis. Rasmussen syn-
drome and Landau-Kleffner syndrome also appear mainly
in childhood, and their management requires considerable
medical and surgical experience and expertise.*17.18

B Present Status and Future
Considerations

Many advances in structural and functional neuroimaging,
EEG/video monitoring technology, perioperative care, and
surgical technology have occurred within the last two de-
cades, revolutionizing the practice of pediatric epilepsy sur-
gery. The number of pediatric epilepsy surgery centers and
young epilepsy patients undergoing surgery has increased
exponentially. The age distribution of these patients has dras-
tically changed and now includes infants. Also, the availabil-
ity of outcomes data for pediatric epilepsy surgery patients
has significantly increased, as has the use of sophisticated
neurophysiological data acquisition techniques. As a result,
criteria for surgical candidacy are better defined than ever

before. Previously unimaginable improvements in preopera-
tive planning technology, such as image fusion techniques,
and in the modern neurosurgical armamentarium, such
as the development of neuronavigators and intraoperative
MRIs, have enabled neurosurgeons to perform more precise
interventions in epilepsy patients than in the past. Advances
in the neurosurgical techniques used in epilepsy cases and in
the surgical skill and experience of epilepsy surgeons using
these techniques have resulted in increasingly sophisticated
surgical procedures. In addition, remarkable improvements
in pediatric neuroanesthesiology and pediatric intensive
care have had a huge impact on surgical outcomes in pedi-
atric epilepsy patients. Refined pre- and postoperative neu-
ropsychological assessment techniques and improved data
accumulation methods have provided valuable insights into
the effect of current surgical interventions on the various life
domains of the pediatric epilepsy patient.

These developments have opened a unique window of
opportunity for pediatric epilepsy surgery. The number of
pediatric epilepsy surgery centers and children undergoing
epilepsy surgery has increased dramatically over the past 10
years. The involvement of pediatric neurosurgeons in pedi-
atric epilepsy cases has also become more common, simi-
lar to the trend seen in pediatric neurology in the previous
decade. As a result, pediatric epilepsy surgery has become
an established, safe, and efficacious treatment modality in
carefully selected children.

However, pediatric epilepsy surgery still faces many
hurdles, such as the lack of consensus for identification
and selection criteria for surgical candidates as well as the
lack of guidelines for determining the proper timing for the
surgery. Although surgical techniques have been refined
and are safer than ever, many new and potentially ben-
eficial areas in pediatric epilepsy surgery remain open to
exploration and development, including new neuromodu-
lation procedures, such as deep brain stimulation and the
application of radiosurgery in children. Data on these new
procedures and similar treatment modalities are very lim-
ited or are yet to be gathered. Also, many surgery-related
topics have been extensively discussed for adult epilepsy
patients but not for pediatric epilepsy patients, such as the
application and benefits of selective amygdalohippocam-
pectomy in children and its long-term results compared
with the application and benefits of anteromesial temporal
lobectomy.

B Conclusion

Although pediatric epilepsy surgery is a well-established
management option in the treatment of this highly vulner-
able patient population, the accumulated data are still far
from satisfactory in terms of providing well-defined guide-
lines and parameters. Because children, especially young
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children and infants, are still developing, epilepsy in this
population is not a fixed but an evolving and complex pro-
cess. Therefore, the selection and referral of young patients
for epilepsy surgery constitute a delicate endeavor—one that
needs to be handled with great care and expertise. It is nec-
essary to maintain an exquisite balance between avoiding
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Intractable Epilepsy in Children and
Selection of Surgical Candidates

Yaman Eksioglu and James J. Riviello Jr.

Surgery for childhood epilepsy is now considered an estab-
lished treatment for medically refractory seizures.!-3 Various
surgical procedures are available, the choice depending on
the etiology, the location of the epileptic focus, and the func-
tion of the cortex in which the focus is located. It is of the ut-
most importance to consider both the control of seizures and
the quality of life after epilepsy surgery. If the epileptic focus
is located in a cortical area subserving a critical neurologi-
cal function (typically language, motor, primary sensory, or
memory, referred to as eloquent cortex), and resection sac-
rifices this function, the result would cause an unacceptable
compromise in quality of life despite seizure freedom. The
best outcome, complete seizure freedom without a deficit, is
possible when a single epileptic focus exists in noneloquent
cortex that can undergo complete resection. The identifi-
cation of the epileptic focus and function of its underlying
cortex require data from multiple modalities: clinical, neu-
rophysiological, and neuroanatomical (Table 2.1).

The Commission on Neurosurgery of the International
League Against Epilepsy (ILAE) developed recommended stan-
dards for epilepsy surgery.* The ILAE also established a Pedi-
atric Epilepsy Surgery Subcommission, which has produced
criteria for the referral and evaluation of children for epilepsy
surgery® and completed an international survey on the prac
tice of pediatric epilepsy surgery (The 2004 ILAE International
Survey: 543 children younger than 18 years of age from 20
centers).® A retrospective outcome study is in progress, and a
prospective study is planned. This chapter reviews the multi-
modal data used in the selection process of surgical candidates.
Subsequent chapters will discuss each technique in detail.

B Process of Evaluation for Selection
of Surgical Candidates

The selection of surgical candidates starts with an exact de-
scription of the clinical manifestations of the seizure, called
seizure semiology. This is then followed by a general physical
and neurological examination, basic and computerized neu-
rophysiological testing (electroencephalography [EEG] and
magnetoencephalography [MEG]), structural (magnetic reso-
nance imaging [MRI]) and functional neuroimaging (single
photon emission computed tomography [SPECT] and positron

emission tomography [PET] scans), and a neuropsychological
examination. The results are analyzed to determine if there
is evidence of focal, multifocal, or diffuse dysfunction. Fur-
ther invasive monitoring may be needed, depending on the
specifics of each case. The intracarotid amobarbital procedure
(Wada test), or invasive EEG monitoring, may be needed to
identify the exact location of seizure onset and to map cor-
tical function. However, noninvasive mapping may now be
accomplished with functional MRI (fMRI), EEG-guided fMR],

Table 2.1 Modalities to Identify the Epileptic Focus
Clinical
Semiology

Physical and neurological examination
Neurophysiological

EEG (interictal)

EEG (ictal)

MEG

Source analysis
CT scan
MRI (structural)

Neuroimaging
Structural
MRI: DTI
MRI: DWI
MRS
Functional
fMRI
SPECT (interictal/ictal)
PET (interictal)
Additional invasive tests
Intracarotid amobarbital procedure (Wada test)
Invasive monitoring: ECoG Cortical stimulation
Evoked potentials: somatosensory

Visual-evoked potentials

Abbreviations: electroencephalogram; EEG; magnetoencephalography,
MEG; computed tomography, CT; magnetic resonance imaging, MRI;
diffusion tensor imaging, DTI; diffusion weighted imaging, DWI; magnetic
resonance spectroscopy, MRS; functional magnetic resonance imaging,
fMRI; single photon emission computed tomography, SPECT; positron
emission tomography, PET; electrocorticography, ECoG.



8

2 Intractable Epilepsy in Children and Selection of Surgical Candidates

Table 2.2 Cortical Zones

Epileptogeniczone  Cortical area indispensable for clinical
seizure generation
May include portions or all of the

following

Functional
deficit zone

Cortical region abnormal in the interictal
period

Defined by neurological examination,
neuropsychological examination,
EEG, and functional neuroimaging

Irritative zone Generates interictal spikes and sharp

waves
Symptomatogenic
zone

Cortical area that produces the ictal
symptoms when activated

Primary or secondarily activated
from propagation of an epileptic
discharge

Ictal (seizure)
onset zone

Area from which the seizure is actually
generated

Silent, if originates from a silent cortical
area (noneloquent cortex)

Neuroradiological lesion causing
epilepsy. Important in the
presurgical evaluation, but not all
lesions are necessarily the lesion
causing the refractory seizures

Epileptogenic
lesion

Cortex related to a given function

For epilepsy surgery, typically refers to
primary motor, primary sensory,
language, or memory functions.
The term silent cortex is a misnomer;
it really means that its function is
not known because the correct
paradigm has not been tested.

Eloquent cortex

Abbreviations: electroencephalogram, EEG.

and MEG. The seizure focus itself can consist of several corti-
cal zones, with each modality examining a different cortical
zone (Table 2.2).2378

Possible surgical procedures include multifocal cortical re-
section, hemispherectomy, corpus callosotomy, and multiple
subpial transection (MST). These procedures are considered
with either multifocal or generalized seizures. Multilobar
resection or hemispherectomy are considered when the epi-
leptogenic zone is primarily multifocal but unilateral, corpus
callosotomy is done for either a bilateral or generalized sei-
zure onset, and MST is considered when the epileptic focus is
within eloquent cortex. Neurostimulation techniques, such as
vagus nerve stimulation (VNS), can be performed for patients
not considered ideal candidates for a focal resection: patients
with multifocal seizures, or patients with the epileptic focus
within eloquent cortex, for example, or when the patient or
family are not interested in resective surgery.

The selection of the appropriate treatment is determined
by the presurgical evaluation. This is divided into three
phases: the noninvasive presurgical evaluation is phase 1,

invasive monitoring is phase 2, and the surgical resection is
phase 3. All three phases may not be needed in every patient.
There are three major aims:

1. To lateralize and localize the epileptic focus

2. To determine the function of the presumed epileptic fo-
cus (brain mapping)

3. To determine which surgical procedure has the greatest
chance of controlling seizures without causing a neuro-
logical deficit

B Presurgical Clinical Evaluation

This process begins with an initial outpatient evaluation.’ Sev-
eral questions are addressed before any invasive procedure:

1. Does the child truly have epilepsy?

2. What is its etiology?

3. Is epilepsy surgery warranted for the given seizure type
or epilepsy syndrome?

4. Is the epilepsy truly refractory, or are other therapies in-
dicated before any consideration of surgery?

5. What is the possibility of remission?

6. Are the child and family prepared for surgery, including
the psychological aspects of the invasive monitoring, the
resection, or even its failure? (Table 2.3)

We find it best to review this in an outpatient visit before the
admission so that the family knows what to expect and we
know how to best tailor the phase 1 evaluation to the child’s
individual needs and expectations.

Table 2.3 Questions for the Presurgical Evaluation

Does the child truly
have epilepsy?

Have pseudoseizures, vasovagal
events, periodic movement
disorders, and hyperekplexia
been ruled out?

Is there a metabolic or degenerative
condition or benign rolandic
epilepsy?

Lesional, nonlesional,
channelopathies, metabolic,
degenerative, tumor, infection,
etc.

Is surgery warranted
for the case?

What is the underlying
etiology?

Have appropriate AEDs been used
to their therapeutic maximum
levels?

Is epilepsy truly
refractory?

Have all nonsurgical avenues been
exhausted?

Is remission still a
possibility?

How prepared are the
child and family
for surgery?

(Have they been counseled on
the possible side effects or
psychological aspects)

Abbreviations: antiepileptic drug, AED.
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The epileptologist must first determine whether the ini-
tial diagnosis of epilepsy was correct. Many nonepileptic
paroxysmal events are easily mistaken for epilepsy, treated
with antiepileptic drugs, and ultimately referred for a pre-
surgical evaluation. In a study of 223 children referred to a
tertiary epilepsy center, 87 (39%) did not have epilepsy.!® We
have seen children referred for refractory epilepsy with other
diagnoses, especially pseudoseizures, vasovagal events, peri-
odic movement disorders, and hyperekplexia. Capturing the
habitual seizure on long-term EEG monitoring excludes these
conditions. Appropriate AED treatment for the seizure type or
epilepsy syndrome is needed before considering surgery. If an
underlying metabolic or degenerative condition is responsible
for the seizures, respective surgery may not be appropriate.

Epilepsy syndromes are divided into benign or malignant.
This distinction refers to the ultimate course of the actual
seizures in addition to the developmental outcome. The
term catastrophic epilepsy applies to early onset epilepsy

Table 2.4 Definition Intractable Epilepsy

Subcommission
ILAE>

Failure of either 2 or 3 appropriate AEDs,
disabling seizure side effects, or disabling
AED side effects

Connecticut'? Failure of more than 2 appropriate first-
line AEDs, with an average of more than
1 seizure per month over 18 months
and not seizure free for more than 3

consecutive months in this time interval

Halifax/ Two or more seizures in each 2-month
Canada™ period during the last year of follow-up,
despite treatment with at least 3 AEDs as
monotherapy or polytherapy
Holland™ Failure to achieve more than 3 months

seizure freedom and an epileptiform EEG
at 6 months after diagnosis

Philadelphia™ Persistence of any seizures between 18
and 24 months after onset epilepsy and
despite at least 2 maximally tolerated

AEDs

Abbreviations: antiepileptic drug, AED; ILAE, International League Against
Epilepsy; electroencephalogram, EEG.

Source: Cross JH, Jayakar P, Nordli D, et al., International League Against
Epilepsy, Subcommission for Paediatric Epilepsy Surgery; Commissions of
Neurosurgery and Paediatrics. Proposed criteria for referral and evaluation
of children for epilepsy surgery: recommendations of the Subcommission
for Pediatric Epilepsy Surgery. Epilepsia 2006;47(6):952-959; Berg AT,
Vickrey BG, Testa FM, et al. How long does it take for epilepsy to become
intractable? A prospective investigation. Ann Neurol 2006;60(1):73-79;
Camfield PR, Camfield CS. Antiepileptic drug therapy: when is epilepsy
truly intractable? Epilepsia 1996;37(suppl 1):560-S65; Dlugos D], Sammel
MD, Strom BL, Farrar JT. Response to first drug trial predicts outcome in
childhood temporal lobe epilepsy. Neurology 2001;57(12):2259-2264;
Arts WFM, Geerts AT, Brouwer OF, Boudewyn Peters AC, Stroink H, van
Donselaar CA. The early prognosis of epilepsy in childhood: the prediction
of a poor outcome. The Dutch study of epilepsy in childhood. Epilepsia
1999;40(6):726-734

Table 2.5 Potential Epileptogenic Lesions

Developmental lesions
Cortical dysplasia
Hamartoma
Heterotopia

Tumors
Low-grade glioma
Ganglioglioma
DNET

Vascular lesions
AVM
Cavernous malformations

Injury-related lesions
Gliosis (CVA, trauma)

Infectious lesions
Granuloma

Parasitic cyst

Abbreviations: DNET, dysembryoplastic neuroepithelial tumor; AVM,
arteriovenous malformation; CVA, cerebrovascular accident.

syndromes in which the outcome is poor unless seizures can
be controlled, commonly occurring when a structural lesion
causes refractory epilepsy.!! Alternatively, children with be-
nign syndromes, such as rolandic epilepsy, may have seizures
that, although difficult to control, will ultimately remit.

The Subcommission for Pediatric Epilepsy Surgery defined
refractory epilepsy as the failure of two or three appropriate
AEDs, disabling side effects of seizures, or disabling side effects
of medications. However, the definition of refractory epilepsy
varies (Table 2.4),'?-1> and children considered intractable may
later achieve seizure control. In a prospective, community-
based study of 613 children with epilepsy, 13% of those con-
sidered refractory ultimately became seizure free and early
remission periods preceded intractability in two thirds, with
catastrophic epilepsy as a risk factor.'? Other factors contribut-
ing to refractory epilepsy include cryptogenic or symptomatic
generalized epilepsy, high initial seizure frequency, early onset
epilepsy, and focal EEG slowing.!®

The subcommission listed other indications for referral
to a center specialized in surgical epilepsy: seizures unable
to be classified as a clearly defined electroclinical syndrome,
stereotyped or lateralized seizures, other evidence of focal-
ity, or a potentially resectable epileptogenic lesion evident
on MRI study (Table 2.5). Specific disorders considered for
surgical epilepsy syndromes are cortical dysplasia, tuber-
ous sclerosis complex, polymicrogyria, hypothalamic ham-
artoma, hemispheric syndromes, Sturge-Weber syndrome,
Rasmussen syndrome, Landau-Kleffner syndrome, and cer-
tain lesions (tumors, infarctions).

9
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B Presurgical Evaluation Techniques
and Modalities

The presurgical evaluation varies among centers. The sub-
commission recommended minimal requirements: neuro-
physiological studies (interictal EEG with sleep recording
and ictal video-EEG), neuroimaging (MRI with specified epi-
lepsy protocol), an age-specific neuropsychological assess-
ment, and invasive monitoring to localize the epileptogenic
region or map cortical function.> Some centers routinely per-
form functional neuroimaging in all surgical candidates. The
2004 ILAE International Survey on the practice of pediatric
epilepsy surgery identified 543 children younger than 18 years
of age from 20 centers. The survey showed that more studies
were routinely done in the United States and Western Europe
than other parts of the world. All 20 centers surveyed used
scalp EEG, video EEG, and MRI; 17 (85%) used PET scan; 16
(80%) used ictal SPECT; 14 (70%) used fMRI for language later-
alization; 7 (35%) used MEG; and 10 (50%) used the Wada test.
Fourteen centers used both ictal SPECT and PET, three centers
used all tests but only one center used only EEG and MRIL>

Testing and Studies

Each modality identifies areas of cortical dysfunction, and
some map eloquent cortex. In the ideal epilepsy surgery pa-
tient, one localized cortical area contains the epileptic focus
and has no eloquent cortex. In this ideal situation, the data are
all congruent to the same cortical area, and no mapping mo-
dality demonstrates that the focus is within eloquent cortex.
Congruent data imply neurological dysfunction in only one
area, which predicts a better chance for seizure control. Alter-
natively, noncongruent data suggest multiple dysfunctional
areas, possibly with multifocal seizure onset, which implies a
lower chance of achieving complete seizure control.!”-18

Seizure Semiology and Neurological Examination

The ILAE classifies seizures as focal or generalized, which
refers to the seizure onset, but this dichotomy alone does
not lateralize or localize the epileptogenic zone. A semiology
classification system was devised to better aid this process.!?
The neurological examination along seizure semiology
(Table 2.6) helps to lateralize and localize the functional def-
icit zone, with the ultimate purpose of answering the ques-
tion, where is the lesion?

Neurophysiology

Spikes and sharp waves on the interictal EEG identify the
irritative zone, and focal slowing on EEG identifies the func-
tional deficit zone. The ictal EEG has been considered the sine
qua non for localizing the ictal onset region. Pitfalls in this

lateralization and localization process are covered in Chapter
4. MEG is analogous to EEG, because it is a neurophysiologi-
cal tool that identifies the magnetic fields generated by elec-
trical activity. The MEG dipoles can be superimposed onto
MRI, which is useful for localization.

Structural Neuroimaging

The ILAE has recommendations for structural and functional
neuroimaging in epilepsy patients?%?!: the presurgical evalu-
ation?! and functional neuroimaging.?? A structural lesion is
considered one of the best indicators of the epileptogenic zone
because specific lesions have a high association with epilepsy.
However, a structural lesion may not always contain the focus,
or dual pathology may be present. MRI is now the procedure
of choice for imaging the patient with refractory epilepsy, al-
though computed tomography (CT) scan shows calcified le-
sions better than MRI (tuberous sclerosis, cysticercosis). MRI
is especially useful for identifying focal cortical dysplasia, hip-
pocampal sclerosis, and dysembryoplastic neuroepithelial tu-
mors,”> which may not be visualized at all on CT scan.

Certain MRI sequences and the slice orientation and thick-
ness are better for identifying specific epileptogenic lesions.
Epileptogenic tumors are seen best on T1-weighted and T2-
weighted images and the fluid attenuation inversion recovery
(FLAIR) sequence; mesial temporal sclerosis is seen best with
thin coronal cuts, using T2-weighted and FLAIR sequences; a
cortical dysplasia may be best seen with T2-weighted FLAIR
sequences, especially visualizing blurring of the gray-white
junctions. Gradient-echo sequences best visualize a cavernous
angioma, and tumors may be seen after administration of
contrast material. A phased array surface coil study per-
formed at 3 Tesla (3T PA MRI) is preferable, because of its
ability to detect and define lesions better than the 1.5 Tesla
MRI.23

Functional Neuroimaging

Functional neuroimaging refers to studies using either meta-
bolic or blood flow measurements to identify dysfunctional
cortex, with the data presented in an anatomical view. Func-
tional imaging is especially helpful when MRI is negative
(nonlesional). These include SPECT, both ictal and interictal,
PET scan, which is usually interictal, fMRI, and MRI/PET. Local-
ization based on functional imaging presumes that abnormal
cortical areas generating seizures have abnormal perfusion or
metabolism and they may also identify the functional deficit
zone. The epileptogenic zone and the functional deficit zone
may not always be located in the same area. fMRI and MEG may
also identify eloquent cortex. Each modality has advantages
and disadvantages, with none being the single best modality
for localizing the epileptic focus or functional cortex.?*
Magnetic resonance spectroscopy (MRS) is a noninvasive
measurement of chemical substances, especially N-acetyl-



2 Intractable Epilepsy in Children and Selection of Surgical Candidates

Table 2.6 Semiology by Lobe

Temporal Frontal

Lateral Frontal: Contralateral
tonic head and eye devia-
tion; speech arrest

Hippocampus/

Amygdala: Rising epigastric sensa-
tion; nausea; fear, panic; auto-
nomic symptoms; experiential
symptoms, such as déja vu

Cingulate Gyrus: Absence sei-
zures, with CPS and com-
plex motor gestures, GTC
seizures; autonomic signs;
mood changes

Posterior Lateral Temporal: Audi-
tory hallucinations or illusions;
vertigo, visual misperceptions;
language disturbance

Frontopolar: Drop attacks,
tonic seizures, aversive
seizures (head and eyes);
secondarily GTC seizures;
forced ideation

Orbitofrontal: CPS with mo-
tor automatisms, olfactory
hallucinations and illusions,
autonomic signs

Opercular: Simple partial
seizures with clonic facial
movements; mastication,
salivation, swallowing;
speech arrest, fear, epigas-
tric aura, gustatory halluci-
nations, autonomic signs

Motor (central lobe): Simple
partial seizures with clonic
movements; epilepsia par-
tialis continua

Parietal

Positive or negative sen-
sory phenomenon, pain,
numbness, electric feel-
ing; spreading paresthesias
(Jacksonian March); desire
to move, feeling of moving
or loss of awareness of a
body part; palinopsia

Occipital

Simple or complex visual phe-

nomenon; sparks, flashes,
phosphenes; scotoma, hemi-
anopia, amaurosis; perceptual
illusions, sensation oscilla-
tion; clonic or tonic contra-
version of head and eyes;
palpebral jerks, forced eyelid

closure

Abbreviations: complex partial seizures, CPS; generalized tonic clonic, GTC.

aspartate (NAA), choline, creatine, and lactic acid, which may
be abnormal within the epileptogenic zone. Diffusion tensor
imaging (DTI), measuring the diffusion of water molecules,
identifies white matter tracts, which is helpful in surgical
planning and diffusion-weighted imaging (DWI) may iden-
tify the epileptogenic zone, if performed rapidly after a sei-
zure. EEG-guided fMRI identifies cortical areas activated by
epileptiform activity, although in clinical practice, obtaining
an ictal study is difficult for most seizure types, except ab-
sence epilepsy, because of artifact.

Neuropsychological Evaluation

The neuropsychological examination may identify func-
tional deficit zones, telling “where is the lesion” and if there
is focal and multifocal dysfunction. As with other modali-

ties, the epileptic focus may be located in this dysfunctional
cortex. There are also specific neuropsychological profiles
for the various focal epilepsies: frontal, temporal, parietal or
occipital.>>26 The neuropsychological evaluation also iden-
tifies the individual intellectual strengths and weaknesses
so that an educational plan can be developed to optimize
education and help compensate for deficits, and may pre-
dict the risk of postoperative deficits, which is especially
important in determining the risk-benefit ratio for the
surgery.

Neuropsychological testing done during the Wada test helps
to determine cerebral dominance for language, memory, and vi-
suospatial functions. Language or verbal memory deficits sug-
gest dominant hemisphere dysfunction, visuospatial memory
deficits suggest nondominant temporal dysfunction, and defi-
cits in both suggest bitemporal disease. The Wada is done by a

11
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team from neurology, neuropsychology, and neurophysiology.
It may be difficult to perform a successful Wada test when the
child has alow IQ, is younger than 10 years, or has seizures aris-
ing from the dominant hemisphere.?’

Epilepsy causes many stresses on the child and family.
These are especially magnified when epilepsy is refractory
and may be further exacerbated by presurgical evaluation
and possibility of surgery. If invasive monitoring is needed,
the child must be cooperative enough so that safety is not
compromised, and providing for safe invasive monitoring
may require psychiatric or psychological intervention. We
also use the neuropsychological evaluation to detect po-
tential psychological and psychiatric problems and decide
whether therapy is needed beforehand.

B Epilepsy Surgery Conference and
Invasive Monitoring

The phase 1 results are presented at the epilepsy surgery
conference, usually attended by the epileptologists, epilepsy
surgeons, neuropsychologists, neuroradiologists, electro-
neurodiagnostic technologists, and epilepsy and neurology
trainees. It is best to obtain consensus regarding the appro-
priate surgical procedure. If the data are congruent showing
a single epileptic focus located in noneloquent cortex adja-
cent to a structural lesion, then no further functional imag-
ing or invasive monitoring may be needed, and the patient
may proceed to surgery. One study reviewing a “streamlined
evaluation” suggested that ictal EEG or ictal SPECT are not
needed if MRI shows an epileptogenic lesion,?? although this
is currently not the practice.

If the focus is not clearly identified or could be within elo-
quent cortex, then fMRI or MEG can be done, with these results
then presented. If seizure onset or eloquent cortex is not clearly
localized, invasive monitoring may be needed. Usual indica-
tions for invasive EEG monitoring include the following:

1. localizing a focal seizure onset with normal or nonlocal-
izing imaging,

2. defining seizure onset around a potential epileptogenic
lesion,

3. gathering noncongruent, noninvasive data,
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Epilepsy Surgery for Congenital or

Early Lesions

Ahsan N. V. Moosa, Tobias Loddenkemper, and Elaine Wyllie

Identification of candidates for epilepsy surgery was origi-
nally derived from experience in adult and adolescent pa-
tients, often with epileptogenic lesions acquired later in life.!?
In this patient population, the hallmark features predicting
postoperative seizure freedom included focal lesion seen on
neuroimaging, together with congruent focal features on
ictal and interictal electroencephalography (EEG).> As mag-
netic resonance imaging (MRI) became more sensitive for
identification of more subtle lesions such as malformations
of cortical development*> and as epilepsy surgery came into
the mainstream as a treatment modality for infants and
children,5-1° certain challenges to this selection paradigm
emerged. In the 1990s, with successful surgical treatment
of group of children with infantile spasms caused by focal
cortical dysplasia, it became accepted that in very young
surgical candidates, the seizure semiology and the EEG may
lack the focal features characteristic of epileptogenic lesions
acquired later in life.'! Thus, these early lesions pose unique
challenges in selection of surgical candidates.

Issues related to selection of pediatric epilepsy surgical
candidates are discussed in several chapters throughout the
book. In this chapter, we will address the special challenges
presented by early epileptogenic lesions in older children
and adolescents, as well as infants, and issues related to tim-
ing of surgery in pediatric patients.

B Types of Congenital or Early
Acquired Lesions Causing Epilepsy

From the standpoint of surgical planning, congenital or early
acquired lesions may be categorized into two broad groups:
hemispheric lesions and focal or multifocal lesions.'> The
former group requires hemispherectomy, and the later
group needs lobar or multilobar resection. In addition, lo-
calization of the epileptogenic zone, distribution of eloquent
areas, age, and plasticity potential need to be considered in
the equation.

Hemispheric Lesions

Epileptogenic lesions affecting the whole or most of a hemi-
sphere are more common in pediatric than adult epilepsy
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surgery candidates. Malformations of cortical development
(MCD), Sturge-Weber syndrome, encephalomalacia caused
by a variety of insults, and Rasmussen’s encephalitis consti-
tute the four major groups. These groups are typically asso-
ciated with hemiparesis, with or without hemianopsia.

Malformations of Cortical Development

MCDs can affect the whole or most of a hemisphere, referred
to here as hemispheric malformations.'* The prototype of
hemispheric MCD is hemimegalencephaly. Hemimega-
lencephaly may occur as an isolated abnormality or with
neurocutaneous syndromes such as epidermal nevus syn-
drome,'# Hypomelanosis of Ito,'® Klippel-Trénauney-Weber
syndrome,'® Proteus syndrome,!” neurofibromatosis type
1,'® and tuberous sclerosis.!® Precise diagnosis is important
in such cases to address other systemic problems in these
syndromes. In some cases, megalencephaly may not affect
the whole hemisphere and may be confined to posterior
or anterior regions of affected hemisphere. Some authors
refer to these cases as hemi-hemimegalencephaly.?® Some
of the hemispheric MCDs may have associated atrophy
and are distinct from megalencephalic malformations.?!
Other less common malformations in surgical series in-
clude schizencephaly and polymicrogyria.?!?? Subtle ab-
normalities may be present on the contralateral side.
Gross bilateral malformations, such as lissencephaly and
subcortical band heterotopia, are excluded from this group
because they are usually not amenable to epilepsy surgery
currently.

Sturge-Weber Syndrome

Sturge-Weber syndrome was one of the first disorders to
undergo surgery in an early series of hemispherectomy in
infants.?3 This syndrome can be easily recognized by the clini-
cal triad of facial nevus flammeus; contralateral hemiparesis;
and visual field defect; along characteristic neuroradiological
abnormalities including leptomeningeal and intraparenchy-
mal angiomatosis typically in the posterior quadrant, choroid
plexus hypertrophy, gyriform calcification, and progressive
regional or hemispheric cerebral atrophy.?42>
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Encephalomalacia

Extensive cystic encephalomalacia or gliosis affecting most
of the hemisphere form an important group in recent pe-
diatric surgical series.?%-28 Encephalomalacia acquired early
in life is most often caused by pre- or perinatal cerebral
artery infarction, intraventricular hemorrhage, or hypoxia-
ischemia. Trauma and infection are important etiologies in
the postnatal period, infancy, and early childhood.

Rasmussen’s Syndrome

Rasmussen’s syndrome is a progressive disorder character-
ized by severe unilateral focal epilepsy, often with epilepsia
partialis continua, and progressive neurological deficits in-
cluding hemiparesis, cognitive decline, and (if the dominant
hemisphere is involved) aphasia.?®-3! MRI in early stages is
often normal. Few patients show transiently focal cortical
swelling at the onset of disease. As disease advances, pro-
gressive hemispheric atrophy, most prominent in insular and
peri-insular regions with increased cortical and subcortical
signal on T2 and fluid attenuation inversion recovery (FLAIR)
sequences, appear.’®*? Involvement of ipsilateral caudate
head and putamen is common.3* Rarely both hemispheres
may be affected.>*

Neoplasms

Rarely, tumors may involve a large part of one hemisphere,
but surgery in this situation may not be for the sole purpose
of seizure control. Gliomatosis cerebri may be misdiagnosed
as hemimegalencephaly, especially when it occurs in very
young children with refractory epilepsy.>

Focal Lesions

The single major group of early focal epileptogenic lesions
requiring epilepsy surgery is focal cortical dysplasia.’3®
Other focal malformations would include heterotopia, poly-
microgyria, schizencephaly, and hypothalamic hamarto-
mas.>” Dysembryoplastic neuroepithelial tumors and the
multifocal cortical tubers of tuberous sclerosis also fall in the
spectrum of dysplasias on the border zone of neoplasms.3’
Other early tumors include ganglioglioma, gangliocytoma,
and pleomorphic xanthoastrocytoma.’*® Focal areas of glio-
sis caused by remote vascular insult, trauma, and infection
constitute the rest of early focal lesions.?3°

Mesial temporal sclerosis (MTS) is an uncommon lesion
in early life,® although cases in patients as young as 4 months
have been described.*° In pediatric epilepsy, surgery candi-
dates, MTS is more likely to exist as dual pathology with ip-
silateral anterior temporal cortical dysplasia.®3841

Nonlesional MRI

Despite advances in structural neuroimaging, a significant
number of patients with drug-resistant focal epilepsy do
not have an identifiable structural lesion on MRI. Successful
surgical excision has been performed in some of these ap-
parently nonlesional patients on the basis of convergence of
clinical and electrophysiological data’ or supported by func
tional imaging studies such as positron emission tomogra-
phy or ictal single photon emission computed tomography.'!
Histopathology revealed evidence of cortical dysplasia, neu-
ronal heterotopia, and focal gliosis as the substrates of epi-
lepsy in majority of MRI-negative lesions.”#

B Impact of Early Lesions
Early Lesions: Role of Adaptive Plasticity

Unlike in adults, plasticity of the young brain serves as a
cushion against new postoperative neurological deficits after
resection of eloquent regions, including language, motor, and
primary visual cortex areas.*>-#> Plasticity, in simple terms,
refers to the recruitment of neurons to perform an eloquent
function that is otherwise not destined to. Such gain of func-
tion through plasticity is referred to as adaptive plasticity.*
The classic example is transfer of language functions to the
right hemisphere with early left hemispheric injuries.*346->0
Dominant handedness can also transfer effectively with early
injuries. Handedness is determined by the presence of praxis
center in the inferior parietal lobule rather than language
areas.’! However language and praxis centers often exist in
the same hemisphere, and, hence, handedness is a surrogate
marker for language dominance.>? Motor, sensory, and vi-
sual functions have limited plasticity, and the contribution
of neuronal plasticity to recovery is limited. Plasticity of cog-
nitive functions is difficult to evaluate separately but likely to
be significantly more than sensorimotor functions.
Plasticity and the resultant transfer of functions are best
studied in the language domain. The anatomical location of
Broca’s area and Wernicke’s area are fairly consistent in the
majority of normal subjects. Epileptogenic lesions in and
around these locations displace the language functions to
adjacent areas or in extreme instances to the homologous
area in opposite hemisphere.**3°33 Three major factors influ-
ence the transfer of the language functions: age at insult and
the size and the nature of the lesion. Younger age at insult,
large lesions, and destructive lesions are more likely to shift
the language areas. Of these, the most important factor is
age at insult; 6 years is generally the cut-off for effective lan-
guage transfer to occur.>® However, these early lesions may
not manifest with epilepsy until later, technically beyond
the period of effective plasticity. In these instances, the age
at the time of brain injury is more important than the age
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at onset of epilepsy or age at surgery. Hence these plastic-
ity rules may apply even in adults, provided the lesion is
acquired within the period of plasticity window, typically
before 6 years of age. Even though effective transfer of func-
tions occurs when the brain injury occurs early in life, some
degree of plasticity may be possible in late childhood and
even in adults.#”>4>> Large hemispheric lesions, as in peri-
natal stroke or hemimegalencephaly, shift language areas to
the opposite hemisphere.**>° On the contrary, smaller lesions
such as tumors tend to displace language areas to adjacent
areas in the same hemisphere.>® This information is critical
when operating such lesions, because peritumoral bed may
have language function.

Transferred language function is never as good as natu-
rally acquired language, and several studies suggest that the
left hemisphere is phylogenetically superior in language ac-
quisition in most patients.**>® This applies more so to ex-
pressive compared with receptive language functions. Wada
testing is difficult to perform in children with neurocogni-
tive deficits but has been reported to be of help in selected
cases in the past.’” Functional MRI and child-specific lan-
guage testing paradigms may soon replace Wada testing for
language lateralization.>8>9

Early Lesions: EEG Manifestations

Interactions between an early epileptogenic brain lesion and
normal developmental processes may result in EEG patterns
that are different from, and more diffuse than, those seen in
patients with lesions acquired after brain maturity. This was
first recognized in young children who presented with the
generalized pattern of hypsarrhythmia and infantile spasms
and had seizure-free outcome after resection of a congenital
or early acquired focal or hemispheric brain lesion.!'#? Sub-
sequently, successful epilepsy surgery was also reported for
older children and adolescents with early brain lesions and
other generalized EEG patterns, including the generalized
pattern of slow spike-wave complexes traditionally associ-
ated with Lennox-Gastaut syndrome (Fig. 3.1) or the contra-
lesional patterns (maximum epileptiform abnormalities over
the hemisphere contralateral to the lesion) seen in the setting
of extensive unilateral encephalomalacia (Fig. 3.2).266°

Neither West syndrome with hypsarrhythmia nor
Lennox-Gastaut syndrome with generalized slow spike
wave complexes were recognized as surgically amenable
initially.5'%2 These syndromes are not etiology specific and
can occur in response to a wide variety of cerebral insults.
The occurrence of identifiable focal and multifocal lesions
in these disorders prompted several centers to attempt le-
sionectomies in these patients who otherwise had multi-
drug-resistant epilepsy with very high seizure burden with
very few options left.311266063-65> Syccessful surgery in these
patients has widened the spectrum of epilepsy phenotypes
amenable to surgery.

The key factor for manifestation of the generalized pat-
terns in these surgical candidates appeared to be the age at
the time of lesion occurrence (78% pre- or perinatal; 90%
within the first 2 years of life in one series)® rather than the
age at evaluation for epilepsy surgery (0.2 to 24 years, me-
dian 8 years). This phenomenon of “generalized patterns in
focal lesions” follows the rules similar to the adaptive plas-
ticity rules in language transfer described earlier. When we
assess an individual for left hemispherectomy at any age, the
important factor deciding the side of language dominance is
age at lesion occurrence, not age at presurgical evaluation.>
Generalized EEG patterns seen in focal lesions appear to fol-
low the same rules.?®

Although not all children or adolescents with early lesions
will present with generalized or contralesional epileptiform
discharges, it is important to be aware of the phenomenon
so that carefully selected children with focal or unilateral
epileptogenic lesions are not excluded from surgical consid-
eration. In one series,2% seizure-free outcome did not differ
between children and adolescents with early brain lesions
who had generalized EEG abnormalities (72% of patients
were seizure free at last follow-up) compared with children
with ipsilesional epileptiform discharges. The contralesional
EEG abnormalities (24% of patients) appeared to represent
an altered expression of diffuse EEG pattern, decreased on
the ipsilesional side affected by large destructive lesion.
Such false localizing and lateralizing EEG abnormalities are
not limited to large destructive hemispheric lesions. Even
in typical focal epileptic syndromes, such as temporal lobe
epilepsy caused by neoplasms in childhood, may express
multiregional and contralesional EEG abnormalities that dis-
appeared after successful removal of the focal epileptogenic
lesions.5%67 Most of the patients in the latter series had early
onset brain lesions.

The mechanisms underlying the generalized epileptiform
abnormalities in focal cerebral lesions are unknown. Some
practitioners view this as a form of maladaptive plasticity of
immature brain.*% The lesions in the environment of im-
mature or maturing neural network of the young brain alter
the neural circuits, leading to spontaneous hypersynchrony,
resulting in generalized features.®® Some authors suggested
involvement of the thalamocortical networks.®® Generalized
epileptiform abnormalities have been described with hypo-
thalamic hamartomas, as well.?> In a study on the evolution
of epilepsy in hypothalamic hamartomas in children, gelas-
tic seizures were noted in infancy, followed by generalized
tonic seizures at approximately 6 years of age. Early EEGs
were normal but later became progressively abnormal with
the emergence of generalized epileptiform abnormalities.
Intraoperative EEG showed persistence of generalized in-
terictal spike-wave, even after removal of hamartoma; how-
ever, these discharges resolved in postoperative studies. This
observation suggests that the generalized epileptiform dis-
charges may be a result of secondary epileptogenesis similar
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Fig. 3.1 (A) Axial magnetic resonance images demonstrate right
hemispheric malformation of cortical development in an 8-year-old
girl with left hemiparesis, mental impairment, and refractory epilepsy
since 18 months of age. Seizures included daily multiple drop at-
tacks and episodes of slumping over with unresponsiveness and head
bobbing for 10 to 30 seconds, 50 to 100 times per day. (B) Interictal
electroencephalogram (EEG) shows generalized slow-spike-wave com-
plexes (SSWC). (C) Ictal EEG illustrates generalized SSWC during an
episode of slumping over with unresponsiveness and head nodding.
(D) Most of the bursts of SSWC were bilaterally synchronous at on-
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set, but a few had an initial maximum or lead-in from the left (shown
here) or right side. (E) Postoperative EEG, 6 months after right func
tional hemispherectomy showing expected diminished background
and sharp waves on the right and persistent focal sharp waves on the
left side. Follow-up EEG at 1, 2, and 3 years after surgery showed no
contralateral interictal epileptiform discharges. (Reprinted with per-
mission from: Wyllie E, Lachhwani DK, Gupta A, et al. Successful sur-
gery for epilepsy due to early brain lesions despite generalized EEG
findings. Neurology 2007;69(4):389-397. ©2007 Lippincott Williams
& Wilkins.)
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Fig. 3.2 (A) Axial and sagittal magnetic resonance images show
cystic encephalomalacia caused by perinatal left middle cerebral
artery infarction in a 12-year-old boy with severe right hemiparesis,
mental impairment, and refractory epilepsy since 9 years of age. He
had daily tonic seizures. (B) Interictal awake electroencephalogram
(EEG) reveals a run of generalized slow-spike-wave complexes. (C)
Interictal EEG during sleep shows generalized polyspike-and-wave
complexes, sometimes maximum on the right (shown here) or
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left side. (D) Interictal EEG demonstrates a spike maximum on the
right, and continuous slowing in the left frontal region. (E) Ictal EEG
shows initial movement artifact followed by generalized polyspikes,
maximum in the right frontal region. An identical pattern was seen
in all 11 recorded seizures. (Reprinted with permission from: Wyllie
E, Lachhwani DK, Gupta A, et al. Successful surgery for epilepsy be-
cause of early brain lesions despite generalized EEG findings. Neurol-
ogy 2007;69(4):389-397. ©2007 Lippincott Williams & Wilkins.)
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to the kindling phenomenon seen in animals.”® These dis-
charges may ultimately resolve if the kindling primary focus
is removed before the secondary epileptogenic areas become
completely independent.

Timing of Surgery

Intractable epilepsy within the first 2 years of life is a sig-
nificant risk factor for mental handicap, especially if seizures
occur daily.”! Also, repeated episodes of prolonged status ep-
ilepticus produce more global damage. Mechanisms of brain
injury may vary with etiology. For instance, in Sturge-Weber
syndrome, progressive neurological deficits occur because
of two processes: hypoxemia caused by thrombosis and ve-
nous stasis, which affects the ipsilesional hemisphere, and
recurrent seizures that may affect the contralesional hemi-
sphere.”?7® Early successful surgery may prevent damage to
contralesional side.

Epilepsy surgery within the period of effective neuronal
plasticity window provides the best opportunity to maxi-
mize developmental potential and minimize postoperative
deficit. As noted earlier, surgery involving the dominant
hemisphere is less likely to result in major language deficits
if performed before 6 years of age,*° even if the eloquent ar-
eas have resided in the surgical bed. According to one study,
developmental quotient may improve for children oper-
ated on in infancy.” In another study,”® cognitive function
improved in preschool children after epilepsy surgery, with
improved catch-up development in children rendered sei-
zure free. Shorter duration of epilepsy was significantly as-
sociated with postoperative improvement in developmental
quotient.” Improvement in developmental outcome in these
children may be caused by multiple factors including seizure
control, resolution of epileptic encephalopathy, and reduc-
tion of toxic antiepileptic drugs.

As a guiding principle, the ideal age for epilepsy surgery
may be the earliest age at which the usual selection crite-
ria for surgery are met.%'? These criteria are built on three
critical questions: Is surgery warranted? Will it work? Is it
safe? If the answer is yes to all these questions, then surgery
should be performed at the earliest opportunity. For cata-
strophic epilepsy, surgery within the first year of life may
be indicated, although this entails special risks and may be
most safely performed at specialized pediatric centers.

B Selection of Surgical Candidates

In the child or adolescent with a congenital or early acquired
lesion, the evaluation and decision for epilepsy surgery is
no longer based on traditional unilateral or focal findings
on EEG and seizure semiology. Instead it is based on the
comprehensive picture of a child with severe epilepsy, a
potentially epileptogenic unilateral lesion seen on MRI, and

focal or generalized EEG and seizure types. Surgical deci-
sion making is fairly straightforward in patients with focal
lesions with concordant localizing seizures and EEG abnor-
malities, but it is more challenging when EEG is generalized.
Focal clinical features during seizures are helpful when they
suggest seizure onset on the side of the lesion, but these may
or may not be present, even in children with subsequent
seizure-free postoperative outcome.?5%% Hemiparesis may
also be helpful to surgical planning, as long as it is concor-
dant with the side of proposed surgery.

Surgical decision making is challenging when the seizures
and EEG are generalized. In the early series of generalized ep-
ilepsy phenotypes undergoing surgery, co-existing dominant
focal features on EEG and semiology were taken as primary
factors for determining epilepsy surgical candidacy.®116376
However, recent experience has shown that surgery can be
successful in children and adolescents with generalized EEG
patterns and an early unilateral brain lesion.?5%° The role of
invasive monitoring is limited in this group and was not used
to clarify the extent of the epileptogenic zone in any patients
in these series,?650 who were seizure free after surgery. Just
as hypsarrhythmia is an accepted diffuse manifestation of an
early epileptogenic lesion in infants, slow-spike-wave com-
plexes and other forms of generalized discharges may be the
manifestation of such lesions later in childhood.

In children and adolescents with extensive encephaloma-
lacia caused by an early destructive brain injury, the ipsile-
sional hemisphere may not express normal or abnormal EEG
activity (Fig. 3.2). In these cases, ictal and interictal epilep-
tiform discharges may be maximum over the contralesional
hemisphere, possibly reflected by a generalized discharge
that is reduced on the ipsilesional side.?® In every case, key
features for consideration of surgery include the nature, tim-
ing, and extent of the unilateral brain lesion, together with
the severity and catastrophic impact of the epilepsy.265° Per-
forming preoperative video-EEG evaluation in this group of
patients remains important for the following reasons:

1. To identify focal EEG features or lateralizing signs during
clinical seizures that would help to build a case for sur-
gery in complicated cases;

2. To clarify that all of the reported clinical events are in fact
seizures and not nonepileptic events; and

3.To expand our understanding of such cases and their post-
surgical evolution.

EEG plays an important role in children with multifocal le-
sions, as in tuberous sclerosis. Careful identification of the
epileptogenic zone can lead to seizure freedom in some of
these patients.””’® EEG abnormalities concordant with an
isolated or the largest tuber predict good outcome. Some
centers perform serial invasive monitoring in a multistaged
approach to identify multiple possible epileptogenic lesions
in tuberous sclerosis.”® 8 In this approach, a second surgery
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would include removal of the epileptogenic lesion confirmed
by initial invasive monitoring and would include placing of
additional electrodes for further monitoring to map addi-
tional epileptogenic zones, if any.

B Types of Surgeries for Early Lesions

Resective epilepsy surgery for early lesions falls under three
broad categories: hemispheric surgery, lesionectomy or
lobar resection, and multilobar resection.”$2126 Decision
making regarding the type of surgery is a multidisciplinary
approach, involving pediatric epileptologists, neurosur-
geons, neuropsychologists, neuroradiologists, social work-
ers, and bioethicists. Hemispherectomies and multilobar
resections are common surgeries performed in children
and adolescents with early lesions,®*%12¢ but in some cases,
lesionectomy or more limited lobar resection may be ap-
propriate.®182 The decision is based on a comprehensive
assessment of all lines of evidence including seizure semiol-
ogy, EEG, MRI, neurological examination, and other features.
Utility of intraoperative electrocorticography is unclear.

Infants and young children pose unique risks for major
surgeries, such as hemispherectomy, and an experienced pe-
diatric epilepsy surgery team is crucial for better outcome.
Callosotomy, multiple subpial transaction, and vagal nerve
stimulation are mostly palliative. Readers are referred to the
dedicated chapters on surgeries elsewhere in this book for
further details on these surgical procedures.

B Outcome

The pediatric epilepsy population is heterogeneous, and
many factors have to be taken into account before meaning-
ful interpretation of outcome data. Outcome should empha-
size not only seizure outcome but also developmental and
cognitive outcome and quality of life for patients and care-
givers.?? Risks of epilepsy surgery should be weighed against
the benefits of surgery and against the risk of continued un-
controlled seizures.8384

Despite age-related differences in etiology, pediatric sur-
gical results for lobar resection are comparable to adults.3>86
Seizure outcome after resection of cortical dysplasias in
children and adolescents is not significantly different from
adults.® Surgery in infancy can yield similar results in terms
of seizure outcome.”8242 [n a series of 33 patients who
had undergone hemispherectomy, seizure freedom was
highest in those with acquired pathology such as cystic
encephalomalacia (82%), followed by those with progres-

sive pathology such as Rasmussen encephalitis and Sturge-
Weber syndrome (50%) and those with MCD (31%).?? Similar
outcome has been reported by other centers.?'#” Although
it appears counterintuitive, lesions requiring the most ex-
tensive surgery (e.g., hemispheric infarction or posterior
quadrant malformations) may, in fact, be associated with
a relatively better chance for seizure-free outcome than
smaller lesions near eloquent cortex (e.g., frontocentral mal-
formations associated with little or no hemiparesis). In these
patients, the limitations on extent of surgery may reduce
the ability to completely remove the epileptogenic zone.

Many studies have examine predictors of seizure-free
outcome. In one series,*® complete resection of the epilepto-
genic lesion and the electrographically abnormal region was
the major determinant of good outcome. The site of resec-
tion, lesional status, and pathological diagnosis were not sig-
nificant predictors of outcome.* Intelligence quotient alone
is not a predictor of outcome, and patients with low intelli-
gence should not be denied surgery if other presurgical data
point to a resectable focus.®® Presence of generalized EEG
abnormalities does not portend to poor outcome in carefully
selected patients with early unilateral brain lesions.?6.%0

Successful epilepsy surgery has been shown to improve
quality of life in children with intractable seizures.3%% Im-
provement in cognition and other developmental aspects
after epilepsy surgery is unclear.®! In one series, temporal
lobe resections have been shown to have a negative effect on
verbal memory skills in high-functioning children.®> How-
ever, compared with adults, greater functional recovery has
been noted with both left and right temporal surgical resec-
tions in pediatric surgical candidates.*> Cognitive improve-
ment can be tremendous in individual cases after successful
epilepsy surgery.'! In one series, a larger increase in devel-
opmental quotient was noted after surgery in children oper-
ated at younger age and those with epileptic spasms.”

B Conclusion

Drug-resistant epilepsy in children is often secondary to con-
genital or early acquired brain lesions that occur during the
phase of rapid brain growth and development. These early
lesions in the environment of an immature nervous system
have special implications for the clinical and electrophysi-
ological phenotype of epilepsy, with generalized or con-
tralesional EEG discharges in some patients. Early surgery
may be warranted in selected children with severe epilepsy
to reduce the seizure and medication burden and capital-
ize on the period of plasticity to maximize developmental
potential.



3 Epilepsy Surgery for Congenital or Early Lesions

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Engel ] Jr. Update on surgical treatment of the epilepsies. Sum-
mary of the second international palm desert conference on the
surgical treatment of the epilepsies (1992). Neurology 1993;43(8):
1612-1617

. Engel ] Jr. Surgery for seizures. N Engl ] Med 1996;334(10):

647-652

. Berg AT, Walczak T, Hirsch LJ, Spencer SS. Multivariable prediction

of seizure outcome one year after resective epilepsy surgery: de-
velopment of a model with independent validation. Epilepsy Res
1998;29(3):185-194

. Kuzniecky R, Berkovic S, Andermann F, Melanson D, Olivier A,

Robitaille Y. Focal cortical myoclonus and rolandic cortical dys-
plasia: clarification by magnetic resonance imaging. Ann Neurol
1988;23(4):317-325

. Sperling MR, Wilson G, Engel ] Jr, Babb TL, Phelps M, Bradley W. Mag-

netic resonance imaging in intractable partial epilepsy: correlative
studies. Ann Neurol 1986;20(1):57-62

. Wyllie E. Catastrophic epilepsy in infants and children: identifica-

tion of surgical candidates. Epileptic Disord 1999;1(4):261-264

. Duchowny M, Jayakar P, Resnick T, et al. Epilepsy surgery in the first

three years of life. Epilepsia 1998;39(7):737-743

. Wyllie E, Comair YG, Kotagal P, Raja S, Ruggieri P. Epilepsy surgery in

infants. Epilepsia 1996;37(7):625-637

. Wyllie E, Comair YG, Kotagal P, Bulacio ], Bingaman W, Ruggieri P.

Seizure outcome after epilepsy surgery in children and adolescents.
Ann Neurol 1998;44(5):740-748

Centeno RS, Yacubian EM, Sakamoto AC, Ferraz AF, Junior HC, Cav-
alheiro S. Pre-surgical evaluation and surgical treatment in children
with extratemporal epilepsy. Childs Nerv Syst 2006;22(8):945-959
Chugani HT, Shields WD, Shewmon DA, Olson DM, Phelps ME,
Peacock WJ. Infantile spasms: I. PET identifies focal cortical dys-
genesis in cryptogenic cases for surgical treatment. Ann Neurol
1990;27(4):406-413

Engel ] Jr, Cascino GD, Shields WD. Surgically remediable syn-
dromes. In: Engel ] Jr, Pedley TA, eds. Epilepsy: A Comprehensive
Textbook. Vol II. Philadelphia: Lippincott-Raven Publishers;1997:
1687-1696

Gupta A, Carrefio M, Wyllie E, Bingaman WE. Hemispheric mal-
formations of cortical development. Neurology 2004; 62(6, suppl
3)S20-S26

Pavone L, Curatolo P, Rizzo R, et al. Epidermal nevus syndrome: a
neurologic variant with hemimegalencephaly, gyral malformation,
mental retardation, seizures, and facial hemihypertrophy. Neurol-
ogy 1991;41(2(pt 1)):266-271

Tagawa T, Futagi Y, Arai H, Mushiake S, Nakayama M. Hypomelanosis
of Ito associated with hemimegalencephaly: a clinicopathological
study. Pediatr Neurol 1997;17(2):180-184

Cristaldi A, Vigevano F, Antoniazzi G, et al. Hemimegalencephaly,
hemihypertrophy and vascular lesions. Eur ] Pediatr 1995;154(2):
134-137

Griffiths PD, Welch RJ, Gardner-Medwin D, Gholkar A, McAllister V.
The radiological features of hemimegalencephaly including
three cases associated with proteus syndrome. Neuropediatrics
1994;25(3):140-144

Cusmai R, Curatolo P, Mangano S, Cheminal R, Echenne B. Hemi-
megalencephaly and neurofibromatosis. Neuropediatrics 1990;
21(4):179-182

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Maloof ], Sledz K, Hogg JF, Bodensteiner |B, Schwartz T, Schochet SS.
Unilateral megalencephaly and tuberous sclerosis: related disor-
ders? J Child Neurol 1994;9(4):443-446

D’Agostino MD, Bastos A, Piras C, et al. Posterior quadrantic dyspla-
sia or hemi-hemimegalencephaly: a characteristic brain malforma-
tion. Neurology 2004;62(12):2214-2220

Gonzdlez-Martinez JA, Gupta A, Kotagal P, et al. Hemispherec-
tomy for catastrophic epilepsy in infants. Epilepsia 2005;46(9):
1518-1525

Devlin AM, Cross JH, Harkness W, et al. Clinical outcomes of hemi-
spherectomy for epilepsy in childhood and adolescence. Brain
2003;126(pt 3):556-566

Hoffman HJ, Hendrick EB, Dennis M, Armstrong D. Hemispherec-
tomy for Sturge-Weber syndrome. Childs Brain 1979;5(3):233-
248

Krings T, Geibprasert S, Luo CB, Bhattacharya JJ, Alvarez H, Lasjau-
nias P. Segmental neurovascular syndromes in children. Neuroimag-
ing Clin N Am 2007;17(2):245-258

Bourgeois M, Crimmins DW, de Oliveira RS, et al. Surgical treatment
of epilepsy in Sturge-Weber syndrome in children. ] Neurosurg
2007;106(1, suppl)20-28

Wyllie E, Lachhwani DK, Gupta A, et al. Successful surgery for epi-
lepsy due to early brain lesions despite generalized EEG findings.
Neurology 2007;69(4):389-397

Guzzetta F, Battaglia D, Di Rocco C, Caldarelli M. Symptomatic epi-
lepsy in children with poroencephalic cysts secondary to perina-
tal middle cerebral artery occlusion. Childs Nerv Syst 2006;22(8):
922-930

Carrefio M, Kotagal P, Perez Jiménez A, Mesa T, Bingaman W, Wyllie E.
Intractable epilepsy in vascular congenital hemiparesis: clini-
cal features and surgical options. Neurology 2002;59(1):129-
131

Dubeau F. Rasmussen’s encephalitis (chronic focal encephalitis).
In: Wyllie E, Gupta A, Lacchwani DK, eds. The Treatment of Epi-
lepsy. 4th ed. Philadelphia: Lippincott Williams & Wilkins;2006:
441-454

Bien CG, Granata T, Antozzi C, et al. Pathogenesis, diagnosis and
treatment of Rasmussen encephalitis: a European consensus state-
ment. Brain 2005;128(pt 3):454-471

Hart Y. Rasmussen’s encephalitis. Epileptic Disord 2004;6(3):
133-144

Vining EP, Freeman JM, Brandt ], Carson BS, Uematsu S. Progressive
unilateral encephalopathy of childhood (Rasmussen’s syndrome): a
reappraisal. Epilepsia 1993;34(4):639-650

Rajesh B, Kesavadas C, Ashalatha R, Thomas B. Putaminal involve-
ment in Rasmussen encephalitis. Pediatr Radiol 2006;36(8):
816-822

Tobias SM, Robitaille Y, Hickey WF, Rhodes CH, Nordgren R, Ander-
mann F. Bilateral Rasmussen encephalitis: postmortem documenta-
tion in a five-year-old. Epilepsia 2003;44(1):127-130

Maton B, Resnick T, Jayakar P, Morrison G, Duchowny M. Epi-
lepsy surgery in children with gliomatosis cerebri. Epilepsia
2007;48(8):1485-1490

Sisodiya SM. Surgery for malformations of cortical development
causing epilepsy. Brain 2000;123(pt 6):1075-1091

Raymond AA, Fish DR, Sisodiya SM, Alsanjari N, Stevens JM, Shor-
von SD. Abnormalities of gyration, heterotopias, tuberous sclerosis,

21



22

3 Epilepsy Surgery for Congenital or Early Lesions

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

focal cortical dysplasia, microdysgenesis, dysembryoplastic neu-
roepithelial tumour and dysgenesis of the archicortex in epilepsy.
Clinical, EEG and neuroimaging features in 100 adult patients. Brain
1995;118(pt 3):629-660

Maton B, Jayakar P, Resnick T, Morrison G, Ragheb ], Duchowny M.
Surgery for medically intractable temporal lobe epilepsy during
early life. Epilepsia 2008;49(1):80-87

Paolicchi JM, Jayakar P, Dean P, et al. Predictors of outcome in pediat-
ric epilepsy surgery. Neurology 2000;54(3):642-647

DeLong GR, Heinz ER. The clinical syndrome of early-life bilateral
hippocampal sclerosis. Ann Neurol 1997;42(1):11-17

Mohamed A, Wyllie E, Ruggieri P, et al. Temporal lobe epilepsy due to
hippocampal sclerosis in pediatric candidates for epilepsy surgery.
Neurology 2001;56(12):1643-1649

Chugani HT, Shewmon DA, Shields WD, et al. Surgery for intrac-
table infantile spasms: neuroimaging perspectives. Epilepsia 1993;
34(4):764-771

Helmstaedter C, Kurthen M, Linke DB, Elger CE. Right hemisphere
restitution of language and memory functions in right hemisphere
language-dominant patients with left temporal lobe epilepsy. Brain
1994;117(pt 4):729-737

Johnston MV. Clinical disorders of brain plasticity. Brain Dev
2004;26(2):73-80

Gleissner U, Sassen R, Schramm ], Elger CE, Helmstaedter C. Greater
functional recovery after temporal lobe epilepsy surgery in children.
Brain 2005;128(pt 12):2822-2829

Helmstaedter C, Kurthen M, Linke DB, Elger CE. Patterns of language
dominance in focal left and right hemisphere epilepsies: relation
to MRI findings, EEG, seX, and age at onset of epilepsy. Brain Cogn
1997;33(2):135-150

Loddenkemper T, Wyllie E, Lardizabal D, Stanford LD, Bingaman W.
Late language transfer in patients with Rasmussen encephalitis. Epi-
lepsia 2003;44(6):870-871

Liégeois F, Connelly A, Cross JH, et al. Language reorganization in
children with early-onset lesions of the left hemisphere: an fMRI
study. Brain 2004;127(pt 6):1229-1236

Rausch R, Walsh GO. Right-hemisphere language dominance in right-
handed epileptic patients. Arch Neurol 1984;41(10):1077-1080
Rasmussen T, Milner B. The role of early left-brain injury in deter-
mining lateralization of cerebral speech functions. Ann N'Y Acad Sci
1977;299:355-369

Meador K], Loring DW, Lee K, et al. Cerebral lateralization: relation-
ship of language and ideomotor praxis. Neurology 1999;53(9):
2028-2031

Papagno C, Della Sala S, Basso A. Ideomotor apraxia without apha-
sia and aphasia without apraxia: the anatomical support for a
double dissociation. ] Neurol Neurosurg Psychiatry 1993;56(3):
286-289

DeVos K], Wyllie E, Geckler C, Kotagal P, Comair Y. Language domi-
nance in patients with early childhood tumors near left hemisphere
language areas. Neurology 1995;45(2):349-356

Hertz-Pannier L, Chiron C, Jambaqué I, et al. Late plasticity for
language in a child’s non-dominant hemisphere: a pre- and post-
surgery fMRI study. Brain 2002;125(pt 2):361-372

Boatman D, Freeman ], Vining E, et al. Language recovery after left
hemispherectomy in children with late-onset seizures. Ann Neurol
1999;46(4):579-586

de Bode S, Curtiss S. Language after hemispherectomy. Brain Cogn
2000;43(1-3):135-138

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Jansen FE, Jennekens-Schinkel A, Van Huffelen AC, et al. Diagnostic
significance of Wada procedure in very young children and chil-
dren with developmental delay. Eur ] Paediatr Neurol 2002;6(6):
315-320

Gaillard WD, Balsamo LM, Ibrahim Z, Sachs BC, Xu B. fMRI identi-
fies regional specialization of neural networks for reading in young
children. Neurology 2003;60(1):94-100

Gaillard WD, Berl MM, Moore EN, et al. Atypical language in le-
sional and nonlesional complex partial epilepsy. Neurology
2007;69(18):1761-1771

Gupta A, Chirla A, Wyllie E, Lachhwani DK, Kotagal P, Bingaman WE.
Pediatric epilepsy surgery in focal lesions and generalized elec
troencephalogram abnormalities. Pediatr Neurol 2007;37(1):8-
15

Nolte R, Christen HJ, Doerrer J. Preliminary report of a multi-center
study on the West syndrome. Brain Dev 1988;10(4):236-242

Dulac O, N'Guyen T. The Lennox-Gastaut syndrome. Epilepsia
1993;34(suppl 7):5S7-S17

Kramer U, Sue WC, Mikati MA. Focal features in West syndrome
indicating candidacy for surgery. Pediatr Neurol 1997;16(3):213-
217

Whyllie E, Comair Y, Ruggieri P, Raja S, Prayson R. Epilepsy surgery in
the setting of periventricular leukomalacia and focal cortical dyspla-
sia. Neurology 1996;46(3):839-841

Freeman JL, Harvey AS, Rosenfeld ]V, Wrennall JA, Bailey CA, Berko-
vic SE. Generalized epilepsy in hypothalamic hamartoma: evolution
and postoperative resolution. Neurology 2003;60(5):762-767
Blume WT, Girvin JP, Kaufmann JC. Childhood brain tumors pre-
senting as chronic uncontrolled focal seizure disorders. Ann Neurol
1982;12(6):538-541

Wyllie E, Chee M, Granstrom ML, et al. Temporal lobe epilepsy in
early childhood. Epilepsia 1993;34(5):859-868

Sutula TP. Mechanisms of epilepsy progression: current theories and
perspectives from neuroplasticity in adulthood and development.
Epilepsy Res 2004;60(2-3):161-171

Van Hirtum-Das M, Licht EA, Koh S, Wu ]Y, Shields WD, Sankar R.
Children with ESES: variability in the syndrome. Epilepsy Res
2006;70(suppl 1):5248-S258

Bertram E. The relevance of kindling for human epilepsy. Epilepsia
2007;48(suppl 2):65-74

Vasconcellos E, Wyllie E, Sullivan S, et al. Mental retardation in pedia-
tric candidates for epilepsy surgery: the role of early seizure onset.
Epilepsia 2001;42(2):268-274

Jansen FE, van der Worp HB, van Huffelen A, van Nieuwenhuizen O.
Sturge-Weber syndrome and paroxysmal hemiparesis: epilepsy or
ischaemia? Dev Med Child Neurol 2004;46(11):783-786

Comi AM. Pathophysiology of Sturge-Weber syndrome. ] Child Neu-
rol 2003;18(8):509-516

Loddenkemper T, Holland KD, Stanford LD, Kotagal P, Bingaman W,
Wyllie E. Developmental outcome after epilepsy surgery in infancy.
Pediatrics 2007;119(5):930-935

Freitag H, Tuxhorn L. Cognitive function in preschool children af-
ter epilepsy surgery: rationale for early intervention. Epilepsia
2005;46(4):561-567

Asano E, Chugani DC, Juhasz C, Muzik O, Chugani HT. Surgical treat-
ment of West syndrome. Brain Dev 2001;23(7):668-676
Lachhwani DK, Pestana E, Gupta A, Kotagal P, Bingaman W, Wyllie E.
Identification of candidates for epilepsy surgery in patients with
tuberous sclerosis. Neurology 2005;64(9):1651-1654



3 Epilepsy Surgery for Congenital or Early Lesions

78.

79.

80.

81.

82.

83.

84.

85.

Jansen FE, van Huffelen AC, Algra A, van Nieuwenhuizen O. Epi-
lepsy surgery in tuberous sclerosis: a systematic review. Epilepsia
2007;48(8):1477-1484

Romanelli P, Najjar S, Weiner HL, Devinsky O. Epilepsy surgery in tu-
berous sclerosis: multistage procedures with bilateral or multilobar
foci. ] Child Neurol 2002;17(9):689-692

Weiner HL, Carlson C, Ridgway EB, et al. Epilepsy surgery in young
children with tuberous sclerosis: results of a novel approach. Pedi-
atrics 2006;117(5):1494-1502

Cataltepe O, Turanli G, Yalnizoglu D, Topgu M, Akalan N. Surgical
management of temporal lobe tumor-related epilepsy in children.
J Neurosurg 2005; 102(3, suppl):280-287

Minkin K, Klein O, Mancini J, Lena G. Surgical strategies and seizure
control in pediatric patients with dysembryoplastic neuroepithe-
lial tumors: a single-institution experience. ] Neurosurg Pediatr
2008;1(3):206-210

Gilliam F, Wyllie E, Kashden ], et al. Epilepsy surgery outcome:
comprehensive assessment in children. Neurology 1997;48(5):
1368-1374

Donner EJ, Smith CR, Snead OCIII. Sudden unexplained death in chil-
dren with epilepsy. Neurology 2001;57(3):430-434

Mizrahi EM, Kellaway P, Grossman RG, et al. Anterior temporal lo-
bectomy and medically refractory temporal lobe epilepsy of child-
hood. Epilepsia 1990;31(3):302-312

86.

87.

88.

89.

90.

91.

92.

Adler ], Erba G, Winston KR, Welch K, Lombroso CT. Results of sur-
gery for extratemporal partial epilepsy that began in childhood.
Arch Neurol 1991;48(2):133-140

Basheer SN, Connolly MB, Lautzenhiser A, Sherman EM, Hendson G,
Steinbok P. Hemispheric surgery in children with refractory epi-
lepsy: seizure outcome, complications, and adaptive function. Epi-
lepsia 2007;48(1):133-140

Gleissner U, Clusmann H, Sassen R, Elger CE, Helmstaedter C.
Postsurgical outcome in pediatric patients with epilepsy: a com-
parison of patients with intellectual disabilities, subaverage intel-
ligence, and average-range intelligence. Epilepsia 2006;47(2):
406-414

Sabaz M, Lawson JA, Cairns DR, et al. The impact of epilepsy surgery
on quality of life in children. Neurology 2006;66(4):557-561

van Empelen R, Jennekens-Schinkel A, van Rijen PC, Helders PJ, van
Nieuwenhuizen O. Health-related quality of life and self-perceived
competence of children assessed before and up to two years after
epilepsy surgery. Epilepsia 2005;46(2):258-271

Lah S. Neuropsychological outcome following focal cortical removal
for intractable epilepsy in children. Epilepsy Behav 2004;5(6):
804-817

Szabé CA, Wyllie E, Stanford LD, et al. Neuropsychological effect of
temporal lobe resection in preadolescent children with epilepsy.
Epilepsia 1998;39(8):814-819

23






Preoperative Assessment

A. Electrophysiological Assessment
4. EEG and Noninvasive Electrophysiological Monitoring
5. Invasive Electrophysiological Monitoring
6. Extra-operative and Intra-operative Electrical Stimulation
7. Magnetoencephalography
B. Neuroimaging
8. Structural Brain Imaging in Epilepsy
9. Functional MRI in Pediatric Epilepsy Surgery
10. Application of PET and SPECT in Pediatric Epilepsy Surgery
11. Coregistration and Newer Imaging Techniques
C. Neuropsychological Cognitive Assessment
12. Wada Testing in Pediatric Epilepsy

13. Preoperative Neuropsychological Assessment






EEG and Noninvasive Electrophysiological

Monitoring

Yaman Eksioglu and James J. Riviello Jr.

The goal of epilepsy surgery is to locate and resect the epi-
leptic focus without losing any cortical function. The pur-
pose of the presurgical evaluation is to lateralize and localize
this focus using a combination of data: the semiology of the
clinical seizure, neuroimaging, and electroencephalography
(EEG). Initial EEG recording is noninvasive, with scalp surface
recording, and presurgical data determine whether further
invasive monitoring with intracranial recording electrodes
is needed. This chapter reviews the interictal and ictal EEG
data used to identify the epileptic focus and discusses pit-
falls in lateralization and localization with seizure semiology
and noninvasive EEG.

Seizures are classified by their initial site of cortical ori-
gin—focal or generalized'—determined by the seizure semi-
ology and surface, noninvasive EEG. The seizure has several
phases: the onset, or aura, that begins the ictal phase; the
continuation of the ictal phase during which the discharge
may spread, activating additional neurons; and the postictal
phase. A focal seizure without altered awareness is called a
simple partial seizure; one with altered awareness is called
a complex partial seizure (CPS).

Interictal data are important, but the gold standard is to
capture the habitual seizure during time-locked video-EEG
monitoring and to analyze its clinical sequence along with
the electrographic manifestations. This requires prolonged
EEG recordings, referred to as long-term monitoring. The
spatial and temporal relationships of the clinical manifesta-
tions (semiology) to the electrographic seizure are impor-
tant, because the electrographic seizure may begin in one
area but spread to another before any clinical manifestations
are noted. The term inverse solution applies to using the sei-
zure semiology and ictal surface EEG data to predict the cor-
tical location of the epileptic focus.?

The concept of an epileptogenic zone is a practical method
used to identify the epileptic focus. Data from the various
modalities reviewed in Chapter 2 are used to identify its con-
stituents. An in-depth discussion of the epileptogenic zone
and its constituents can be found in several articles, espe-
cially the article by Rosenow and Liiders.>-®

The epileptogenic zone is the theoretical cortical area in-
dispensable to generating a clinical seizure, and its complete
removal is needed to control seizures.” It consists of the fol-
lowing constituent zones:

* The irritative zone is the cortical area generating ep-
ileptiform activity, defined by interictal spikes and
sharp waves. This irritative zone is usually larger than
the actual epileptogenic zone and can be thought of as
all areas in which the epileptic focus may potentially
be located. Interictal spikes may spread more in chil-
dren.

The symptomatogenic zone is the cortical area produc-
ing the actual ictal symptoms, when activated. It may
be the origin of the epileptic discharge or may be sec-
ondarily activated by the propagation of a discharge
from the ictal onset zone (seizure onset zone).

The ictal onset zone is the area in which the seizure is
actually generated, and if the ictal onset zone is located
in a silent cortical area (noneloquent cortex), there are
no associated clinical manifestations.

The epileptogenic lesion is the neuroradiological lesion
that causes epilepsy. Therefore, neuroimaging, usually
magnetic resonance imaging (MRI), is an important
modality, but not all MRI lesions seen are necessarily
in the cortical area from which seizures originate.

The functional deficit zone is the cortical region abnor-
mal in the interictal period. This zone may be either
focal or diffuse and is defined by several modalities:
the neurological examination, the neuropsychological
examination, and the EEG or functional neuroimaging
[typically a single photon emission computed tomog-
raphy or positron emission tomography (PET) scan].
The EEG shows slowing in the functional deficit zone
but not epileptiform activity. A functional deficit zone
may not be present in every patient. This zone may be
focal or generalized, if there is diffuse dysfunction.
Eloquent cortex refers to cortex in which a defined clin-
ical function is located. For the purposes of epilepsy
surgery, eloquent cortex refers to primary motor, pri-
mary sensory, language, or memory functions. It is
sometimes referred to as the silent cortex. However,
the term silent cortex is a misnomer because every cor-
tical area has some function, but it may not be possible
to specifically identify its function.

Seizure semiology (see Table 2.6 on page 11) and the ictal
surface EEG are important in localizing the epileptic focus,
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and combining these modalities improves lateralization.?
Using these data to infer the cortical location of the epilep-
tic focus is referred to as the inverse problem. The sympto-
matogenic zone is identified by the clinical manifestations,
whereas the ictal onset zone is identified by the electro-
graphic discharge. The exact temporal relationship between
the clinical onset and the electrographic seizure must be de-
termined. This is done by close inspection of the videotape of
the recorded seizure, noting the time of the clinical onset as
“Time 0” and then relating the electrographic seizure onset
to this Time 0. The ictal onset and symptomatogenic zones
are certainly interrelated. Ideally, these would be located in
the same or contiguous cortical areas, and a focal resection
removes both. But the ictal onset may occur in an area of
silent cortex, causing no symptoms until it propagates and
activates the symptomatogenic zone.

B EEG Interpretation

EEG records the electrical activity generated by cortical
neurons, consisting of the summation of excitatory and in-
hibitory postsynaptic potentials, which spread to the scalp
surface where the recording electrode is placed. All struc-
tures between the generator and the electrode attenuate
these signals, especially the skull, which is a high-frequency
filter. Surface EEG electrodes are placed in a standard array,
a montage, as designated by the American Clinical Neuro-
physiologic Society. A standard 10/20 International Distri-
bution is used for diagnostic EEG, with electrode positions
related to the underlying brain.® When localizing for epilepsy
surgery, additional scalp electrodes may be required, using
a10/10, or even a 10/5 array,'" which vary by how closely

spaced the scalp electrodes are (Fig. 4.1). Closely spaced
electrodes are more precise when localizing for epilepsy
surgery.'? High-density EEG recording may better localize
an epileptic focus.

Both interictal and ictal EEG are analyzed, starting with
the interictal EEG background: continuity, symmetry, and
the individual components in the waking and sleep states
(Fig. 4.2). Subtle background asymmetries may be impor-
tant for lateralization and localization, especially without
an epileptogenic lesion (Table 4.1). Slow wave activity, one
component of the functional deficit zone, and epileptiform
activity (spikes and sharp waves), which defines the irrita-
tive zone, are identified and locations noted.

Analyzing the habitual seizures is important to determine
that they are originating from one location or, in some cases,
to exclude nonepileptic seizures. Even if a lesion is present,
ictal recordings confirm that the seizures arise from the le-
sion or are not multifocal. We prefer to capture at least three
habitual seizures. In a study of ictal 259 EEGs in 183 children,
the seizure type was confirmed in 101 seizures, ictal EEG
aided in the classification in 101 seizures, errors in classifica-
tion were corrected in 37 seizures (detected 11 nonepileptic
seizures), and previously undetected seizures were found in
20 seizures. Eleven children had no interictal spikes.!? Ictal
onset patterns include discharges with rhythmic frequen-
cies (a, 6, 0), paroxysmal fast activity, suppression of activity
(electrodecremental response), repetitive epileptiform ac-
tivity, arrhythmic activity, or may stay obscured. The initial
ictal rhythm is more predictive of the seizure origin.”

Anterior temporal spikes (F7/F8) are the most commonly
encountered epileptiform feature in temporal lobe epilepsy
(TLE). Focal sharp waves; spike and wave discharges; and
slowing (especially polymorphic & activity) or indepen-
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Fig. 4.1 Modified 10/10 montage. 10/10
montage demonstrating lateralization
of the Cz spike to the left centroparietal-
parietal midline region.
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Fig. 4.2 EEG background asymmetry.
Marked background asymmetry in child
with left hemimegalencephaly with a more
normal right hemisphere.
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dent, synchronous, or time-locked (a time lag) bitemporal
discharges may be seen. Synchronous bitemporal spikes in-
dicate a generating source propagating to the two temporal
lobes, whereas time-locked bitemporal discharges indicate
transcallosal propagation. Generalized discharges may oc-
cur. Frequent interictal discharges were present in symp-
tomatic TLE patients and in mesial temporal sclerosis cases
but in only one third of these cases they were strictly tem-
poral.’” In the Miami series, unilateral temporal discharges
occurred in 22 EEGs (36%), unilateral multilobar or poorly lo-
calized abnormalities occurred in 23 patients EEGs, bilateral
abnormalities occurred in 12 patients EEGs, and no abnormal-

Table 4.1 Analysis of Interictal EEG Background
Overall Symmetric or asymmetric
background
Posterior Reactive or nonreactive
dominant Symmetric or asymmetric
rhythm

Slowing or speeding up
Central rhythm Can be normally asymmetric
Sleep spindles Symmetric or asymmetric (voltage)

Synchronous versus asynchronous (timing)

Slowing Focal or generalized
Epileptiform Spikes, sharp waves
features

Abbreviation: electroencephalography, EEG.
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ity occurred in 3 patients EEGs.'® Spikes in the waking state or
during active sleep provide the best localizing data, and sleep
typically activates anterior temporal lobe discharges.!”

For TLE, Ebersole and Pacia defined three seizure types:
regular 5- to 9-Hz rhythm, irregular 2- to 5-Hz rhythm, and
no distinct ictal discharge. Type 1 seizures likely originate in
hippocampus. Type 2 seizures likely have a neocortical ori-
gin.'® In children, two types of ictal discharges were seen: a
rhythmic §-6 pattern progressively increasing in amplitude,
followed by a rhythmic monomorphic 6 and initial temporal
flattening (an electrodecrement) with a progressive appear-
ance of fast activity, frequently spreading to surrounding
areas, and finally postictal slowing with a temporal predom-
inance'® (Fig. 4.3).

The largest series after a temporal lobectomy is from
Toronto, with 126 children.'® The interictal EEG showed
lateralization in only 68/126 (54%); 26 children had ipsilat-
eral diffuse epileptiform discharges, 7 children had bitem-
poral discharges, 8 children had generalized activity, and
17 children had a normal interictal EEG. Ictal EEG showed
ipsilateral localization in 72 children, and 3 children had a
generalized pattern. Nineteen children had either no seizures
or had anormal EEG. In the Miami series, a unilateral and well-
localized ictal onset was seen in 33 children (54%); a lateral-
ized but poorly localized or multilobular discharge occurred
in 23 children; and an independent or a synchronous, bilat-
eral onset was seen in 3 children.!®

In frontal lobe epilepsy (FLE), the frontal lobe is a large
area with much of its cortex inaccessible to scalp electrodes:
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Fig. 4.3 (A) Temporal lobe seizure. On-
set electrographic seizure from right
temporal lobe with right mesial tempo-
ral sclerosis on MRI. (B) Temporal lobe
seizure. Interictal slowing in same re-
gion (T4 and T6 electrodes).

mesial, inferior, and orbitofrontal regions. Seizures originat-
ing from the dorsolateral convexity demonstrated interictal
activity, whereas seizures originating from the mesial fron-
tal region either had no interictal or multifocal activity.?° A
younger age is also associated with discordant discharges.?!
Discharges from the mesial areas may be detected in the
vertex electrodes: Fz, Cz, and Pz electrodes. In a series from
Alberta, the interictal EEG was normal in 18 of 21 children.?
Ictal recordings showed a frontal onset in 9 children and a bi-
frontal onset in 13 children. Generalized discharges may pre-
dict surgical failure.?> The absence of interictal spikes with
documented seizures suggests extratemporal epilepsy.?*

In FLE, three patterns were reported by Battaglia et al:
high-amplitude sharp transients followed by low-voltage
fast activity, rhythmic fast activity/decremental activity fol-
lowed by slow waves with admixed spikes, and repetitive
localized 6 activity with spike waves?” (Fig. 4.4).

In a study of supplementary sensory-motor seizures in
children, the interictal EEG was normal in 49%, and gener-
alized slowing or background disorganization was the only
finding in 19%.%6 Interictal EEG abnormalities included mid-

line spikes; both negative and positive sharp waves; and
slowing that could spread unilaterally or bilaterally to the
frontal, temporal, or parietal areas—all more frequent in
sleep. The actual ictal EEG findings may be subtle: an abrupt
attenuation of background activity (electrodecrement) ac-
companied by diffuse B activity followed by semirhythmic 6
or § activity in the frontal or frontocentral regions or by gen-
eralized rhythmic slowing, maximal in the midline. These
may be misdiagnosed as pseudoseizures.?’

Most of the pediatric focal resections done in the poste-
rior cortex are on patients with a documented lesion. The
surface EEG localizes poorly to the parietal lobe; only 10% of
parietal lobe seizures have localized EEG changes.?® The in-
terictal EEG may be normal; show focal slowing; or have uni-
lateral or bilateral parietal spikes, central spikes, or temporal
synchronous or independent discharges, with a more pos-
terior spreading, bifrontal, or even widespread discharges.?®
In a large series of all ages in both children and adults from
Montreal, only 9 of 66 patients (14%) had interictal parietal
spikes, and ictal discharges were predominantly lateralized,
but a localized parietal onset occurred in only four.>® The
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ictal EEG may show diffuse suppression at onset, followed
by sharp waves over the parietal areas, or these may spread
to other areas, especially the frontal and mesial frontal re-
gions.?® In a series of children from Alberta with posterior
resections, nine children had parietal lobe surgery and all
has lesions except for one.3' Only two had epileptiform ac-
tivity limited to the parietal lobe, one had frontal activity,
five had ipsilateral diffuse activity, and one had slowing.

The surface EEG may also be misleading in occipital epi-
lepsy, showing posterior temporal activity or bilateral, in-
dependent, or synchronous occipital spikes or sharp waves,
with a lower amplitude on the contralateral side; diffuse
posterior spikes or sharp waves; or involvement of the bilat-
eral frontal, posterior temporal, or parietal regions.?® Surface
EEG may show regionalized patterns over the ipsilateral oc-
cipital lobe in 50%, with less than 20% showing focal ictal pat-
terns.?® Results vary; one study showed that the most active
interictal area correctly identified the epileptic focus in 15
of 19 patients®?; another study revealed that only 18% of pa-
tients had spikes limited to the occipital areas, with posterior
temporo-occipital spikes seen in 46%.3* The number was simi-
lar for ictal data (80%). There were six occipital patients in the
Alberta series; one each had epileptiform activity localized to
the occipital area or to the parietooccipital region, three had
hemispheric activity, and one had generalized slowing.?'

Computerized techniques for dipole mapping (source
analysis) are now available and are used to identify the epi-
leptic focus. These can be done on both ictal and interictal
data343>

B Pitfalls of Localization

Seizure semiology is critical for localization, but practition-
ers must be cautious regarding semiology, especially for

extratemporal seizures. A given aura may originate from
various cortical areas or represent a propagated discharge.
In FLE, signs may localize to the frontal lobe but not to the
specific areas within the frontal lobe.?® We studied the clini-
cal manifestations of frontal and temporal seizures, with
only leg movements and hand posturing occurring specifi-
cally in frontal seizures whereas oral automatisms occurred
only in TLE.?? Ideally, if there are multiple seizure types, each
should be captured and analyzed, especially with a possible
multifocal onset, such as with a cortical dysplasia. Bilateral
seizures generally preclude a focal cortical resection if oc-
curring equally from both hemispheres, although we have
very rarely made an exception, depending on specific case
circumstances. We would consider a focal resection if the
majority are from one side.

Very few cortical spikes have a surface correlate.®® Dis-
charges from the cortical generators, after-discharges, have
very small amplitudes usually not detected on surface EEG,
build up, and then spread to reach the scalp electrodes,
which detect the area to which the discharge spreads. Even
when the surface electrode shows well-defined spikes or
sharp waves, these represent a more regionalized rather
than localized phenomenon. It has been estimated that the
activation of 6 cm? of cortex is required to generate a surface
potential.>® Data from simultaneous surface and invasive re-
cordings show that a much larger cortical area is needed. For
temporal lobe seizures, if less than 6 cm? was activated on
the cortical surface, no recognizable scalp potentials were
seen. If 6 to 10 cm? were activated, scalp recorded interic-
tal spikes were seen only rarely. Greater than 10 cm? acti-
vation commonly resulted in recognizable scalp potentials,
but prominent scalp spikes were seen only with activation of
greater than 30 cm? of cortical surface.3®

The aura (initial seizure onset, which should best local-
ize the ictal onset zone, symptomatogenic zone) may not
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be detected by EEG. In a study of simultaneous surface and
subdural EEG recordings of simple partial seizures (auras),
only 6 of 55 auras were recorded on surface EEG.*° FLE has
also been misdiagnosed as pseudoseizures, because the ictal
onset may be deep, or the surface EEG is obscured by move-
ment artifact. Patients may also not remember an aura be-
cause of retrograde amnesia, or younger children may not be
able to report an aura.

Invasive recordings demonstrate high-frequency oscilla-
tions (HFO) in the y band during ictal activity.#! HFOs are
attenuated by the skull (fast frequency filter) and are not
detected by surface recordings. In the diffuse electrodecre-
mental ictal pattern EEG, seven patients who had subdural
recordings showed high-frequency frontal lobe discharges
at the time of the electrodecremental pattern.*? In epilep-
tic spasms, HFOs have been detected when the surface EEG
shows high-amplitude slow waves or electrodecrements.*?

Even a defined MRI lesion may not always correlate exactly
with the interictal or ictal EEG, or the specific lesion may not be
the cause of the epilepsy. For tumor-related TLE, in 29 children,
interictal epileptiform activity was seen in only 63%; lateral-
ized epileptiform activity was seen in 70% but localized in only
55%: and ictal EEG showed lateralization in 80% but localized
in only 40%.%* Early brain lesions may cause generalized EEG
abnormalities. In a study from the Cleveland Clinic, 50 children
with focal lesions had refractory epilepsy with either general-
ized or contralateral epileptiform features; after surgery, 72%
were seizure free and 16% had marked improvement with only
brief seizures.*> Focal lesions can cause the generalized pattern
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Invasive Electrophysiological Monitoring

Prasanna Jayakar and lan Miller

The primary goal of the presurgical evaluation for intracta-
ble epilepsy is to accurately define the epileptogenic region
(ER). The ER is mainly conceptual and, in practical terms,
translates to the minimum amount of tissue that must be
resected to ameliorate all seizures. This critical mass of tis-
sue is viewed as a function of the region of seizure onset,
seizure propagation patterns, the areas that could become
epileptogenic later, and the underlying structural lesion and
functional abnormality. As in adults, surgical strategies in
childhood are guided by diverse pieces of information ob-
tained from clinical semiology, imaging, and neurophysi-
ological data; the task, however, is more daunting given the
greater heterogeneity of etiopathological substrates and
maturational factors that significantly influence the clinical
presentation and investigative findings.!

The role of invasive electroencephalography (EEG)
monitoring (IEM) in the evaluation of childhood epilepsy
has evolved. With advances in magnetic resonance imag-
ing (MRI), single photon emission computed tomography
(SPECT) and positron emission tomography (PET) imaging,
presurgical evaluation in many children can be adequately
performed through noninvasive means. In the International
League Against Epilepsy (ILAE) study of 543 children, the
20 participating centers worldwide reported using IEM in
just more than 25% of their surgeries.? The increasing use of
magnetoencephalography, or three-dimensional EEG dipole
source localization algorithms, and the advent of functional
MRI to define critical cortex may further diminish the need
for IEM. This trend will likely be offset as pediatric centers
gain more experience in identifying subtle focal abnormali-
ties using noninvasive tools and aggressively pursue surgi-
cal candidacy in increasingly complex cases. This chapter
critically examines the continuing role of IEM in presurgical
evaluation.

B Pragmatic Considerations

IEM is inherently costly, risky, and not devoid of limitations.
It is therefore prudent to first consider some practical issues
as they relate to a given patient. IEM is preferably under-
taken only if prior noninvasive evaluation provides suffi-
cient information as to the side or approximate location of
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the ER; it should not be used as an “exploratory procedure.”
Also, it is prudent to ask the question if a more precise defi-
nition of ER using IEM will alter the ultimate surgical strat-
egy and outcome. For example, [IEM may be of little use if
the noninvasive studies support widespread epileptogenic
dysfunction that cannot all be resected and the goals of sur-
gery are mainly palliative or when a “standard” temporal
or precoronal frontal lobectomy is contemplated in a child
with all noninvasive data indicating an ER contained within
the planned resection. Similarly, when the intraoperative
electrocorticography (ECoG) reveals almost continuous fo-
cal seizure discharges, the additional yield, if any, from IEM
rarely justifies a two-stage procedure.

Because of limitations of sampling and interpretation,
IEM does not always ensure a clear focality and precise de-
marcation of the ER. Although its yield cannot be predicted
with certainty, our experience suggests that children who
are neurodevelopmentally intact, who reveal a restricted
focus with an otherwise normal scalp EEG, or who have
relatively localized imaging findings that can be specifi-
cally targeted by electrodes are likely to accrue the greatest
benefit. By contrast, IEM is unlikely to document discrete
seizure onsets when patients with normal imaging studies
present with spasms or diffuse patterns on the scalp EEG or
in patients with multiple subcortical nodular heterotopias,
large infiltrative lesions, or extensive multilobar cortical
dysplasia.

Lastly, the use of IEM for defining critical cortex to “fine
tune” the resection must be justified by the potential limita-
tions of intraoperative functional mapping. Language map-
ping can rarely be performed intraoperatively in children.
Somatosensory responses to median nerve stimulation help
to define the central sulcus, but the estimate of sensory and
motor regions may be inaccurate. The motor cortex can be
crudely mapped by direct electrical stimulation, but general
anesthesia often suppresses the ability to elicit consistent
responses especially in the young child.

B Indications

Although many centers offer IEM, there is no standard pre-
surgical protocol, and its use is guided primarily by the
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availability of other noninvasive tools and the referral pat-
tern at each center. At our center, all children undergo video
EEG and MRI scanning; those revealing certain subtypes
of MRI lesions with convergent video-EEG data require no
further testing. In others, functional imaging (SPECT and
or PET) scans, three-dimensional spike source localization,
and functional MRI for language and motor regions are ob-
tained. The data are reviewed at a multidisciplinary case
conference where the surgical strategy is defined. Guided
by the pragmatic considerations discussed previously, IEM
is generally recommended for the following indications:
inconclusive preoperative data (e.g., normal or nonspecific
computed tomography [CT]/MRI scans, structural lesions),
divergent preoperative data, or encroachment on eloquent
cortex.

Inconclusive Preoperative Data: Each Test
Has Limitations

Normal or Nonspecific CT/MRI Scans

Despite advances in MRI imaging, many children with
localization-related intractable epilepsy have normal scans;
approximately one in every four children in the ILAE series
did not show a definite lesion on MRI.? [EM continues to play
a significant role in this patient subgroup, especially when
functional imaging data are inconclusive; removal of the en-
tire region of significant abnormalities identified on IEM is
generally required to achieve seizure freedom.? In our recent
series,* 80 of the 102 patients underwent a two-stage evalu-
ation, the rest could be adequately localized based on scalp
EEG, functional imaging, and ECoG.

Structural Lesion

In general, a discrete structural abnormality on CT/MRI
scans is regarded as a very reliable marker of the ER and bi-
ases the presurgical evaluation against IEM. However, there
are many documented failures after lesionectomy in chil-
dren,>® partly because lesional epilepsy does not represent
a homogeneous substrate. Whereas developmental tumors,
hippocampal sclerosis, low-flow vascular lesions, or Sturge-
Weber syndrome can often be successfully treated after non-
invasive evaluation alone, children with ill-defined cortical
dysplasia or multiple lesions such as tuberous sclerosis often
reveal complex and rapid seizure propagation that make in-
terpretation of the scalp EEG and functional imaging data
difficult. IEM often helps clarify ambiguities of seizure ori-
gin and propagation, thus facilitating surgery in these diffi-
cult cases.®-8 In some cases albeit rare, when the MRI shows
widespread lesions but other noninvasive data suggest that
seizures arise from only a restricted region, [IEM may allow
successful focal resections averting a hemispherectomy in a
functional child.?

Divergent Preoperative Data

The criteria of what exactly constitutes divergence are vari-
ably defined by different centers; we regard divergence
when the clinical semiology, EEG, and functional/structural
imaging data implicate separate regions. In this scenario,
IEM serves as the last resort to help define the ER and may
permit successful focal resection. Since the divergence may
arise from complex and rapid interaction between noncon-
tiguous cortical sites, all suspected sites must be adequately
sampled. When divergence occurs in the context of large or
deep-seated lesions, a combination of subdural and strategi-
cally placed depth electrodes is recommended.

Encroachment on Eloquent Cortex

In our series of discrete perirolandic foci, aggressive resec-
tions tailored to the ER and eloquent motor cortex led to
seizure freedom in more than half the cases, even in the
absence of a structural lesion.'® In some cases, a calculated
decision to remove part of the motor cortex revealing face
or proximal limb function enhances the chances of success
without incurring risks of significant clinical deficits. Like-
wise, in patients with occipital foci who have intact visual
fields, accurate demarcation of the ER over the occipital con-
vexity or base may allow a restricted corticectomy preserv-
ing most of the calcarine cortex and visual pathways, making
IEM a worthwhile endeavor.!!

The issues surrounding the need to identify and preserve
language cortex are more complex. Because language cor-
tex is plastic under age 5 years, many centers opt for more
aggressive large resections in the hope of forcing language
transfer. Our presurgical evaluation strategy is driven by the
intent to preserve predestined language sites unless they are
involved at ictal onset. As illustrated in Fig. 5.1, we have used
IEM to map and tailor resections, even in the very young,
with the hope of maximizing language outcomes in those
who are rendered seizure free.

B Technical Aspects
Spatial Coverage

In general, an attempt must be made to place enough elec-
trodes so that the site of seizure origin and the ER bound-
aries predicted on the basis of noninvasive testing are
adequately sampled, and the drop-off of the epileptogenic
field can be demonstrated. This task is not always easy be-
cause the range from which each electrode records is small'?
and the number of electrodes that can be placed in chil-
dren, especially younger ones, are limited. When the ER is
expected to encroach on critical cortex, additional coverage
must be provided to perform functional mapping. Bilateral
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Fig. 5.1 Diagram of subdural electrodes (A) over the
left temporal region in a 4-year-old patient with corti-
cal dysplasia. Subdural electroencephalography record-
ing (B), showing ictal onset at contacts 3 and 4 of the
anterior temporal polar strip, with early involvement of
the superior temporal convexity (contacts 19-20), which
were subsequently shown to be critical language areas
on functional mapping. Invasive monitoring helped tailor
the resection.
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placements, commonly performed in adults, are rarely re-
quired in children.

Type of Electrodes

Foramen ovale electrodes used in adults have limited ap-
plication in childhood where pure mesolimbic epilepsy is
uncommon. Invasive electrodes are usually made of plati-
num and are configured for subdural or depth placement.
Subdural electrodes spaced 5 to 10 mm apart and configured
as strips (4 to 8 contacts) or grids (20 to 64 contacts) are
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most suited to cover large areas of the neocortical convex-
ity and basal and interhemispheric surfaces.’®!* They also
provide the means to accurately map critical regions. Depth
electrodes are designed to penetrate the brain tissue and are
necessary to document seizure origin from the hippocampus
or other deep-seated sites such as a lesion within a sulcus.
Four to 12 contacts are arranged linearly 5 to 10 mm apart.
Others may have up to 18 contacts 1.5 mm apart for closer
sampling. Subdural and depth electrodes may be used in
conjunction to provide comprehensive coverage of both the
cortical surface and deep locations.
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Surgical Insertion

Subdural electrodes are implanted under direct observation
after craniotomy, although strips may be placed via burr
holes (see Chapter 15). Depth electrodes are inserted under
stereotactic MRI- or CT-guided techniques that allow accu-
rate placement at target sites, including symmetric bilateral
positioning in homotopic areas of interest; the strategy for
depth placement differs somewhat in North America from
that used in some European centers. Implantation may be
guided by a stereotactic frame; frameless stereotactic meth-
ods are preferred in the younger child where the calvarium
is thin. The exact location of the electrodes can be defined
extraoperatively on MRI or high-resolution CT scans coreg-
istered to the MR.

B Risks

Dedicated nursing and social intervention facilitates the
perioperative care in children undergoing IEM. Prophylactic
steroids help minimize the risk of reaction to the implant.
Implantation is generally well tolerated, but complications,
including wound infection, cerebrospinal fluid leak, intra-
cranial bleeding, or symptomatic pneumocephalus, have all
been reported.'>-!” Depth placements may lead to intracere-
bral microhemorrhage; subdural electrodes may cause local
inflammatory reactions. Risks tend to be higher in children
who are reoperated!'’; permanent neurological deficit or
death associated with IEM is very rare.

B Recording

Current digital systems have high sampling rate capability,
at 500 to 1000 Hz, allowing detection of fast frequencies that
may provide useful additional information. Seizure capture
may be augmented by withdrawal of antiepileptic medica-
tions; albeit rare, due consideration should be given to the
chances of activating atypical seizures. Spontaneous seizures
are usually captured over 4 to 10 days; longer periods of up
to 1 month may occasionally be required. Generally, 3 to 10
seizures are considered adequate, although multiple factors
may influence the confidence of the reader, including stereo-
typy of onset and evolution, and their convergence with other
data. Once the capture of spontaneous seizures is deemed
complete, we reinstate full medication before attempting
functional mapping via electrical cortical stimulation.

B Interpretation

The ambiguities and complexity of intracranial EEG inter-
pretation are well recognized,®'%18-22 and guidelines for its
use in defining the ER are often based on empirical criteria.

Ictal Onset Zone

Defining the region of seizure onset accurately is the stron-
gest justification for IEM, especially in children with multi-
focal MRI and interictal EEG abnormalities. As illustrated in
Fig. 5.2, periodic discharges were seen independently over
several regions, but ictal onset consistently occurred from a
single focus. The onset zone may be regarded as the region
showing the initial transformation from the interictal state—
the collective area revealing a group of patterns commonly
observed during the initial phase of the seizure including
bursts of focal fast activity—the “beta buzz,” spike/poly-
spikes or runs of spikes, or electrodecrement.®2324 Rhythmic
slow a/8/d range frequencies occurring discretely as the first
change are considered significant but may not be included
in the ictal onset zone if they are observed after onset, even
when they achieve high amplitude. Very high frequencies?
or slow direct current (DC) shifts have also been observed
but may be missed with conventional filter settings.

The duration after onset in which these patterns appear
is variable from patient to patient and at times even in the
same subject; not all patterns are necessarily seen in every
seizure. Objective definition of the onset zone can thus be
challenging, especially in patients with rapid propagation
in which the duration after onset that is considered signifi-
cant remains arbitrary. In general, the longer the discharge
remains discrete after onset, the greater the likelihood of a
successful outcome will be.?® In our experience, more than
half the children with discrete ictal onset on invasive stud-
ies were rendered seizure free as opposed to fewer than 10%
when the onset was diffuse.?®

In some cases, presumably because seizures arise from
lesional or severely damaged cortex, the ictal onset region
does not generate a typical robust ictal sequence but merely
acts as a “trigger” activating remote healthier areas.® The ic-
tal trigger may be characterized by only a subtle transfor-
mation from the ongoing interictal state, such as alteration
of the frequency, morphology, and distribution of interictal
spikes; alteration of the frequency or content of an interic-
tal burst suppression; or merely a further attenuation of the
background. The transform may be appreciated only after
the same change is consistently observed at ictal onset in
several seizures. From a practical standpoint, failure to rec-
ognize the subtle transform as the true “onset zone” focuses
attention on the subsequent robust buildup over remote
regions, thus predisposing to false localization or apparent
nonconvergence of data.

Irritative Zone

To maximize the chances of seizure freedom, the surgical
resection generally also includes cortical regions, revealing
“significant” potential epileptogenicity; one weighs the po-
tential risk of seizures attributed to the observed pattern(s)
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Fig. 5.2 Diagram of subdural electrodes (A) in a child with
multifocal magnetic resonance imaging abnormalities.
The subdural interictal recording (B) revealed indepen-
dent areas of semiperiodic epileptiform discharges. The
discharges over the superior part of the grid (electrodes
3 and 4) shows gradual attenuation—a subtle ictal trans-
formation that 10 seconds later (C) builds up into a robust
seizure discharge. This area corresponded to primary mo-
tor cortex on functional mapping. The periodic discharges
over inferior region (around electrode 51) remain virtually
unchanged during the seizure. The accurate identification
of the ictal onset helped make the critical decision to re-
sect the primary motor area.
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against the feasibility and safety of extending the resection
beyond the seizure onset zone.

Interictal spikes and sharp waves, the patterns most rep-
resentative of the irritative zone, show considerable varia-
tion in morphology, frequency, and distribution, and may
persist after resection without adversely affecting out-
come.'218-20 They are thus generally considered more signif-
icant if they are consistently unifocal or appear in rhythmic
runs. Quantitative assessment of spike parameters, such as
average frequency or amplitude, may help interpretation.?’
In some children, the discharges may be almost continuous
and appear in burst or repetitive recruiting and derecruiting
rhythms akin to electrographic seizures. Such patterns are re-
garded as a hallmark of cortical dysplasia,” but in our experi-
ence may be seen in other pathological substrates as well.8

Other patterns signifying potential epileptogenicity, al-
beit infrequent, may also be used in planning the extent
of resection. These include focal intermittent bursts of fast
activity initially described on the scalp EEG? and intraic-
tal secondarily activated foci where, during the course of
a seizure, a well-localized, independent ictal sequence de-
velops at propagated sites and outlasts the primary seizure
sequence.® In our series, three quarters of secondarily acti-
vated foci were documented as being capable of generating
independent seizures.

The role of responses to electrical or pharmacologic prov-
ocation is not well studied in children. In our experience with
electrical stimulation, the localization value is higher when
the early manifestations of provoked seizures are similar to
the patient’s habitual auras; late manifestations generally

References

1. Cross JH, Jayakar P, Nordli D, et al., International League Against
Epilepsy, Subcommission for Paediatric Epilepsy Surgery; Commis-
sions of Neurosurgery and Paediatrics. Proposed criteria for referral
and evaluation of children for epilepsy surgery: recommendations
of the Subcommission for Pediatric Epilepsy Surgery. Epilepsia
2006;47(6):952-959

2. Harvey AS, Cross JH, Shinnar S, Mathern BW; ILAE Pediatric Epi-
lepsy Surgery Survey Taskforce. Defining the spectrum of inter-
national practice in pediatric epilepsy surgery patients. Epilepsia
2008;49(1):146-155

3. Jayakar P, Duchowny MS. Invasive EEG recording and functional
mapping in children. In: Tuxhorn I, Holthausen H, Boenik HE, eds.
Pediatric Epilepsy Syndromes and Their Surgical Treatment. London:
John Libbey & Co.; 1997:547-556

4. Jayakar P, Dunoyer C, Dean P, et al. Epilepsy surgery in patients with
normal or nonfocal MRI scans: integrative strategies offer long-term
seizure relief. Epilepsia 2008;49(5):758-764

5. Palmini A, Andermann F, Olivier A, et al. Focal neuronal migration
disorders and intractable partial epilepsy: a study of 30 patients.
Ann Neurol 1991;30(6):741-749

6. Holthausen H, Teixeira VA, Tuxhorn |, et al. Epilepsy surgery in chil-
dren and adolescents with focal cortical dysplasia. In: Tuxhorn

tend to be less reliable. We also do not find after-discharge
thresholds to be useful in defining the ER.

Functional Deficit Zone

Burst suppression activity and focal attenuation of fast ac-
tivity in the background are not conventionally regarded to
be epileptiform, but they closely correlate with other mark-
ers of the ER. Both patterns remain consistent over time; the
focality of the B attenuation can be accentuated by admin-
istering drugs that activate fast frequencies. Polymorphic
slowing, by contrast, generally shows considerable temporal
variability reflecting nonspecific reactions to anesthesia or
electrode implantation and may not be very useful. Postictal
background abnormalities, which are shown to be reliable
on the scalp EEG, have not been analyzed on invasive studies.
Similarly, the role of absent or diminished evoked responses
is not established.

B Conclusion

The role of invasive monitoring in the presurgical evalua-
tion of children continues to evolve as our experience with
multimodal noninvasive techniques increases. Although a
greater proportion of children now benefit from a one-stage
resection, intracranial recording clearly serves as the defini-
tive tool to accomplish outcomes successfully after resec-
tive surgery in specific subgroups and the more difficult
cases.

I, Holthausen H, Boenik HE, eds. Pediatric Epilepsy Syndromes and
Their Surgical Treatment. London: John Libbey & Co.; 1997:199-215
7. Palmini A, Gambardella A, Andermann F, et al. Intrinsic epilepto-
genicity of human dysplastic cortex as suggested by corticography
and surgical results. Ann Neurol 1995;37(4):476-487
8. Jayakar P. Invasive EEG monitoring in children: when, where, and
what? ] Clin Neurophysiol 1999;16(5):408-418
9. Duchowny MS, Jayakar P, Resnick T], et al. Epilepsy surgery in the
first three years of life. Epilepsia 1998;39(7):737-743
10. Udani V, Jayakar P, Resnick T, Duchowny M, Alvarez LA. Excisional
surgery for perirolandic epilepsy in children. Proceedings of Ameri-
can Epilepsy Society December 7-10, 1997. Epilepsia 1997;38(suppl
8):74
11. Kuzniecky R, Gilliam F, Morawetz R, Faught E, Palmer C, Black L.
Occipital lobe developmental malformations and epilepsy: clini-
cal spectrum, treatment, and outcome. Epilepsia 1997;38(2):
175-181
12. Gloor P. Contributions of electroencephalography and electrocortico-
graphy to the neurosurgical treatment of the epilepsies. In: Purpura
DP, Penry JK, Walter RD, eds. Neurosurgical Management of the Epi-
lepsies. Advances in Neurology. Vol 8. New York, NY: Raven Press;
1975:59-105

39



40

Preoperative Electrophysiological Assessment

13.

14.

15.

16.

17.

18.

19.

20.

21.

Wyllie E, Liiders H, Morris HH III, et al. Subdural electrodes in the
evaluation for epilepsy surgery in children and adults. Neuropediat-
rics 1988;19(2):80-86

Nespeca M, Wyllie E, Luders H, et al. EEG Recording and functional
localization studies with subdural electrodes in infants and young
children. ] Epilepsy 1990;3:107-124

Burneo ]G, Steven DA, McLachlan RS, Parrent AG. Morbidity associ-
ated with the use of intracranial electrodes for epilepsy surgery. Can
J Neurol Sci 2006;33(2):223-227

Johnston JM Jr, Mangano FT, Ojemann ]G, Park TS, Trevathan E,
Smyth MD. Complications of invasive subdural electrode monitor-
ing at St. Louis Children’s Hospital, 1994-2005. ] Neurosurg 2006;
105(5, suppl)343-347

Musleh W, Yassari R, Hecox K, Kohrman M, Chico M, Frim D. Low
incidence of subdural grid-related complications in prolonged pedi-
atric EEG monitoring. Pediatr Neurosurg 2006;42(5):284-287

Lieb JP, Joseph JP, Engel ] Jr, Walker ], Crandall PH. Sleep state and
seizure foci related to depth spike activity in patients with temporal
lobe epilepsy. Electroencephalogr Clin Neurophysiol 1980;49(5-6):
538-557

Luders H, Lesser RP, Dinner DS. Commentary: chronic intracranial
recording and stimulation with subdural electrodes. In: Engel ] Jr,
ed. Surgical Treatment of the Epilepsies. New York, NY: Raven Press;
1987:297-321

Ajmone-Marsan C. Chronic intracranial recording and electrocor-
ticography. In: Daly DD, Pedley TA, eds. Current Practice of Clinical
Electroencephalography. New York, NY: Raven Press; 1990:535-560
Jayakar P, Duchowny M, Resnick TJ, Alvarez LA. Localization of
seizure foci: pitfalls and caveats. ] Clin Neurophysiol 1991;8:
414-431

22.

23.

24,

25.

26.

27.

28.

29.

30.

Jayakar P, Duchowny MS, Resnick TJ. Subdural monitoring in the eval-
uation of children for epilepsy surgery. ] Child Neurol 1994;9(suppl
2):61-66

Ikeda A, Terada K, Mikuni N, et al. Subdural recording of ictal DC
shifts in neocortical seizures in humans. Epilepsia 1996;37(7):662-
674

Schiller Y, Cascino GD, Busacker NE, Sharbrough FW. Characteriza-
tion and comparison of local onset and remote propagated electro-
graphic seizures recorded with intracranial electrodes. Epilepsia
1998;39(4):380-388

Fisher RS, Webber WR, Lesser RP, Arroyo S, Uematsu S. High-
frequency EEG activity at the start of seizures. ] Clin Neurophysiol
1992;9(3):441-448

Whiting SE, Jayakar P, Resnick T, et al. The utility of subdural EEG
patterns to define the epileptogenic zone in children with corti-
cal dysplasia. American Epilepsy Society proceedings. Epilepsia
1998;39(suppl 6):65

Asano E, Muzik O, Shah A, et al. Quantitative interictal subdu-
ral EEG analyses in children with neocortical epilepsy. Epilepsia
2003;44(3):425-434

Turkdogan D, Duchowny M, Resnick T, Jayakar P. Subdural EEG
patterns in children with taylor-type cortical dysplasia: compari-
son with nondysplastic lesions. ] Clin Neurophysiol 2005;22(1):
37-42

Altman KD, Shewmon A. Local paroxysmal fast activity: significance
interictally and in infantile spasms. American Epilepsy Society pro-
ceedings. Epilepsia 1990;31(5):623

Jayakar P, Duchowny M, Alvarez L, Resnick T. Intraictal activation
in the neocortex: a marker of the epileptogenic region. Epilepsia
1994b;35(3):489-494



Extra-operative and Intra-operative
Electrical Stimulation

Ingrid Tuxhorn

The surgical resection of epileptic tissue is an established
treatment for patients with intractable focal epilepsy and
has become an important field in epilepsy and neurosur-
gery.! Pediatric epilepsy surgery is no longer a treatment of
last resort.! There is growing evidence from expert centers
that children with surgically remediable focal epilepsy syn-
dromes should be referred and selected early for presurgi-
cal evaluation and subsequent operation to optimize seizure
control and long-term psychosocial outcome.?

Unique pediatric aspects necessitate a specific pediatric
approach for referral, diagnosis, and management, which has
been outlined in the recent recommendations of the Interna-
tional League Against Epilepsy (ILAE) subcommission on pe-
diatric epilepsy surgery.? Similarly the pediatric presurgical
evaluation requires specific pediatric epilepsy expertise of
experienced and knowledgeable pediatric epilepsy centers.*
An accurate description of the phenomenology of epileptic
seizures, classification of seizure types, the specific epilepsy
syndromes, an etiologic diagnosis, and an optional assess-
ment of impairments and co morbidities along the lines of
the ILAE classification guidelines will be the basis of early
referral and optimized management of infants and children
for surgical evaluation and treatment.?

B Pediatric Aspects of the Presurgical
Evaluation

The presurgical evaluation should be considered as a mul-
timodal diagnostic approach, with the goal of localizing the
epileptogenic zone, defining the epileptogenic substrate, and
delineating neighboring functional cortex to reduce risk for
neurological deficits with surgical removal.® Outcome studies
suggest that the cortical regions that underlie epileptogenic-
ity must be excised entirely because residual epileptogenic
tissue increases the risk for persisting postoperative sei-
zures.” Compared with adults, medically resistant partial
epilepsies in children are more heterogeneous in terms of
anatomical localization, types and extent of pathologies, and
electroclinical functional characteristics. The epileptogenic
lesions may be discrete structural changes that are very
amenable to surgical removal or extensive and widespread
macroscopic or low-grade microscopic developmental or ac-

quired lesions.* The adult temporal lobe epilepsy syndrome
is a well-defined, electroclinical syndrome caused by hippo-
campal sclerosis as its dominant etiopathological finding.?
By contrast, seizures of temporal lobe origin in childhood
are a particular diagnostic challenge because they typically
involve the neocortical regions and may extend beyond the
margins of the temporal lobe rather than being confined to
the mesial temporolimbic structures.®

In addition, the seizure semiology is highly age dependent
with prominent motor features (tonic, myoclonic, spasms)
that are more typical of extratemporal onset and not sugges-
tive of temporal limbic localization.!®

Invasive electroencephalography (EEG) and functional
mapping may be indicated to properly tailor a cortical resec-
tive procedure after the ictal onset zone and eloquent cortex
have been clearly localized with these procedures.! The high
incidence of extratemporal neocortical epilepsy in pediatric
patients makes this an important consideration.*

The anatomical landmarks of cortical areas subserving
important functions, such as sensation, movement, lan-
guage, and vision, have been well delineated. However, there
is sufficient interindividual variation that may be accentu-
ated with associated developmental or acquired pathological
conditions through a process of intrahemispheric or inter-
hemispheric reorganization. Thus careful and individualized
presurgical investigation with functional cortical mapping is
essential for each patient on a case-by-case basis.

B A Historic Note

After extensive studies in animals, cortical stimulation in
humans was performed by Victor Horsely in London, Fedor
Krause in Berlin, Harvey Cushing in Boston, and Ottfried
Foerster in Breslau.

In the 1950s, the first pediatric patient was probably
evaluated with cortical stimulation by Penfield and Jasper
in Montreal. This 4 year old had tuberous sclerosis and epi-
lepsy arising from the central region.'?> Penfield and Jasper
performed intraoperative electrocorticography (ECoG) and
found a well-localized spike focus in the right central region.
With cortical stimulation, they reproduced the left clonic
seizures of the patient before resecting that area. They also
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reported a 16-year-old girl who had active spontaneous
spikes over the first temporal gyrus and midtemporal region
and reproduced her habitual aura of fear by stimulating the
anterior insula close to the junction with the uncus.'>13 The
appearance of “dreamy states” on stimulation of the uncus
and other clues from animal studies and ECoG led Penfield
and Jasper to believe that the mesial and inferior parts of the
temporal lobe were the origin of many epileptic attacks. Re-
section of these regions subsequently improved the outcome
significantly.

The pioneering work of Penfield and Jasper led to the
mapping of the anterior and posterior language areas and
visual and cortical areas and further refined the corti-
cal map of sensory and motor representation.!?-14 Subse-
quently, many studies have described the utility of cortical
stimulation either used extraoperatively or intraoperatively
in adults and children to delineate cortical functional ar-
eas in relation to areas of epileptogenesis before surgical
removal.'4

B Goals of Stimulation in Presurgical
Evaluation

Extraoperative stimulation is achieved with direct electri-
cal stimulation of the cerebral cortex via subdural or depth
electrodes.'’15-17 This technique has been in use for more
than 40 years, and two effects commonly observed have
been described in the extensive literature. Cortical stimu-
lation may activate cerebral function producing positive
phenomena such as tonic or clonic movements, and special
sensations, or cortical stimulation may inhibit function pro-
ducing negative phenomena such as speech arrest or arrest
of motor function. However, in the pediatric population,
mapping of cortical function with direct stimulation may
be less reliable because of limited patient cooperation and
the absence of or inconsistent cortical responses of the im-
mature cortex at lower stimulation thresholds compared
with adults.118.19

Once interictal discharges and sufficient seizures have
been recorded from intracranial electrodes, cortical stimu-
lation is performed in a systematic fashion, usually over
several days, depending on the number of electrodes, the
area that needs to be mapped, and the patient’s degree of
cooperation. Because there is a potential to induce seizures,
ECoG monitoring is essential to detect after-discharges that
may herald increased epileptogenicity under the stimulated
cortex. To reduce the risk of stimulation-induced seizures,
anticonvulsants that may have been reduced or stopped
to activate seizures for video-EEG recording and analysis
should be restarted before initiating the cortical stimulation
studies. In addition, temporary benzodiazepine coverage
during the procedure may be useful.

B Physiology of Cortical Stimulation

The neurophysiological effects of extracellular neuronal
stimulation has been studied extensively and was reviewed
by Ranck in 1975.2° The voltage distribution in neural tissue
after electrical stimulation depends on the current density
(which is a function of stimulus frequency and wave forms)
applied, as well as the stimulation-induced membrane po-
larization. The electrical field within brain tissue produced
by stimulation of a subdural electrode has a complex three-
dimensional shape, and underlying neural processes may
be subject to depolarizing or hyperpolarizing events from
the stimulation, which may depend on stimulation param-
eters, the cellular geometry of cortical pyramidal neurons,
and the position of the neuron in relation to the stimulating
electrode.621

The effect of the applied stimulus on local neuronal cells
near the stimulating electrode may be considered to result
in a direct effect of the applied electrical field on the local
cell or the indirect stimulation induced transsynaptic excita-
tion and inhibition, which results from activation of a large
number of axon terminals leading to increased synaptic ac-
tivity on the dendritic tree of the local cells. Depending on
the types and numbers of synaptic receptors activated, the
transsynaptic activity induced by electrical stimulation may
be excitatory, inhibitory, or a blend of both.

Generally, with appropriate stimulus conditions, the
maximal current density is achieved beneath the stimu-
lated electrodes so that the stimulus-related responses usu-
ally represent cortical function in the crown of the gyrus,
whereas the banks of the sulcus are not investigated with
this method. Potentially, there may be distant current spread
to produce positive responses from remote areas.

Cortical excitability in children is known to be different
from adults, and electrical stimulation at maximal stimulus
intensity, as will be discussed later, may not elicit a positive
response after stimulating functional cortex. This may result
in yielding a false-negative response and the risk of remov-
ing potentially functional cortex.!1.1819

B Safety Issues and Complications in
Pediatric Patients

The use of subdural or depth electrodes is an invasive pro-
cedure that may be complicated by infection, hemorrhage,
edema, mass effect, or infarction. The probability of com-
plications associated with intracranial electrodes has been
reported by various centers at 2 to 4%. Patients who have un-
dergone prior high-dose brain irradiation may be at particu-
lar risk for developing reactive cerebral edema necessitating
emergent removal of subdural electrodes. This has only been
reported in adult patients.?? In the pediatric age group, the
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complication rate of subdural electrode implantation is also
reportedly low and comparable to the adult experience.!

The energy applied to the surface of the brain via electri-
cal stimulation per se may add an additional risk to damag-
ing the cortex surface. Microscopic studies, however, have
not shown gross structural damage, but mild inflammatory
responses have been demonstrated in the pathology of the
resected tissue.?324

The use of magnetic resonance imaging (MRI) compatible
platinum electrodes over stainless steel electrodes allows for
coregistration imaging of the electrodes with MRI.2*> There is,
however, no reported safety data on higher field strength MRI
and subdural electrode (SDE) compatibility, and practitioners
need to proceed with caution at this age. There is no evidence
that cortical stimulation produces kindling because the after-
discharge thresholds do not progressively decrease with
repeated stimulation over a cortical region, although the
thresholds may be variable with repeated stimulation.

B General Principles and Techniques

The standard stimulation paradigm for extracortical cortical
stimulation via subdural grid electrodes uses biphasic rect-
angular pulses delivered at a rate of 50/s in trains lasting 3
to 5 seconds.!!17:18 The pulse duration is held constant at 0.3
milliseconds, whereas the stimulus intensity is increased in
a stepwise fashion to a maximum of 15 mA or to a stimulus
intensity that elicits a clinical response or after-discharge
less than the maximal threshold of 15 mA.

The following stimulation parameters are used routinely
in adult patients at the Cleveland Clinic Epilepsy Center: A
stimulus is applied for a duration of 2 to 5 seconds to an ac-
tive electrode with a frequency of 50 Hz as a biphasic square
wave, a constant current of 300 microseconds duration with
incremental steps of 1 to 2 mA over a range of 1 to 15 mA.16
As the stimulus intensity is gradually increased to 15 mA,
either positive responses are elicited or after-discharges oc-
cur. Positive motor responses are elicited at the primary and
supplementary motor area; sensory responses are elicited
at the primary and secondary sensory area; negative motor
responses are elicited at the primary and secondary supple-
mentary negative motor areas; and language dysfunction is
elicited over Broca’s, Wernicke’s, and the left basal temporal
language area.!>1726-28 Special symptoms resulting from cor-
tical stimulation of the dominant parietal cortex may include
agraphia, acalculia, finger agnosia, and left-right confusion
seen in Gerstmann syndrome.?? A variety of auras have been
reproduced by cortical stimulation.3°

A distant reference electrode over a noneloquent region of
the cortex serves as a nonactive current sink. The active elec-
trode is switched systematically from electrode to electrode
across the entire grid allowing the function of the cortical
area underlying each electrode to be investigated.!®

There is a paucity of studies and reports about stimulation
parameters in the pediatric population. However, conven-
tional stimulation paradigms based on fixed pulse duration
as described previously for adults rarely elicit responses in
infants and young children.!!1819 Various pediatric centers
have developed and published stimulation paradigms that
rely on increments in both stimulus intensity and pulse du-
ration. These will be discussed in more detail.

Once eloquent cortex has been identified, a resection map
based on the interictal and ictal epileptiform activity, which
together define the epileptogenic zone and the geography of
the surrounding eloquent cortex, is designed to allow maxi-
mal resection of the epileptic and associated lesional cortex
with sparing of surrounding eloquent regions.

In general, resection of primary eloquent cortex, which
includes the primary motor, sensory, language, visual, and
memory areas, results in neurological deficits. However,
some secondary or accessory eloquent regions may be re-
sected without significant permanent neurological deficits.
These include the basal temporal language area, negative
and second sensorimotor areas, and even the primary motor
face area, which is bilaterally innervated.

B Cortical Stimulation, Brain
Maturation, and Special
Considerations in Children

Stimulation results in the pediatric age group are highly
subject to ontogenetic and maturational features. When
performing cortical stimulation in children, the language
and motor tasks and paradigms need to be adapted to the
patient’s age and neurodevelopmental status to include
considerations of the individual child’s ability to cooperate
and performance limitations caused by attention and com-
prehension. This may be more time-consuming, and several
sessions may be needed to obtain workable stimulation
results.!!19

An efficient and safe paradigm for eliciting responses from
immature cortex based on physiological principles of stimula-
tion and neural maturation has been elegantly studied and
described by Jayakar et al.>!® The response characteristics
of neural tissue in relation to stimulus parameters is best
described by a strength-duration (SD) curve plotting the
current intensity needed to produce a response as a func-
tion of pulse duration. The minimum intensity required to
elicit a response at a very long pulse duration is termed the
rheobase, and the pulse duration required to elicit a response
using stimuli at twice the intensity of the rheobase is de-
fined as the chronaxie. The chronaxie represents the safest
point on the SD curve for eliciting a response and is signifi-
cantly affected by myelination being considerably longer in
unmyelinated fibers. The SD curve thus shifts to the left as
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axons myelinate and the chronaxie shortens. By increasing
the stimulus intensity and the pulse width from the usual
0.3 milliseconds used in adults to 1 millisecond, the longer
chronaxies in children can be more effectively stimulated,
and positive responses or after-discharges can be elicited.>!8
A graphic computation of the energies delivered at all values
of current intensity between 1 and 15 mA and pulse dura-
tion between 0.3 and 1.0 milliseconds has been published,
and the points on the graph corresponding to progressively
higher levels of energy sequentially traced.'® A stimulation
paradigm following this tracing would have the least energy
increment at each step but would be extremely cumbersome
for routine clinical use. The authors therefore selected three
sequences of alternating increase and decrease of intensity
and pulse duration that approximates the outline of the trac-
ing. This dual-increment paradigm starts with an intensity
of 1 mA and pulse duration of 0.3 milliseconds, and with
each subsequent trial, the intensity and pulse duration are
adjusted by 1 to 2 mA or 0.1 to 0.2 milliseconds, respectively,
until clinical responses or after-discharges are obtained. In
three patients aged 1,3 and 4.5 years, positive cortical re-
sponses were elicited using the dual-increment paradigm af-
ter the standard fixed pulse duration paradigm failed to elicit
clinical responses or after-discharges. Thus the technique of
dual-increment stimulation rather than the standard fixed-
duration paradigm should be used in young children to accu-
rately define critical cortex in the immature brain, facilitating
safe excision of adjacent epileptic tissue.

There are few studies defining detailed data of sensorimo-
tor functional maps of the developing brain in children.!?.1831
This is partly because of the higher medical risks associated
with implantation of SDE, difficulties with patient coopera-
tion, and increased necessity for anesthesia. However, there
is good evidence that the stimulation threshold to activate
normal and functionally abnormal cortex is higher in infants
and young children.

Clinical motor responses are frequently obtained at or above
the after-discharge threshold so that the stimulation paradigm
may need to “override” the after-discharge to obtain eloquent
responses. Other authors have reported that they were able to
elicit responses in young patients younger than 5 years of age
by increasing the stimulus duration after failing to obtain any
responses at the maximal fixed duration stimulation.3?

Motor responses with tongue movement are difficult to
achieve in children younger than the age of 2, and the mo-
tor responses from the lower face tend to be bilateral rather
than contra- and unilateral when the lower rolandic cortex
is electrically activated.!?

Individual finger movements are usually first noted after
the age of 3 years, and clonic movements appear subsequent
to tonic movements in response to electrical stimulation of
the central cortical hand area. This reflects maturational
processes involving motor neuronal pathways in the corti-
cal areas 4 and 6. Besides the effect of maturation on corti-

cal stimulation results, there is ample evidence for atypical
functional networks in children and adults with develop-
mental and early lesions. This will be discussed later.

B The Effect of Pathology on Cortical
Stimulation Mapping

Specific pathologies may alter cortical stimulation thresh-
olds, resulting in a reduction of eloquent responses and false-
negative results that may put the patient at risk for deficits
from surgical removal of potentially eloquent cortex. Several
studies report the effect of lesions on cortical stimulation
results in the pediatric population.

Tumors

Intraoperative electrical stimulation was recently reported
in 17 children with tumors of the central region in close re-
lation to the motor pathways.3? Using 0.5-millisecond pulse
width, 5-second stimulus duration, and 50-Hz frequency,
these authors successfully identified motor eloquent cortex
in 15 patients and in all patients younger than 5 years of age
with current densities between 8.5 to 12.5 mA.

These authors found intraoperative stimulation effective
in mapping eloquent cortex in all patients with pre-existing
motor deficits, even in patients 5 years of age and younger.
However, they reported failure to evoke motor responses in
two cases of retro-rolandic, low-grade tumors. Anatomical

Fig. 6.1 This axial flair magnetic resonance image shows focal corti-
cal dysplasia involving the left central rolandic region.
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Fig. 6.2 Skull radiograph demonstrating placement of a lateral 8-cm
x 8-cm subdural grid.

displacement of normally organized cortex, reorganized
functional connectivity, and altered threshold responses
caused by the developmental tumor lesions need to be con-
sidered when interpreting these stimulation results.

In an earlier study, intraoperative brain-mapping tech-
niques were found to be reliable, effective, and safe in chil-
dren with brain tumors.?* Sensorimotor pathways could
be reliably localized with intraoperative methods by these
authors in their pediatric population with brain tumors.

() LESION

Language mapping results showed variability and some ana-
tomical unpredictability in peritumoral cortex, aiding with
the operative resection of the tumors adjacent to eloquent
brain regions.34

Brain Malformations

Newer studies with somatosensory evoked potentials and
electrical stimulation of the sensorimotor cortex in pedi-
atric patients with malformations of cortical development
suggest that the overlapping of sensory and motor functions
across the central sulcus is more complex and extensive.>>
This abnormal somatotopic organization in patients with
cortical dysplasia supports the concept of abnormal, wide-
spread cerebral organization in the dysgenetic cortex. This
may be secondary to mechanisms leading to compensatory
reorganization involving as-yet unknown processes under-
lying brain plasticity.>> This type of somatotopic reorganiza-
tion is demonstrated in the case seen in Figs. 6.1, 6.2, 6.3,
and 64.

A recent case report of an adolescent female further sup-
ports the notion of plastic reorganization in the proximity
of these lesions.?® The reported patient had intractable focal
epilepsy caused by a mild type 1 cortical dysplasia involv-
ing eloquent hand motor cortex defined by extra- and intra-
operative stimulation. The lesion was resected, followed by
complete paresis, which recovered substantially after several
months, leaving the patient seizure free with minimal hand
weakness.

Eight pediatric and adult patients with frontal lobe cor-
tical dysplasia involving eloquent cortex were operated on

Fig. 6.3 A three-dimensional magnetic reso-
nance imaging reconstruction of the brain with
coregistration of the SDE grids demonstrates
coverage of the lesion and identifies the overly-
ing electrodes.
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Fig. 6.4 This schematized
map shows the perilesional
epileptogenic zone that
was defined by recordingin-
terictalandictal discharges.
ECS clearly demonstrates
an abnormal somatopic
homunculus with displace-
ment in the motor hand
area and redundancy of
the sensory cortex of the

© Hand Sensory upper extremity. A lesion-
O Face Sensory centered resection with
. Hand Motor close margins to eloquent
2 cortex was performed with
Q Face Motor good results.
O Ictal Onset

() Interictal

Resection

after extraoperative stimulation for medically intractable
epilepsy.?” Functional regions (language and motor) and epi-
leptogenic areas were assessed by extraoperative electrical
cortical mapping and ECOG recording and found to co-localize
with epileptogenic regions and balloon cell negative dys-
plastic regions without fluid attenuated inversion recovery
signal abnormalities on MRI.

In a further study, right-sided language localization was
demonstrated with extraoperative subdural stimulation in
four of six patients with known bilateral language represen-
tation.?® The etiologies included nondominant, right-sided
dysplasias, tumors, and nonlesional MRIs. The language
maps were located in the analogous and classic frontal and
temporal language regions of the dominant hemisphere. One
patient had a silent language map in this report, and another
patient had a wide distribution of single language error sites
over the right temporal lobe.38 (Figs. 6.1, 6.2, 6.3, and 6.4).

Acquired Pathology

Cortical functional reorganization has also been reported
in an 18-year-old patient with chronic epilepsy caused by
an acquired perirolandic lesion (cavernous hemiangioma)
who demonstrated expansion and redundancy of the per-
ilesional hand and finger sensorimotor regions.3° It has been
suggested that ongoing epileptiform activity may suppress

normal cortical function overlying a lesion, whereas neigh-
boring regions may take over function from a case studied by
serial cortical stimulation mapping.4°

B Electrical Stimulation with Depth
Electrodes in Children

Stereotactically placed intracerebral electrodes are used to
define a stable, unique epileptogenic zone by several centers
in France and Italy. After recording of spontaneous seizures,
all patients undergo intracerebral electrical stimulation,
with the goal of better defining the epileptogenic zone and
providing functional mapping of eloquent brain areas.*!42
Stimulations are usually applied between contiguous con-
tacts of electrodes at low frequency (1 Hz, single stimulus
duration 2-3 millisecond, current intensity 0.4-3 mA) or
high frequency (50Hz, single stimulus duration 1 millisec-
ond, current intensity 1-3 mA) depending on the presumed
excitability of a given structure and on the type of clinical
signs that are to be elicited. High-frequency stimulation is
preferred as reported by these authors to assess the organi-
zation of the epileptogenic network by inducing the patient’s
electroclinical seizure and analyzing different ictal phenom-
ena to gain anatomical functional correlates. Intracerebral
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electrical stimulation has been used to map cortical eloquent
areas as well as subcortical critical bundles such as descend-
ing fibers of the corticospinal tracts. The French school has
reported on the utility of mapping the somatosensory, mo-
tor, visual, and language areas in children and has found it
extremely valuable in cases of cortical dysplasia involving the
central region where the normal anatomy of the gyri is dis-
rupted and the pathology may be embedded within eloquent
cortex and bundles. The authors report that the information
provided by intracranial functional mapping strongly con-
tributes to the absence of postoperative motor and linguistic
deficits in their series of children undergoing resections after
SEEG evaluation. There are no comparative studies looking at
the sensitivity and specificity of electrocortical stimulation
(ECS) with SDE and stereoelectroencephalography (SEEG).

B ECS-Induced Responses

Several robust responses have been described that define
eloquent cortex with ECS. To infer that eloquent cortex has
been defined, the stimulation needs to result in a reproduc-
ibly demonstrable change in neurological function that may
either be a positive or negative phenomenon. Although the
positive phenomena are easily observable or can be reported
by older pediatric patients, the negative phenomena may go
unnoticed and need to be specifically tested for, which may
not be possible in the younger patient.

Primary Motor Area

A primary motor area that has been termed area 4 according
to the Brodmann’s cytoarchitectural map encompasses the
anterior bank of the precentral sulcus; a second premotor
area, termed area 6 encompasses the more anterior precen-
tral gyrus and posterior portion of the superior frontal gyrus.
The work of Penfield and colleagues has expanded our un-
derstanding of the somatotopic map of the body as depicted
by Penfield’s figurine homunculus.>!3 The larger extension
of motor responses to areas as much as 4 cm anterior and
2 c¢cm posterior to the central sulcus and not limited to the
precentral gyrus led to the appreciation of a more extensive
motor representation in the central region. In addition, it has
become clear that the cytoarchitectural areas 4 and 6 can-
not be delineated with ECS. Stimulation parameters, includ-
ing frequency, duration, and intensity, may affect the type
of motor response elicited that usually first involves clonic
movements of distal muscle groups.

Maximizing the resections without incurring motor defi-
cits in lesional and nonlesional frontal lobe epilepsy that en-
croach on or distort the precentral area may be best achieved
using detailed motor mapping. Localized reorganization of
function may modify the traditional humuncular represen-

tation and put patients at increased risk for postoperative
deficits on the one hand or, on the other hand, dislocation of
function may allow safe and more generous resective pro-
cedures, as described in detail elsewhere in this chapter and
illustrated in Figs. 6.1-6.4.

Supplementary Sensorimotor Area (SSMA)

Animal studies performed more than a century ago demon-
strated that motor responses could be elicited by stimulation
of the mesial aspect of the superior frontal gyrus just ante-
rior to the primary motor leg area. Once implantable sub-
dural grid electrodes and depth electrodes were developed,
systematic studies of this interhemispheric mesial cortical
region became possible in the 20th century.43#

This region has been named the supplementary sensori-
motor area (SSMA) because both sensory and motor func-
tions are represented. The motor pattern of responses is
quite distinctive from that elicited by stimulating the pri-
mary motor area. The SSMA type motor responses are char-
acterized by predominantly tonic responses of proximal
muscle groups (which are frequently bilateral), asymmetric
movements of the lower and upper extremities, and head
and eye deviations and vocalizations. A somatotopic orga-
nization has also been defined that is anterior-posterior in
orientation with the head and eye region lying anterior and
the leg region posterior. Although resection of the SSMA is
generally safe, temporary contralateral weakness, difficulty
in the initiation of movements, and mutism with intact com-
prehension has been reported. In addition, the proximity of
the caudal end of the SSMA to motor and sensory control of
the leg need to be appreciated.

Resection of eloquent cortex in this region therefore
needs a careful risk-benefit analysis and informed consent
standards involving ethics experts.

Sensory Areas

Stimulation studies have defined three distinct areas from
which somatosensory sensation can be elicited: the primary
sensory cortex (SI) in the postcentral gyrus, the secondary
somatosensory cortex (S2) in the frontal and parietal opercu-
lum, and the supplementary sensorimotor cortical area in the
mesial surface of the frontal and parietal cortex (53).1213 Each
region has a unique somatotopic organization—SI, located in
the postcentral parietal region and consisting of Brodmann
areas 3a, 3b, 2, and 1 has a clear somatotopy mirroring that
of the motor strip. S2 is located on the superior bank of the
sylvian fissure in proximity to the planum infraparietal of
the frontal operculum and sensory responses to stimulation
characteristically are somatotopically “discontiguous”—af-
fecting the opposite whole body but also the ipsilateral side,
especially simultaneous upper and lower limb involvement.?”
The S3 responses are frequently admixed with tonic motor
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features and may localize to the body bilaterally, ipsilaterally,
and contralaterally to the brain side that is stimulated. The
semiology of somatosensory auras may also give a good indi-
cation of which sensory area is the symptomatogenic zone.*>
Resections in the S1 region will lead to permanent changes in
contralateral sensory perception with deficits affecting pri-
marily position sense and fine touch, but vibration and pain
sensation are not affected by S1 resections.

Language Mapping

Lesional studies in patients first defined the anterior (Broca)
and posterior (Wernicke) language areas in the left inferior
frontal lobe and first temporal convolution respectively.
These areas were first mapped intraoperatively by Penfield
and Roberts who induced speech arrest, alexia, agraphia,
anomia, paraphasia, and occasional positive grunting noises
with electrical interference.'>1346 A superior language area
was also defined by them lying anterior to the rolandic mo-
tor foot area in the mesial frontal lobe.%¢ A third speech area
has been defined in the basal temporal region of the domi-
nant temporal lobe.*”

Reading aloud is a reliable screening task for mapping lan-
guage area, and arrest of speech is the typical feature to look
for. Importantly, negative or positive motor responses and
diminished responsiveness as a cause of speech arrest need
to be ruled out by checking tongue movements. If slowing
of speech occurs, additional testing, including naming of ob-
jects, auditory word repetition, reading comprehension, and
spontaneous speech, may be warranted. This will require
good cooperation and an adequate developmental level in
children to obtain reliable results. ECS usually produces in-
terruption of verbal fluency at Broca’s area and evokes com-
prehension deficits when stimulating Wernicke’s area, but
there may be a significant overlap of symptoms.

A robust negative motor response is seen when perform-
ing ECS in the inferior frontal gyrus just anterior to the pri-
mary facial motor representation, and this has been termed
the primary negative motor area.'>'348 Further studies have
shown a more extensive distribution of negative motor areas
of the upper extremities, extending over the lateral premo-
tor cortex. Selective removal of the primary negative motor
area is possible without producing persisting speech and
language deficits.

B Studying More Specific Brain
Anatomy with Stimulation
Angular Gyrus (AG)

The feasibility of intraoperative stimulation of the angular
gyrus (AG) was recently studied and reported in five adult

patients with circumscribed lesions (all had primary or
metastatic tumors) in this region.*® Based on human and
animal studies, it is known that the AG is a higher-order
supraregional center that is integrated in a neuronal net-
work mediating movement with complex projections to the
pulvinar of the thalamus and ipsi- and contralateral cortical
association areas in the prefrontal, temporal, and occipital
lobes. Damage to the dominant AG may result in agraphia
and alexia. A previous article reported a functional Gerst-
mann syndrome during electrical stimulation of the domi-
nant perisylvian cortex.?

In this newer study,*® bipolar and monopolar cortical
stimulation techniques were applied to the AG cortex and
compound muscle action potentials (CMAPs) were recorded
in the contralateral arm. The study shows that selective
electrical stimulation of the AG elicits a motor response in
the contralateral upper extremity. The data reported show
that the technique is feasible in the intraoperative setting
and that the AG cortex plays a role in bimanual motor func-
tion, which deserves further study with this technique.
This technique may be of value in studying patients with
Landau-Kleffner syndrome undergoing surgical epilepsy
treatment.

Interhemispheric Connections of
Motor Areas

Functional connectivity of the brain via various white mat-
ter tracts, which consist of the commissural fibers to the
contralateral cortex, projection fibers to subcortical nuclei,
and arcuate fibers to the ipsilateral cortical structures, have
been studied in vitro and recently in vivo with newer MRI,
especially with diffusion tensor imaging techniques as well
as transcranial magnetic stimulation. In addition, newer
neurophysiological techniques have been developed for the
in vivo evaluation of neural fibers and their projections. A re-
cent study to clarify interhemispheric connections of motor
cortex (MC) investigated corticocortical evoked potentials in
vivo using subdural grid stimulation in patients undergoing
presurgical evaluation for epilepsy treatment by delivering
a bipolar pulsed stimulus to two electrodes overlying one
MC and recording the evoked potential (EP) contralaterally
from the averaged ECoG.° Contralateral evoked responses
with stimulation of the MC only (no responses were elic-
ited form other stimulation sites) were recorded with inter-
hemispheric latencies ranging from approximately 9 to 24
milliseconds for the initial positive peak and 25 to 39 mil-
liseconds for the second negative peak. These results were
felt to suggest that bilateral motor coordination is at least
partially controlled at the level of the MC. In pediatric cases,
this technique may shed light on the neural mechanism of
associated and mirror movements seen in children with

epilepsy.
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Stimulation-Induced Alien Limb
Phenomenon

Alien limb phenomenon was reported in a 14-year-old pa-
tient who had parietal lobe epilepsy caused by a malforma-
tion of cortical development in the left rolandic cortex.>!
Stimulation of the central cortex in proximity to the frontal
operculum induced involuntary grabbing right hand move-
ments accompanied by the perception of alienness—re-
ported as if the arm belonged to someone else. The authors
speculate that stimulation may have induced a functional
disconnection or inhibition of primary sensory areas and ac-
tivation of motor areas of the hand resulting in involuntary
movements that were experienced as alien.

Insular Cortex

The insular cortex is not easily accessible for ECS because it
is covered by the frontal, temporal, and parietal opercular
cortex. Recent studies with intracerebral depth electrodes
implanted transopercularly into the insular cortex have
yielded more consistent responses compared with previ-
ous studies and include somatosensory responses, including
painful sensations of the contralateral face, neck, hand, and
upper limb (posterior insula); viscero sensitive responses
(anterior insula) of the abdomen and thorax typically seen
as the initial symptom in mesial temporal lobe epilepsy
and a sense of pharyngeal constriction; and less frequently,
simple acoustic hallucinations, experiential phenomena,
olfactory, gustatory, or vegetative responses have been
evoked.>?

Laughter

Nonictal laughter has been elicited by stimulation of the
mesial frontal cortex. The laughter has been reported to be
involuntary and not associated with mirth or emotion. Simi-
larly, stimulation of the cingulate cortex, orbitofrontal cor-
tex, and mesial, basal temporal structures has been reported
to produce nonepileptic laughter.>3

Visual Cortex

ECS of Brodmann’s areas 17 (primary visual cortex; also
defined as the striate cortex with the lines of Gennari), 18,
and 19 (visual association cortical areas) may produce either
well-defined visual symptoms correlating well with epileptic
visual auras, simple visual hallucinations, or visual illusions
localized in the upper or lower (delineated by the calcarine
fissure) contralateral quadrant.>* Most patients with occipi-
tal lobe epilepsy will have a visual field deficit but resection
of occipital cortex in the face of normal visual fields will re-
sult in a new deficit that is usually well compensated in the
pediatric age group.

Auditory Cortex

The primary auditory cortex, Brodmann’s area 41, is lo-
cated in the posterior medial aspect of the gyrus of Heschl,
whereas secondary auditory areas have been demonstrated
in contiguous areas extending into the planum temporal
and superior temporal sulcus (areas 42, 52, and 22). Be-
cause the stimulation response is subjective, patient coop-
eration is essential. Elementary crude auditory sensations,
hallucinations, and illusions have been described. Unilat-
eral lesions in this region do not appear to lead to auditory
deficits.

Negative Functional Effects

Several negative responses that are stable and reproduc-
ible have been reported over the language areas (anterior,
posterior, and basal temporal), primary and secondary
negative motor areas, and other negative responses with
stimulation of heteromodal associating cortex (supramar-
ginal gyrus area 40, area 7, area 39), producing deficits
of higher cortical functions, including a combination of
deficits including alexia, anomia, apraxia, and Gerstmann
syndrome).282°

B Electrical Cortical Stimulation
and Other Noninvasive Functional
Mapping Techniques

In the last two decades, the Wada test, neuropsychological
evaluation, and 2-deoxy-2 ['8F] fluoro-D-glucose (FDG) PET,
which allows determination of preoperative language later-
alization and assessment of memory adequacy, have been
supplemented with additional noninvasive mapping meth-
ods that offer a high spatial and temporal accuracy to local-
ize sensory, motor, and language function.

Recent noninvasive techniques such as functional MRI
(fMRI) and magnetoencephalography (MEG) can aid in map-
ping cortical function as an adjunctive method when plan-
ning invasive mapping with chronically implanted subdural
electrodes. There is relatively good correlation between intra-
operative ECoG and MEG, although direct measures of differ-
ences are influenced by the MEG source mapping of sulcal
generators versus gyral surface maps with intracranial elec-
trodes. The temporal course of neuronal language processing
can be imaged noninvasively with millisecond resolution us-
ing MEG; however, at this stage, there is a paucity of pediat-
ric data.»

Numerous studies document that fMRI is a reliable tech-
nique for lateralizing hemispheric language dominance. A
recent study compared the results of fMRI language map-
ping with intraoperative ECS in patients with temporal
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lobe epilepsy. The sensitivity was 100%, and there was a
high spatial accuracy with fMRI, indicating that areas not
activated could be safely resected. The authors emphasize
that a combination of three language tasks including verb
generation, picture naming, and sentence processing was
needed to ensure the high sensitivity as no single task was
sufficient for this purpose. However the specificity of fMRI
was low, and only 51% of fMRI activations were confirmed
on ECS.”% Motor cortex localization with fMRI is generally
highly concordant with intraoperative electrocortical stim-
ulation mapping.>’

Several additional electrophysiological techniques besides
high frequency ECS, which we described in detail previously,
have been studied to map motor subareas.>® These include
slow cortical potentials termed Bereitschaftspotential that
arise from the motor cortices and occur -1.5 seconds before
the onset of self-paced voluntary movements and are re-
corded with a long time constant amplifier. The Bereitschaft-
spotential reflect excitatory postsynaptic potentials in the
superficial layer of the motor cortex, occurring in the apical
dendrites of the pyramidal neurons. This technique may dif-
ferentiate the M1, SSMA, and aid in the functional mapping
of nonprimary and association cortices. No correlative stud-
ies exist with noninvasive techniques, and there is, to date,
unfortunately no body of pediatric data.

Noninvasive techniques for mapping brain function
as described previously may obviate the need for invasive
mapping in some cases of well-defined, single epileptogenic
lesions and assist in the decision making to pursue invasive
studies and potential surgery in complex cases of malforma-
tions in or near eloquent cortex.

B Intraoperative Cortical Stimulation

Intraoperative mapping of cortical function by electrical
stimulation has been used extensively in neurosurgery since
it was first introduced in 1874 by Bartholow. Subsequently,
Sir Victor Horsely and in 1909 Harvey Cushing used this
technique to define the sensorimotor cortex surrounding a
tumor.

Ideally, the patient should be awake and responsive but
comfortable to perform intraoperative mapping of language
cortex, which is technically challenging in pediatric patients.
Anesthesia techniques are therefore of prime importance to
optimize the success of intraoperative stimulation—premedi-
cation with barbiturates, benzodiazepines, and antihistamines
should be avoided if ECoG is planned because these agents sig-
nificantly affect the EEG and may affect the seizure threshold.

During the procedure, short-acting anesthetics such as
propofol in combination with fentanyl are preferred because
they permit rapid induction for the craniotomy procedure
but an alert patient for subsequent functional mapping. Lo-
cal analgesia with lidocaine may be used as a local field block

for the scalp incision and dural incisions. The stimulation is
performed with a hand-held stimulator using either uni- or
bipolar stimuli with parameters quite similar to those used
with chronic extraoperative stimulation.>® Closely spaced 5-
mm and individualized stimulation points can be selected
on the cortex and then tagged to generate a stimulation map
and verify the reproducibility of the responses by repeating
the stimulation procedure.'?-14 The ECoG will detect after-
discharges (ADs) or seizures and permit stimulation within
appropriate safety limits. The application of intraoperative
monitoring is quite limited in the pediatric age group be-
cause of issues of feasibility in the awake craniotomy set-
ting and, more importantly, the specific challenges relating
to higher stimulation thresholds of the immature cortex.>®
However, the value of intraoperative ECOG in children with
intractable neocortical epilepsy has been recently studied
and reported.5°

B Conclusion

Cortical stimulation is a well-established method for defin-
ing cortical functional areas subserving language and sen-
sorimotor function in children. In children, specific features
need to be considered when performing stimulation and in
the interpretation of the functional maps obtained:

1. There is a higher cortical threshold, which is age depen-
dent and reduces inversely to age. Practically, this means
that higher current densities (milliamperes) are needed
to elicit responses. In addition, there is a greater variabil-
ity of the stimulation threshold. Stimulation currents,
therefore, need to be maximal at each site and after-dis-
charges may have to be “overridden” to obtain this. The
dual-stimulation paradigm varying the stimulus dura-
tion and intensity is valuable in defining critical cortex in
young children.

2. Certain pathologies may further raise the stimulation
threshold of tumors so that it may be difficult to ob-
tain evoked motor responses. After lesion removal, it
has been noted that the stimulation threshold may be
lowered.

3. Pathology underlying the epileptic zone as an anatomical
substrate is frequently developmental and may result in
altered functional plasticity. This may lead to intra- and
interhemispheric reorganization with atypical regions of
functional mapping (e.g., bilateral language, displaced or
extended functional regions).

4. Because the immature cerebral cortex is relatively refrac-
tory to cortical stimulation with standard adult param-
eters, widened pulse widths (0.14-200 milliseconds),
higher frequency ranges (20-50 Hz), increased current
densities (0.5-20 mA), and wider train duration ranges
(3-25 seconds) need to be used.
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5.

The invasive nature of stimulating the cortex directly
should be balanced against the accuracy of mapping ob-
tained in each patient as noninvasive imaging may be
preferable in some cases. However, it still is the gold stan-
dard method for mapping eloquent cortex in proximity to
the epileptogenic zone that needs to be resected to treat
refractory focal epilepsy.
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Magnetoencephalography

Hiroshi Otsubo, Ayako Ochi, and O. Carter Snead III

Localization-related epilepsy refractory to antiepileptic
drugs in children is more often associated with an extra-
temporal epileptogenic focus than that seen in adults. Thus
invasive intracranial electroencephalography (EEG) with
extraoperative subdural electrode recordings to localize the
epileptogenic zone is often needed in children. These neo-
cortical epileptic zones frequently are adjacent to eloquent
cortex, and the surgical treatment requires accurate delinea-
tion of both epileptogenic and functional zones. Magneto-
encephalography (MEG) has been reported to be a valuable
noninvasive technique that can be used to localize both epi-
leptogenic and eloquent cortices in children with medically
refractory localization-related epilepsy undergoing evalua-
tion for surgical treatment of their seizure disorder.'-® This
chapter reviews the current clinical applications of MEG for
pediatric epilepsy surgery.

M Basic Principles of
Magnetoencephalography and
Magnetic Source Imaging

MEG is a technique for measuring the magnetic fields asso-
ciated with the intracellular current flows within neurons.
Source localization of epileptic spikes and evoked responses
as determined by MEG are co-registered with magnetic
resonance imaging (MRI) as magnetic source imaging (MSI).
MEG is based on the physical phenomenon that electrical
currents generate accompanying magnetic fields. The orien-
tation of the magnetic field relative to the electrical current
is described as Orsted’s “right-hand rule,” which states that
when the thumb of the right hand is pointed in the direction
of the electrical current, the surrounding magnetic flux is
aligned in the direction of the other four right fingers. MEG
uses highly sensitive biomagnetometers to detect extracra-
nial magnetic fields produced by intracellular neuronal cur-
rents. On the basis of the right-hand rule, MEG is primarily
sensitive to signals arising from regions in which the api-
cal dendrites are tangentially oriented to the skull and scalp
surface.

The source localization has to solve the inverse problem
that calculates the three-dimensional intracranial location,
orientation, and strength of the neuronal sources backward

from a measured extracranial magnetic field pattern. The
accuracy of a solution of the inverse problem depends on
numerous factors, including the forward problem. The for-
ward problem uses an iterative algorithm to determine the
location, orientation, and strength of the equivalent current
dipole that best account for the measured magnetic field
pattern. The accuracy of the forward problem is critically
determined by the shape and conductivity of the volume
conductor of head model. MEG forward solution is more ro-
bust than that of EEG because of homogeneous conductivity
in a magnetic field. Therefore, the localization of both MEG
spike sources (MEGSS) and evoked responses on MSI is quite
reliable for presurgical evaluation in pediatric localization-
related epilepsy.? In short, MEG is an extremely valuable and
reliable technique with which to localize the source of inter-
ictal epileptiform discharges.’

B MEG Spike Sources

The Hospital for Sick Children in Toronto, Canada, has pio-
neered the use of MEG for clinical application in pediatric
epilepsy. From August 2000 to December 2007, MEG was
studied in more than 600 patients with localization-related
epilepsy as part of a presurgical protocol that also includes
careful definition of seizure semiology based on clinical fea-
tures and prolonged scalp video-EEG (VEEG), MRI, and neuro-
psychological testing.> More than 200 of these children have
undergone epilepsy surgery procedures based on the con-
cordance of these data.

We have defined the distribution of MEGSS by num-
ber and density.> An MEG spike cluster is six or more spike
sources with 1 cm or less between adjacent sources. A MEG
spike scatters is fewer than six spike sources regardless of the
distance between sources or spike sources with more than 1
cm between sources regardless of the number of sources in a
group. The zone of clustered MEGSS correlates with the ictal
onset zone and the prominent interictal zone as determined
by extraoperative intracranial VEEG as recorded from subdu-
ral electrodes. MEG spike scatters alone should be examined
by intracranial VEEG, because an epileptic zone may exist
within the scatter distribution of MEGSS. We have shown
the complete resection of MEG clusters to be correlated with
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postsurgical seizure freedom. For presurgical evaluation, con-
cordant lateralization of the EEG spike sources on scalp VEEG
and the clustered MEGSS indicate the primary epileptogenic
hemisphere.? Discordant lateralization of EEG spike sources
and MEGSS indicate an undetermined epileptogenic hemi-
sphere and contraindicate surgery without further testing.?

B Lesional Epilepsy

Surgical treatment of seizure disorders secondary to a lesion
requires that the lesion be removed and epileptogenic tissue
removed or disconnected. MSI provided accurate data on the
spatial relations of lesion, epileptogenic zone, and functional
cortex in children with lesional extratemporal epilepsy.* MEG
delineates asymmetric epileptogenicity surrounding lesions
and eloquent cortex. When the focal seizures are secondary
to a neoplasm, complete tumor resection with resection of
MEGSS marginal to the tumor is associated with favorable
outcomes despite residual postexcisional electrocorticogra-
phy (ECoG) spikes and extramarginal MEGSS. When the focal
seizures are secondary to dysplastic brain, the cortical dyspla-
sia as characterized by clusters of MEGSS within and extend-

Fig. 7.1 Magnetoencephalography (MEG) in the presurgical evalu-
ation of a child with tuberous sclerosis. Axial T2 magnetic reso-
nance imaging (MRI) shows multiple cortical tubers, MEG spike
sources (MEGSS), and auditory evoked field. This 17-year-old,
right-handed boy presents intractable epilepsy secondary to
tuberous sclerosis complex. His seizures consist of gagging fol-
lowed by clonic movements of face and left upper extremity. MEG
shows a total of 70 MEGSS consisting of two clusters over the right
hemisphere. (A) Axial T2 MRI shows 4 of 46 clustered MEGSS over
the right temporooccipital region around the occipital cortical

ing from MRI lesion should be removed completely, including
both the anatomical lesion and MEGSS, to achieve seizure
freedom.*1°

MEG has proven useful in identifying which children with
tuberous sclerosis complex (TSC) may be candidates for epi-
lepsy surgery (Fig. 7.1). Wu et al'! studied six children with
focal seizures secondary to TSC. In these six TSC patients
with focal seizures secondary to bilateral multilobar cortical
tubers, ictal VEEG predicted the region of resection with 56%
sensitivity, 80% specificity, and 77% accuracy. Interictal MEG,
however, fared better, with 100% sensitivity, 94% specificity,
and 95% accuracy. In TSC, MEGSS tend to localize around vis-
ible tubers. MEG enabled precise localization of the epileptic
foci and provided crucial information of surgical treatment
in children with localization related epilepsy secondary to
TSC.12’14

B Extratemporal Lobe Epilepsy

In infants and young children, the occipital lobe frequently
generates focal onset seizures and even infantile spasms.!”
In addition, more occipital spikes migrate anteriorly than

tuber. (Closed triangles represent the location of the MEGSS and
tails indicate the orientation of the MEGSS). A closed square repre-
sents auditory evoked field. (B) Axial T2 MRI shows 3 of 24 clustered
MEGSS in the right inferior frontal to the superior rolandic region,
superior and posterior to the frontal cortical tuber. The patient un-
derwent intracranial video-electroencephalography monitoring us-
ing 103 subdural grid and depth electrodes. Cortical resection was
performed over the right occipitotemporal region and inferior fron-
tal region, which correlated to the two MEGSS clusters. He has been
seizure free for 9 months with medications.
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frontal spikes migrate posteriorly in children.'® Therefore,
in younger patients with extratemporal localization-related
epilepsy, multiple clustered MEGSS are often seen in tem-
poral/parietal/occipital lobes, whereas in older patients,
single clusters are observed frequently with an ictal onset
zone in the frontal lobe.!” These data suggest that posteri-
orly dominant epilepsy can extend anteriorly to expand the
epileptic network through anatomical and functional con-
nections in developing brains, whereas frontal lobe epilepsy
less frequently migrates to other lobes. Therefore, multiple
clustered MEGSS associated with the posterior epileptic net-
work may require extensive resection, especially in young
children. Conversely, the single cluster that correlates with
a discrete anterior epileptic region in relatively old patients
may predict a successful focal resection.

The diagnosis of frontal lobe epilepsy may be compounded
by poor electroclinical localization on scalp EEG, caused by
deep, distributed, or rapidly propagating epileptiform activi-
ties over the bilateral hemispheres. The yield of MEGSS in
terms of localization of the epileptogenic zone in frontal lobe
epilepsy is superior to that of EEG because of high resolu-
tion of spatial and temporal data with the former'® (Fig. 7.2).
When interictal epileptiform discharges on scalp EEGs show
a diffuse hemispheric distribution, or bilateral synchronous
spike-waves, analysis of MEGSS at the earliest time point or

Fig. 7.2 Magnetoencephalography (MEG) in presurgical evaluation
of a child with extratemporal, localization-related epilepsy. T1 mag-
netic resonance imaging (MRI) shows MEG spike sources (MEGSS)
and somatosensory-evoked field. This 17-year-old right-handed boy
presents with sensory aura with or without secondarily generalized
tonic clonic seizures. MRI showed small nonspecific high fluid attenu-
ation inversion recovery signal seen in the right perirolandic region.
(A) Axial T1 MRI shows 6 of clustered 75 MEGSS over the postcentral
gyrus. (Closed triangles represent the location of MEGSS and tails in-
dicate the orientation of the MEGSS). Open black circle represents

dynamic statistical parametric maps can lateralize and local-
ize the epileptogenic zone.'®%°

In age-related epilepsy, benign rolandic epilepsy (BRE)
and Landau-Kleffner syndrome (LKS) are forms of childhood
epilepsy that share particular characteristics and can be
controlled with medication. Both BRE and LKS have identi-
cal orientation of MEGSS directing vertical to the rolandic?!
and sylvian.?? However, a subgroup of patients who manifest
some of the characteristic of both BRE and LKS, but who do
not fulfill all criteria for these epilepsy syndromes have been
designated atypical BRE and LKS variant. We have introduced
the term malignant rolandic-sylvian epilepsy to describe
this subgroup, which is characterized by fronto-centro-
temporal spikes on EEG, absence of lesions on MRI, MEGSS
with random orientations around rolandic and sylvian fis-
sures, intractable sensorimotor partial seizures that progress
to secondary generalization, and neurocognitive problems.

B Temporal Lobe Epilepsy

Temporal lobectomy in children for temporal lobe epi-
lepsy has a seizure-free outcome similar to that reported in
adults.?® Unlike extratemporal localization-related epilepsy,
MEGSS in temporal lobe epilepsy do not represent the exact

somatosensory evoked field by left median nerve stimulation. (B)
Sagittal T1 MRI shows seven MEGSS around the central sulcus with
predominant postcentral gyrus spreading to supramarginal gyrus.
The open black circle represents somatosensory-evoked field. The
patient underwent intracranial video-electroencephalography moni-
toring using 120 subdural electrodes over the right frontoparietal
region. Corticectomy of right postcentral gyrus, including clustered
MEGSS, was performed. The pathology was reported to be cortical
dysplasia type IIB. He has been seizure free for 5 months with medi-
cations.
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location of the source of interictal epileptiform discharges.’
There are five reasons for the failure of MEG in this regard:

1. Mesial-temporal areas are farther from MEG sensors.? Be-
cause magnetic fields attenuate in square proportion to
the distance from the source,? there are less prominent
MEG spikes with mesial-temporal discharges.

2. The cylindrical architecture of hippocampal neurons
cancels the generated excitatory postsynaptic potentials
(closed circuit), in contrast to the linear and laminar ar-
chitecture of neocortical neurons (open circuit).?

3. Insufficient coverage of the subtemporal magnetic fields
by a whole-head MEG sensor array increases errors for
dipole estimation.

4. The propagation of epileptiform discharges to surround-
ing temporal structures through the limbic network is not
suitable for application of single dipole analysis.?

5. Magnetic fields from lateral and superior tempo-
ral cortices overwhelm those from mesial temporal
structures.

MEG is more valuable in those cases where the temporal lobe
is part of a wider circuitry in localization-related epilepsy.
For example, in a child with intractable epilepsy secondary
to a temporo-parieto-occipital porencephalic cyst after en-
cephalitis, vertically oriented MEGSS were obtained without
superior lateral temporal cortices. The absence of superola-
teral temporal cortices, prominent temporal EEG spikes, less
prominent MEG spikes, and mesiobasal synthetic aperture
magnetometry spikes using spatial filtering method all in-
dicated that the vertically oriented MEGSS were projected
directly from the mesiobasal temporal region.?’

In another example, a 9-year-old boy with benign epilep-
tiform discharges in the rolandic region, co-existing with
intractable mesial temporal lobe epilepsy secondary to
hippocampal sclerosis on MRI, though scalp VEEG showed
left temporal rhythmic sharp waves after the clinical onset
of epigastric aura, followed by staring.?® MEG identified ro-
landic MEGSS, which were prominent on scalp EEG as well.
MEG was unable to localize the epileptogenic sources in the
temporal lobe because higher amplitude signals of rolandic
spikes masked lower amplitude spikes from mesial tempo-
ral network in this case. The benign form of rolandic MEGSS
in which orientation of dipoles are identical and vertical to
central sulcus similar to those of BRE are often seen in chil-
dren as an age-related phenomenon and occasionally seen in
adults with temporal lobe epilepsy.

B Nonlesional Epilepsy

Nonlesional epilepsy represents a challenge for epilepsy
surgical evaluation in children. In a cohort of 75 children
younger than 12 years who underwent resective surgery for
intractable epilepsy at a pediatric epilepsy center, 35 had

no identifiable focal lesion on MRL?° In addition, some re-
searchers have shown that MRI does not aid in the presurgi-
cal evaluation in nearly 29% of patients in whom it is normal
or shows nonspecific findings.>° The outcome after epilepsy
surgery in patients with normal brain MRI depends on the
case selection criteria and expertise of the epilepsy center.
Surgery for intractable epilepsy in children with normal MRI
findings but clustered MEGSS provided good postsurgical
outcomes in the majority.3! Restricted ictal onset zone pre-
dicted postoperative seizure freedom. Seizure freedom was
most likely to occur when there was concordance between
EEG and MEG localization and least likely to occur when
these results were divergent. Postoperative seizure freedom
was less likely to occur in children with bilateral MEG clus-
ters or only scatters, multiple seizure types, and incomplete
resection of the proposed epileptogenic zone.

B Recurrent or Residual Seizures
after Surgery

The success rate of surgery in extratemporal epilepsies,
which are particularly common in children, continues to
be disappointing, with a 27 to 46% seizure-free rate in long-
term follow-up.?? Standard MRI techniques used postopera-
tively in patients after epilepsy surgery may miss the extent
of the residual lesion. Similarly, postoperative ictal scalp EEG
findings are misleading because of skull defects, dural scar-
ring, cerebrospinal fluid-filled intracranial cavities, and al-
terations or distortions of brain structures from a previous
surgery. In patients who have a second epilepsy surgery after
the initial one failed to control seizures, the interpretation of
invasive EEG as recorded from subdural electrodes becomes
complicated by differences in amplitude between normal
and gliotic cortical surfaces at the site of previous surgery.

Specific MEGSS patterns delineated the epileptogenic
zone in 17 children with recurrent seizures after previous
epilepsy surgery.?® The clustered MEGSS occurred at the
margins of previous resections within two contiguous gyri
in 10 patients (group A), extended spatially from a margin
by 3 cm or less in 3 patients (group B), and were remote
from the resection margin by more than 3 cm in 6 patients
(group C). Two patients had concomitant group A and C clus-
ters. Eleven of 13 children who underwent repeat surger-
ies that included resection of the area of clustered MEGSS
obtained favorable surgical outcomes. MEG is particularly
advantageous in those children in whom a second epilepsy
surgery is being contemplated, because in children who have
had previous surgery, MEG signals are far less distorted by
postoperative skull defects, subdural scarring, arachnoid
adhesions, and shifting of the normal brain into resection
cavities than the scalp EEG. Thus, MEG can identify the re-
current epileptogenic zone for the subgroup of patients with
late recurrent seizures after epilepsy surgery.



7 Magnetoencephalography

B Functional Mapping

A successful outcome from epilepsy surgery is generally de-
fined as a seizure-free state with no imposition of neurologi-
cal deficit.3* To achieve these twin goals, two criteria must be
fulfilled. First, precise localization of the epileptogenic zone
in the brain is necessary. Second, one must determine the
anatomical localization of eloquent cortex that subserves
sensory, motor, language, and memory function. Therefore,
the neurosurgeon requires the precise anatomical correla-
tion between the epileptogenic zone and eloquent cortex
before surgery. Noninvasive MEG studies are now used rou-
tinely in some centers to localize eloquent cortex in patients
undergoing epilepsy surgery.

The somatosensory evoked magnetic field (SEF) for me-
dian nerve stimulation is now widely accepted as the most
reliable method for identifying the primary somatosensory
cortex and localization of the central sulcus.?> Because the
N20m component of SEF reflects the direct neuronal activ-
ity of primary sensory cortex, the SEF is generated from the
posterior bank of the central sulcus.

Pihko et al*® successfully measured the SEF in normal
newborns during their frequent postprandial sleep. However,
sleep recordings are less feasible in older infants because of
their shortened sleep cycles. Therefore total intravenous an-
esthesia using propofol has been applied for MEG and MRI
studies in uncooperative children.3” We analyzed 26 infants
younger than 4 years under total intravenous anesthesia us-
ing propofol and showed that SEFs can still be detected and
reliably observed under these conditions.>® MEG source lo-
calization of evoked fields can address whether functional
reorganization of primary sensory modalities exists in mal-
formations of cortical development.3®

MEG can also identify motor cortex. Movement-related
cerebral magnetic fields following voluntary finger move-
ment have demonstrated a unique area of motor control in
children.*
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Structural Brain Imaging in Epilepsy

Charles Raybaud and Elysa Widjaja

Epilepsy is a common problem, with a prevalence of 0.4 to
1% of the population. Epilepsies and epileptic syndromes are
classified into focal and generalized epilepsies. Focal epi-
lepsies account for 40 to 60% of all newly diagnosed cases.
Up to 30% of these patients develop intractable epilepsy,
despite medical therapy.'? In some patients, surgical treat-
ment may lead to cessation or significant improvement in
seizure control. The role of structural imaging is to identify
the pathological substrate responsible for the epilepsy and
to demonstrate the relation of lesion to eloquent areas of the
brain. Any epilepsy that is not a benign, idiopathic form of
epilepsy requires neuroimaging, including symptomatic focal
epilepsy, specific epileptic syndromes pointing to structural
brain abnormalities such as Ohtahara or West syndromes,
status epilepticus, the so-called catastrophic epilepsies, and
progressive deterioration.

Computed tomography (CT) scan is not the first line in-
vestigation for epilepsy, but may supplement magnetic
resonance imaging (MRI) in the detection of focal area of cal-
cification, such as with tuberous sclerosis or Sturge-Weber
syndrome. The main imaging modality for detecting the
pathological substrate responsible for epilepsy is MRI. In
children with newly diagnosed epilepsy, MRI detected an ab-
normality in 62/388 (16%).2 In patients with intractable epi-
lepsy, MRI detected an abnormality in 82 to 86% of cases.*>
MRI has excellent soft tissue contrast, better spatial resolu-
tion, multiplanar capability, and higher sensitivity than CT
and is therefore the imaging modality of choice. With ad-
vances in techniques, previously undetectable subtle struc-
tural abnormalities can now be demonstrated by MRI. It is,
however, crucial to correlate MRI-identified substrate with
clinical and electrophysiological data to avoid false localiza-
tion. MRI also has prognostic implications: failure to detect
a lesion on MRI leads to a worse surgical outcome compared
with when a lesion is identified.5-8

B MRI Techniques

The sensitivity of MRI for detecting abnormalities depends
on the MRI techniques used, the pathological substrate, and
the experience of the interpreting physician. Visual assess-
ment of MRIs should be done by experts in epilepsy imaging,

with knowledge of the clinical semiology and electroen-
cephalography (EEG) findings. An optimal MRI technique
for assessing the pathological substrate should include a va-
riety of imaging sequences, including T1-weighted imaging
(WI), T2W]I, proton density, and fluid attenuation inversion
recovery (FLAIR) sequences. These need to be acquired in at
least two orthogonal planes covering the whole brain, us-
ing the minimum slice thickness. In patients with temporal
lobe epilepsy, the coronal plane should be perpendicular to
the long axis of the hippocampus to optimize visualization
of the hippocampus and mesial temporal lobe structures.
For extratemporal epilepsy, the bicommissural plane (i.e.,
parallel to the anterior commissure-posterior commissure
plane) is the standard method used. A three-dimensional
T1 volume sequence with slice thickness of 1.5 mm or less
should be included because this sequence provides excellent
gray/white matter contrast and can be reformatted into any
orthogonal or nonorthogonal planes. The three-dimensional
volume T1WI can also be subjected to additional postpro-
cessing without the penalty of additional imaging time.
Gadolinium does not improve the sensitivity of MRI in pa-
tients with epilepsy and should be used only to characterize
selective intracerebral lesions, such as tumors. A systematic
approach should be used to evaluate MRIs to optimize detec-
tion of subtle lesions and dual pathologies.

MRI Spectroscopy

MRI spectroscopy may be used to better characterize a
lesion (mostly between tumors, or tumor vs. dysplasia ac-
cording to the spectral profile), or, by showing a decreased
N-acetylaspartate (NAA), to locate the epileptogenic area.
However, the changes may reflect both the structural abnor-
malities and the metabolic alterations related to the seizures,
making the interpretation of the results difficult.?-

Diffusion Imaging

Diffusion imaging has shown striking abnormalities during
status epilepticus, reflecting cytotoxic edema, both locally
and remotely in the ipsilateral pulvinar!?!3; ipsilateral hip-
pocampus’3; and contralateral cerebellum (diaschisis-like
response)'? as well as in the corpus callosum.'? This brain
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response to repeated or prolonged seizures may be useful
in locating a focus. In addition to conventional MRI, diffu-
sion tensor imaging (DTI) better depicts the structure of the
white matter. Although it is not currently used for diagno-
sis, it may help in understanding the abnormalities of white
matter associated with cortical malformations.'* It also
helps in preparing the surgical approach to a lesion'” (Fig.
8.1B). Perfusion imaging in the setting of epilepsy is still in
an experimental stage.

Structural Image Analyses

Structural image analyses describe various computer-
assisted methods devised to improve the rate of detection
of subtle brain abnormalities in epilepsy. Most use seg-
mentation methods and postprocessing algorithms aimed
at quantifying the volume of various compartments of the
brain (such as gray and white matter) or specific lobes or
structures (such as the hippocampus) or to evaluate the
thickness of the cortex or blurring of the cortical-subcortical
junction. Unfortunately, these methods are not fully auto-
mated, are time-consuming, and are difficult to use in clinical
practice.

Multimodal integration of the anatomical data from MRI,
functional data from interictal positron emission tomog-
raphy (PET) or ictal/interictal single photon emission com-
puted tomography (SPECT), and electrophysiological data
from cortical or stereo-EEG or from magnetoencephalog-
raphy (MEG) may also help in identifying the epileptogenic
focus with its underlying structural abnormalities.

A

Fig. 8.1 (A) Coronal T2 image demonstrates a lesion in the right
supplementary motor area, which is of low T2 signal in the cortex
because of the presence of calcification and high T2 signal in the
subcortical white matter from gliosis (arrowhead). Histology of the

B Epileptogenic Substrates

Although the range of pathological substrates responsible
for intractable partial epilepsy in children is similar to that
of adults, malformations of cortical development (MCD) and
developmental tumors are more commonly detected in sur-
gical specimens of pediatric epilepsy patients. MCD consti-
tute 10 to 50% of pediatric epilepsy cases being evaluated for
surgery and 4 to 25% of adult cases of intractable epilepsy.'®
By contrast, hippocampal sclerosis is less common in pediat-
ric patients compared with adults. In a series of 126 children
undergoing temporal lobectomy for intractable epilepsy,
the reported prevalence of hippocampal sclerosis was 13%.
However, in another cohort of the 109 children, a higher
prevalence (45%) of hippocampal sclerosis was reported.!”
By contrast, hippocampal sclerosis is the most common epi-
leptogenic substrate in adults with intractable epilepsy and
accounts for 50 to 70% of cases.

B Epilepsy-Associated Tumors

Epilepsy-associated developmental tumors may account for
up to two thirds of the surgical pathological substrate.517-1°
These tumors originate in and develop from the cortex and,
therefore, clinically present with seizures. They are slow-
growing tumors, with well-defined margin, without associ-
ated edema or necrosis. Complete removal results in good
seizure control or renders the patients seizure free. These
tumors may developmentally be related to focal cortical dys-

lesion confirms meningioangiomatosis. (B) Corticospinal tracts from
diffusion tensor imaging overlaid onto oblique coronal and axial T1
postcontrast sequences. The lesion lies immediately anterior and
medial to the right corticospinal tract.
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plasia (FCD).2° They may all derive from the same precursor
cells and may have originated from the dysplastic tissue.?0?!
FCD may be present in the cortex adjacent to the develop-
mental tumors. The epilepsy-associated tumors include gan-
glioglioma and its variants, dysembryoplastic neuroepithelial
tumor (DNET), pleomorphic xanthoastrocytoma (PXA), and
low grade astrocytoma. More glioneuronal tumors have re-
cently been described, but they are uncommon.??

Gangliogliomas

Gangliogliomas are slightly more common in male patients
and are 10 times more common in children than in adults.?°
They are macroscopically observed to be up to eight times
larger in children than in adults.?? They are associated with
chronic epilepsy in 85% of cases, and are located mostly in
the temporomesial (50%) or temporolateral (29%) location.*
Gangliogliomas and low-grade astrocytomas were found to
be the most common tumors in a temporal lobectomy se-
ries.® Gangliogliomas may present as a solid mass in 43%,
a cyst in 5%, and a mixed lesion in 52% of patients®® (Fig.
8.2A,B). They involve the cortex, usually broaden the gyri,
and may cause remodeling of the adjacent bone. On CT, gan-
gliogliomas may present as hypo- (38%), iso- (15%), hyperat-
tenuating (15%), or mixed masses (32%). Calcification may
be seen in approximately 30 to 50% of cases. On MRI, the
tumor may appear hypo- or isointense to gray matter on
T1WI and hyperintense on T2WI. Some may demonstrate
intrinsic high T1 signal.?> Enhancement after gadolinium
administration is common in up to 60% of cases. It can be
nodular, ring-like, or solid. Leptomeningeal involvement
may rarely be seen.?> Gangliogliomas histologically consist
of two cellular populations: one neuronal and one glial. The
neuronal component does not expand, and the glial com-
ponent may evolve to become anaplastic tumor or glioblas-
toma multiforme in approximately 6% of cases.?® Patients

with ganglioglioma had the best outcome compared with
other types of epilepsy associated tumors (92% Engel class I
and I1).61824

Gangliocytoma

Gangliocytoma is uncommon and affects older children
and young adults. It involves the cortex and consists of
neurons without glial tissue. It usually has solid and cystic
components. On MRI, gangliocytoma demonstrates low T1
and high T2 signals and enhances on the postgadolinium
scans.

Desmoplastic Infantile Ganglioglioma

Desmoplastic infantile ganglioglioma (DIG) is a rare, likely
congenital tumor that develops in infants. It is usually huge
and more often suprasylvian in location. The mass is partly
cystic and partly solid. The solid portion incorporates the
cortex and is diffusely attached to the dura; it is strongly
desmoplastic, and this, together with the age of the patient,
characterizes the tumor. In approximately half the cases, the
infant presents with macrocephaly, neurological deficits, and
seizures. The imaging features are relatively specific when
observed in an infant: huge cystic and solid mass involving
more often the frontal and parietal lobes, less commonly the
temporal lobe, with cranial asymmetry and expansion of
the vault. The solid portion, attached to the dura, is mildly
hyperattenuating on CT and may be calcified.?® The cystic
portion extends into the white matter. On MRIs, the solid
portion is isointense to gray matter on T1WI and hyper-, iso-,
or hypointense on T2WI, usually heterogeneously. Contrast-
enhancement of the solid portion is intense and extends
to the dura. The wall of the cystic component does not en-
hance.? In spite of the spectacular appearance of the tumor,
the prognosis is good.?>26

Fig. 8.2 (A) Coronal T2 and (B)

coronal T1 postcontrast images

demonstrate a cystic tumor with an

enhancing eccentric nodule in the

right temporal lobe. MRI appearance

suggests ganglioglioma, which is
B  confirmed on histology.
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Dysembryoplastic Neuroepithelial Tumor

DNET was first described by Daumas-Duport et al in 1988.%7
It affects the temporal and frontal lobes predominantly.
DNET (14%) is less common in children compared with gan-
glioglioma (43%).'® The lesion may have a well-demarcated
margin (50%), or the margins may be slightly blurred.?® The
tumor may cause broadening of the gyri, effacement of the
sulci, and distortion of the ventricles.?® The tumor may also
result in remodeling of the overlying skull vault in 44% of
cases.?? On CT, the tumor is hypoattenuating with cystic ap-
pearance.*® Calcification has been reported in 20 to 36% of
cases.'®29 On MRI, the tumor is of low T1/high T2 signal,
often with multicystic, multinodular changes and “bubbly”
appearance,?® and it may have a thin rim of high signal on
FLAIR sequence (Fig.8.3A). The tumor appears wedge shaped
and extends to the ventricle in 30% of cases. One third of
cases show faint punctate or ring enhancement. Sponta-
neous hemorrhage has been reported in DNET.3! The tu-
mor is usually stable over the years. However, a significant
increase in size has been documented in a few cases.?83?
DNET has less favorable outcome compared with gan-
glioglioma, with 70% of patients with DNET having Engel
class I and II surgical outcomes.® Long-term follow-up of
DNET has reported reduced seizure-free surgical out-
come,** which may be attributed to incomplete resection
of the tumor or the presence of cortical dysplasia beyond
the margins of the resected DNET.>* The cortical dysplasia
is usually not visible on MRI. The differential diagnoses of
DNET include ganglioglioma, low-grade glioma, and FCD.
FCD does not enhance and usually does not have mass ef-
fect. Gangliogliomas usually have more mass effect. MRI
spectroscopy is reported to be normal in DNET,*® whereas

high choline and low NAA are observed in gliomas and
gangliogliomas.

Another tumor has been described both as a “nonspecific
DNET” and as a cortical oligodendroglioma (World Health
Organization [WHO] grade II). It is an intracortical hemi-
spheric tumor that presents with isolated epilepsy without
neurological deficit or increased intracranial pressure. It has
a DNET-like appearance on imaging: triangular cortical le-
sion with septa, low T1/high T2 signals, without surrounding
edema or mass effect, and no enhancement.3® By contrast
with the deep oligodendroglioma, this peripheral epilepsy-
associated tumor has a good prognosis.363’

Pleomorphic Xanthoastrocytoma

PXA is a rare tumor affecting children and young adults. Like
the other epilepsy-associated tumors, PXA is slow growing,
located in the cortex, and highly epileptogenic. It is supra-
tentorial in 98% of cases; mostly temporal (49%) in location;
and less commonly parietal, frontal, and occipital.®® The tu-
mor is located in the cortex, has cystic and solid components,
and may demonstrate continuity with the dura (Fig. 8.4B).
On CT, the tumor is predominantly hypodense with mixed
density nodule. On MRI, the tumor is hypo- to isointense to
gray matter on TIWI and hyper- to isointense on T2WI, and
the cystic portion is isointense to cerebrospinal fluid (CSF).
Postgadolinium scans demonstrate enhancement of the
nodular solid component as well as enhancement of the ad-
jacent meninges (dural “tail”). The enhancing nodule often
abuts the pial surface. Calcification is rare, and the tumor
is well circumscribed without peritumoral edema.?>3° Hem-
orrhage has been reported. It contains predominantly glial
component but may also contain neuronal elements.%4! Like

Fig. 8.3 (A) Axial FLAIR and (B) axial T1 post-
contrastimages demonstrate a “bubbly” ap-
pearance of a cortically based tumor in the
right frontal lobe. The tumor has a wedge
shape with a rim of high FLAIR signal medi-
ally and “nodular” signal intensity medial
to the tumor that extends toward the mar-
gin of the ventricle. Histology of the lesion
confirms dysembryoplastic neuroepithelial
B tumor.
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DNET, PXA is also associated with cortical dysplasia.***? The
prognosis is generally good, but it may recur and malignant
degeneration occurs in 20% of cases.>®

Low-Grade (Fibrillary) Astrocytomas

Low-grade astrocytomas are usually ill-defined infiltrative
tumor located predominantly in the frontal or temporal
lobes and invading the cortex. They do not contain gangli-
onic cells. CT demonstrates ill-defined homogeneous hy-
podense or isodense mass. MRI demonstrates a homogenous
mass that is hypointense on T1 and hyperintense on T2 and
may expand the adjacent cortex (Fig. 8.5B). The tumor usu-

Fig. 8.4 (A) Axial and (B) coronal post-
contrast T1 weighted images show a
complex solid cystic tumor in the left
temporal lobe. The tumor is cortically
based with extension to the dura. His-
tology of the lesion shows pleomorphic
xanthoastrocytoma.

ally does not show enhancement. Calcification and cysts are
uncommon, and hemorrhage or surrounding edema is rare.
The tumor has an inherent tendency for malignant progres-
sion to anaplastic astrocytoma.

B Malformations of Cortical
Development

Of the different subtypes of malformations of cortical devel-
opment, the lesions that more commonly undergo surgical
management of epilepsy are FCD, hemimegalencephaly, and
tuberous sclerosis.

Fig. 8.5 (A) Axial FLAIR and (B) axial T1
postcontrast images demonstrate a well-
circumscribed tumor (arrow) in the right
parahippocampal gyrus with no evidence of
contrast enhancement. Imaging appearance
is in keeping with a low-grade tumor and
histology of the lesion is that of a low-grade
B glioma.
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Focal Cortical Dysplasia

FCD is intrinsically epileptogenic and is a frequent cause of
epilepsy in children.**#4 Palmini et al.** have shown selective
occurrence of ictal or continuous epileptogenic discharges
in FCD compared with other epileptic pathologies such as
tumors or arteriovenous malformations. The mechanism of
the epilepsy is still unclear. Several possibilities have been
proposed, including abnormal firing from the dysplastic
neurons rather than from the balloon cells,* dysfunction
of synaptic circuits with abnormal synchronization of the
neuronal population, and abnormal organization of the
inhibitory interneurons.*® FCD is identified in 18 to 40% of
localization-related epilepsy.#’->! There has been a sugges-
tion that FCD has been more frequently reported in the pedi-
atric population than in adult series®?: 18% of FCD in surgical
specimens of a series of 216 adult patients with intractable
epilepsy,* versus 30 to 39% of FCD in pediatric patients.”*8

Classification and Origin of FCD

The term FCD was originally coined by Taylor et al>? to de-
scribe a specific cortical abnormality found in patients who
presented with refractory partial epilepsy and who were
cured by excision of the affected cortical area. The dysplastic
cortex was characterized by disorganized “bizarre neurons”
and giant dysmorphic “balloon cells.” Since then, the term
FCD has been used extensively in the literature to refer to a
wide range of derangements of the cortex, and various clas-
sifications have been proposed.>?>4->8

The classification proposed by Palmini et al is based on
neuropathological findings>®:

» Mild malformations of cortical development, previ-
ously known as microdysgenesis, consist of hetero-
topic or excess neurons in or outside layer I.

* Type IA FCD consists of cortical dyslamination without
giant or immature neurons, whereas type IB consists
of cortical dyslamination with giant or immature neu-
rons but no dysmorphic neurons.

* Type IIA FCD consists of cortical dyslamination with
dysmorphic neurons but no balloon cells, whereas
type IIB consists of cortical dyslamination with bal-
loon cells.

Both type IIA and IIB FCD have been considered to repre-
sent the most severe end of the histopathological spectrum
of FCD,>%8 and type IA, type IB, and mild MCD have been
considered as the milder end of the spectrum.

Other classifications have been based on the stage at
which abnormal development occurred®*: FCD with bal-
loon cells has been classified as malformation because of
abnormal neuronal proliferation or apoptosis, whereas FCD
without balloon cells as well as microdysgenesis has been
classified as malformation because of abnormal cortical or-

ganization (including late neuronal migration). Work by En-
glund et al®® suggested that cortical dysplasia with balloon
cells was the result of very early disturbance of glialneuronal
differentiation and therefore supported its inclusion in mal-
formations of cellular proliferation or apoptosis. Colombo
et al®® and Urbach et al®! found that Taylor’s FCD was more
likely to demonstrate abnormal signal in the white matter
that tapers from the cortex toward the ventricles (trans-
mantle dysplasia).?? During development, cells migrate
from the germinal matrix to the cortex along radial glial
fibers; abnormal cellular proliferation may in turn affect
cellular migration and cortical organization and poten-
tially be responsible for this transmantle abnormal signal.
This supports the suggestion that FCD with balloon cells
occurs at an earlier stage of cortical development com-
pared with FCD without balloon cells. By contrast, Andres
et al®® found an increased number of neurons in layer I of
the cortex and the white matter and abnormal morphol-
ogy of neurons in Taylor’s FCD. They suggested that exces-
sive neurogenesis of late-generated neurons and possible
retention of radial glial and subplate neurons may account
for the development of Taylor’s FCD, which would then in-
dicate that Taylor’s FCD occurs in the later stage of cortical
development.5?

Type IA and IB FCD and mild malformations of cortical
development are classified as malformations because of ab-
normal cortical organization.> These lesions are thought to
arise secondary to insults occurring later in the development
of the cortex, during late gestation, and they may be acquired
up to 2 years postnatally.5*-58 Histological findings of dys-
plastic neurons with giant neurons have been seen after se-
vere perinatal injury such as ventricular hemorrhage in the
premature neonate,® white matter hypoxic-ischemic injury
in premature®® and term neonates,®’ early perinatal closed
head injury,® and in nonaccidental injury.®

Imaging Appearance of FCD

FCD more commonly involves the frontal lobe. In half of the
cases, two adjacent gyri are involved; less commonly, one
gyrus or the depth of a sulcus is involved.®! Two discrete FCDs
may be found in the same patient.®"*® On MRI, the features
of FCD include thick cortex, blurring of the cortical-subcorti-
cal junction, abnormal signal in the white matter, and deep
sulci. The cortex may demonstrate mildly high T1/low T2
signal. Contrast enhancement is rare but has been reported
in FCD.5'7° Taylor’s FCD (IIA and IIB) more commonly in-
volves the extratemporal cortex. Taylor’s FCD is more likely
to demonstrate high T2/ FLAIR signal that extends to and
tapers toward the ventricle>%°6! (Fig. 8.6A,B). By contrast,
non-Taylor’s FCD (IA and IB) is more likely to be located in
the temporal lobe, to demonstrate mild increased signal and
hypoplasia or atrophy of the white matter (Fig. 8.6C,D), and
to be associated with hippocampal sclerosis.®°
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The MRI appearance of FCD may change with brain matu-
ration. In longitudinal MRI studies in infants with FCD, the
early study may be normal, but repeat imaging at a later date
may demonstrate high T2 signal in the white matter, high T1
signal in the cortex, and blurring of the cortical-subcortical
white matter junction.”" A repeat study is recommended at a
later stage when the MRI appears initially normal in an infant
with refractory partial seizures or infantile spasm.”" Also, in
contrast to the high T2/FLAIR signal in the white matter of
FCD in children, the white matter adjacent to the dysplastic
cortex may demonstrate low T2/high T1 signal in neonates
and infants. This is postulated to be secondary to early my-
elination because of repeated seizures. Experimental study in
the mouse has shown that repeated neuronal electrical activ-
ity such as those occurring in seizures induces myelination.”?

Surgical Outcome of FCD

EEG abnormalities of FCD usually exceed the limits of
MRI-visible abnormality. Similarly, the extent of FCD as

defined by histopathology usually exceeds that visual-
ized on MRI. The surgical results are dependent on resect-
ing both the MRI-visible lesion and the cortical areas of
abnormal EEG activity.”? Earlier studies on surgical out-
comes of FCD have reported that only 38 to 40% of patients
achieved Engel class I outcome 1 or more years after sur-
gery.”* Subsequent studies have shown that up to 50 to 70%
seizure-free outcome may be obtained after wider surgi-
cal resection’>-8; Otsubo et al found that of 10 patients
whose preoperative imaging showed FCD and who had MEG
examination, 7 experienced good seizure outcome after re-
section of the MRI-visible lesion and of areas with MEG spike
sources.”® This finding compares favorably with outcome
of patients with hippocampal sclerosis®® and low-grade
neoplasm.?!

There is no consensus on the surgical outcome of sub-
types of FCD. Some authors have reported a better surgical
outcome for Taylor’s FCD, whereas others have reported mild
MCD and type I FCD have better surgical outcome.>0527382-85
The better surgical outcome of mild MCD and type 1 FCD

Fig. 8.6 Axial (A) T2 and (B) FLAIR im-
ages showing a lesion of high T2 and
FLAIR signal involving the cortex and
subcortical white matter associated
with mild gyral expansion. There is ta-
pering of the abnormal signal toward
the ventricle, a feature that is very
suggestive of Taylor’s focal cortical
dysplasia. Coronal (C) proton density
and (D) T2-weighted imaging show
high signal in the white matter of the
left temporal lobe with blurring of the
gray-white matter junction and slight
reduction in the size of the left tem-
poral lobe. The imaging findings are
in keeping with focal cortical dyspla-
sia. Histologically, there is evidence
of lack of well-defined laminar corti-
cal layering, neuronal clustering in
the cortex, and heterotopic neurons
in the white matter, in keeping with
microdysgenesis.
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could either be because of the lesser degree of histopatho-
logic abnormalities or a preponderance of lesion location in
the temporal lobe.

Hemimegalencephaly

Hemimegalencephaly (HME) may be sporadic or be associated
with neurocutaneous syndromes (tuberous sclerosis, epi-
dermal nevus syndrome, linear nevus sebaceous syndrome,
hypomelanosis of Ito, Proteus syndrome, Klippel-Trénaunay
syndrome, and encephalocraniocutaneous lipomatosis). The
sporadic form is considered a hemispheric variant of FCD.%6
Histologically, the appearance is similar to FCD with abnormal
gyration of the cortex, dyslamination, blurring of gray-white
matter junction, giant neurons in both gray and white mat-
ter, and balloon cells in 50% of cases. Clinically, it may present
early with intractable epilepsy; other clinical presentations
include hemiparesis, hemianopia, and mental retardation. On
imaging, one hemisphere is large with expanded calvarium,
and this may be associated with enlarged lateral ventricle of
the affected side.?”88 The cortex is usually thick with broad
gyri. The white matter usually has low T1/high T2 signal with
possible cystic changes and calcification. In infants, the white
matter of the affected hemisphere may show high T1/low T2
signal, suggesting early myelination,® possibly caused by sei-
zure activity.”2 HME may involve the cerebellum® or may be
limited to part of the hemisphere, usually its posterior por-
tion.°! With recurrent seizures or refractory status epilepti-
cus, the enlarged hemisphere may later become atrophic.
Because of the intractable seizures, which are often poorly
controlled by medications, and progressive deterioration,
functional or anatomical hemispherectomy may be required
to control the seizures.

Tuberous Sclerosis

Brain abnormalities in tuberous sclerosis (TSC) may be
considered as a syndromic variant of FCD. The giant astro-
cytes that are present in cortical tubers correspond to the
balloon cells present in Taylor’s FCD. On imaging, TSC is char-
acterized by the presence of multiple cortical/subcortical
tubers distributed in both hemispheres and subependymal
nodules along the margins of the ventricles. Cortical/sub-
cortical tubers have broad gyri, thick cortex, and abnormal
signal in the cortex and subcortical white matter and may
occasionally demonstrate calcification. The subependymal
nodules are more commonly calcified. In the region of the
foramen of Monro, subependymal nodules may grow gradu-
ally to form the giant cell astrocytomas. The cerebellar cor-
tex is often dysplastic as well. Surgery is not commonly
performed in these patients because of the multiplicity
of the lesions and the multiple seizure types, but it is oc-
casionally possible if electrophysiology and imaging with
PET or SPECT demonstrate a focal abnormality in keeping

with an epileptogenic focus and if there is a large discrete
tuber.

Other Malformations of Cortical
Development

Beside FCD, malformations of cortical development (MCD)
include disorders of cellular proliferation, such as micro-
cephaly with simplified gyral pattern (for which epilepsy,
when it occurs, is only part of a globally severe condition),
migration disorders such as the nodular and band heteroto-
pia, organization disorders such as the polymicrogyria, and
schizencephaly.>*** Surgery is not commonly indicated in
these conditions.

Gray Matter Heterotopia

Gray matter heterotopia are masses of apparently normal
gray matter located in abnormal places. They are assumed
to be disorders of migration. They are presumed to be epi-
leptogenic because they are made of active neurons with
abnormal connections between themselves as well as with
the overlying cortex. This overlying cortex also is somewhat
dysplastic, typically in proportion to the size of the heteroto-
pia. On MRI, heterotopia have the same signal as the central
or cortical gray matter. Depending on their location, they are
designated as periventricular nodular heterotopia (PNH; iso-
lated, multiple or diffuse; never on the basal ganglia or corpus
callosum), subcortical nodular heterotopia (often huge, tran-
scerebral), and band heterotopia; the latter correspond to the
lesser end of the agyria/pachygyria spectrum. Most cases of
heterotopia are not indications for epilepsy surgery.

Polymicrogyria and Schizencephaly

Both disorders are classified as disorders of late organization
of the cortex> and may be sporadic, familial, or acquired
(often associated with cytomegalovirus [CMV]). In approxi-
mately 50% of cases, the patients present with neurological
deficits and epilepsy. Polymicrogyria (PMG)? is character-
ized by multiple small gyri below a continuous molecular
layer. The sulcal pattern in the affected area is disorganized
with aberrant sulci. The lesion is usually located around the
insula, with a variable extent toward the hemispheric con-
vexities. It may be unilateral or bilateral but usually not ab-
solutely symmetrical. The corresponding white matter and
the brainstem are atrophic. Areas of high T2 signal may be
present, suggesting previous CMV infection. Typically, the
abnormal cortex is still functional, and the surrounding nor-
mal-appearing cortex is often epileptogenic,’* probably be-
cause of abnormal connectivity.?*7 For these reasons, and
because of the large extent of the lesion, PMG is a poor indi-
cation for epilepsy surgery, except for hemispherectomy. In
rare cases, PMG may be focal and can be resected.



8 Structural Brain Imaging in Epilepsy

Schizencephaly is characterized by a transcerebral cleft
lined with polymicrogyric cortex joining the ependyma. The
cleft may be small or large, unilateral or bilateral, and not per-
fectly symmetrical. The septum pellucidum is absent when
the cleft is frontal or central. There are reports of successful
surgery of closed lip schizencephaly®-1%; the epileptogenic
cortex surrounding the cleft was described as dysplastic with
giant neurons.” Surgical indications for schizencephaly as-
sociated epilepsy are, nevertheless, uncommon.

B Hypothalamic Hamartomas

Hypothalamic hamartomas (HH) are abnormal masses of
normal-appearing gray matter located in or attached to the
tuber cinereum. Their clinical features are epilepsy (mostly
refractory gelastic seizures in the initial stage of the disease)
and central precocious puberty. The epilepsy is severe, and
over time results in cognitive deterioration and behavioral
problems. A morphological distinction of HH has been pro-
posed between the intrahypothalamic hamartomas that en-
croach on the third ventricle and would be characterized by
the early occurrence of epilepsy, and the parahypothalamic
hamartomas, pedunculated or sessile but not encroaching
on the third ventricle, which would be characterized by a
central precocious puberty.!®! Using the displacement of
the white matter bundles and the mammillary bodies, it has
been suggested that epilepsy-associated HH are invariably
located behind the postcommissural fornix, in front of the
mammillothalamic tract, and above the mammillary bod-
ies.’%2 Epileptogenic HH therefore are intrahypothalamic
masses that encroaches on the third ventricle. Their TIWI
signal is mildly inferior to that of the central gray matter
(74%); their T2WI signal is superior to that of central gray
matter (93%), and the FLAIR signal is always high.'% This sig-
nal might reflect some degree of gliosis related to the seizure
activity,’® and it can be used to demarcate the lesion from
the surrounding hypothalamus.!?? There is no enhancement
and no calcification. Cystic components may be found.'0%1%3
The mass usually does not increase in size over the years,
but a decrease in size during the first months of life has been
reported in one case.'®> Small epileptogenic lesions are typi-
cally intraventricular, whereas large lesions extend both into
the ventricular lumen and the interpeduncular fossa; strictly
inferior masses are rarely epileptogenic. The mass may splay
the cerebral peduncles apart and displace the basilar artery.
Epileptogenic HH always involve the mamillary bodies, and
it involves the tuber cinereum in 90% of cases. They may
involve the chiasm (22%), lamina terminalis (17%), or the
pituitary stalk (20% and associated with central precocious
puberty).’®> The mass may be bilateral and symmetrical
(37%) or predominantly or entirely unilateral (63%); it may
distort the mammillary bodies on one side (68%) or on both
(19%) sides; intraventricular expansion is usual.'® MRI spec-

troscopy shows increased myoinositol and decreased NAA
compared with the thalami or the frontal lobes; this corre-
lates with the presence of gliosis on histology.'%? In 25% of
patients, other brain abnormalities are found. High signal of
the anterior temporal white matter and blurring of the cor-
tical-subcortical junction are seen in 16% of patients on the
side of the hamartoma when it is lateralized or in both tem-
poral lobes when the hamartoma is bilateral; this may relate
to epilepsy-related gliosis rather than dysplasia.’®? A dys-
plastic appearance of the hippocampus was reported in four
cases'®, “Arachnoid” cysts have been observed in relation
with HH.192103 These might represent predominantly cystic
hamartomas. Ependymal remnants have been observed in
otherwise solid HH,'°! and we have observed that closed su-
prasellar cysts without apparent HH are occasionally found
in patients with refractory epilepsy or precocious puberty.
Epilepsy-associated HH can be treated with surgical discon-
nection or radiosurgery.

B Hippocampal Sclerosis

Although hippocampal sclerosis is the most common epi-
leptogenic substrate seen in adult surgical epilepsy series,
it is less common in children.’ Hippocampal sclerosis is
characterized by neuronal loss and gliosis in CA1, CA3, and
dentate hilus.’® On MR, the findings include high T2/FLAIR
signal and atrophy of the hippocampus®'* (Fig. 8.7A,B).
Other findings include loss of internal architecture, loss of
hippocampal head interdigitations,'% atrophy of ipsilateral
mamillary body and fornix,'% dilatation of the ipsilateral
temporal horn, volume loss of the temporal lobe, and atro-
phy of the collateral white matter between the hippocampus
and collateral sulcus.!”” The sensitivity of MRI in detecting
hippocampal sclerosis by qualitative assessment is on the
order of 80 to 90%. Visual assessment of MRI may reliably
detect hippocampal volume asymmetry of more than 20%.
Lesser degrees of asymmetry require quantitative volumet-
ric analysis.!%-11% Hippocampal volume reduction correlates
with the severity of neuronal cell loss.

B Rasmussen Encephalitis

Rasmussen encephalitis is a chronic, progressive encepha-
litis of unknown etiology that results in severe intractable
epilepsy. There is a suggestion of possible autoimmune basis
for the disease. An antibody that reacted to glutamate recep-
tor subunit GIuR3 produced features similar to Rasmussen’s
disease when injected into rabbits.!"! Pathological examina-
tions of surgical specimens have supported evidence of im-
mune system involvement by demonstration of complement
deposition along blood vessel wall.''2 An inciting event with
breakdown of the blood-brain barrier, thereby exposing the
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brain to antigens, provides the basis for an autoimmune re-
sponse and results in the clinical development of Rasmus-
sen encephalitis.!’>1 Clinically, the seizures begin abruptly
in previously normal children and include partial seizures
and epilepsia partialis continua. With disease progression,
the patients develop hemiparesis or hemiplegia and cogni-
tive decline. The histological findings are those of chronic,
nonspecific encephalitis with perivascular lymphocytic cuff-
ing, gliosis, microglial nodules, and neuronal loss. At a later
stage of the disease, biopsy may show nonspecific findings
of atrophy and residual gliosis with minimal inflammatory
cellular infiltrate, referred to as “burned out encephalitis” by
Aguilar and Rasmussen.'"® Early in the course of the disease,
CT and MRI may be entirely normal''® or may show swelling
of the cortex.!” With disease progression, MRI demonstrates
progressive atrophy and progressive abnormal signal in the
white matter and cortex!!” (Fig. 8.8A,B). Serial MRI of 10
patients revealed a step-like evolution, with successive fo-

Fig. 8.7 Oblique (A) coronal T2 and (B)
coronal inversion recovery sequences
showing atrophy and high T2 signal
in the right hippocampus, features in
keeping with mesial temporal sclerosis.

cal areas becoming involved.''® Frontal and frontotemporal
lobes involvement are common, and there may be associ-
ated ipsilateral atrophy of striate and hippocampus.'!” Pro-
ton MRI spectroscopy reveals decreased NAA concentration
in patients with Rasmussen encephalitis, and this finding
has been found to correlate with brain atrophy and neuronal
loss.!'® Treatment options include medical treatment such as
intravenous immunoglobulin, plasmapheresis, or immuno-
suppressant medications.!20121

B Other Causes for Partial or
Catastrophic Epilepsies in Children

It is generally agreed on that the intellectual and neurologi-
cal development of children suffering from Sturge-Weber
disease depends on the occurrence of repeated seizures. If

Fig. 8.8 (A) Axial FLAIR and (B) coro-
nal T2 images demonstrate right
hemiatrophy and abnormal signal in
the subcortical and periventricular
white matter in a child with intracta-
ble seizures. There is associated right
hippocampal atrophy. The imaging
findings are suspicious of Rasmussen
B encephalitis.
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medical treatment fails, the intractable epilepsy may re-
quire treatment with hemispherectomy; the absence of
contralateral involvement should therefore be ascertained.
The characteristic brain MRI features of Stiirge-Weber dis-
ease are diffuse enhancement of the surface of one hemi-
sphere, typically over its posterior portion, reflecting the
pial angioma. A contrast-enhanced FLAIR sequence better
demonstrates the angioma.'?> A T1 sequence with fat satu-
ration may show associated abnormalities of the ocular cho-
roid and of the calvarium. Other usual findings are a large
choroid plexus in the ipsilateral ventricle and prominent,
developmental venous anomalies (DVA)-like transmedul-
lary veins. Hemispheric swelling from prolonged seizure
activity may be demonstrated. Acute ischemia may also
occur, with focal edema and possibly bleed. In infants, the
white matter may present with a low T2 signal'?? that has
been tentatively explained by the venous congestion,'?* but
early myelination induced by seizure activity may be an al-
ternative explanation.”? Calcification is unusual in infants.
The angiomatous hemisphere may already show atrophy,
either because of previous seizure activity or to a perfusion
defect.

Arteriovenous Malformations

Arteriovenous malformations (AVMs) are usually not epilep-
togenic in children, except for the large AVMs. Cavernomas
are often located at the cortical-subcortical junction and are
often epileptogenic'?®; they may be small, and they are best
depicted on T2*GE imaging, which should always be done
when no other cause is found for partial seizures. The rare
sporadic meningioangiomatosis is characterized by menin-
govascular proliferation and calcification'?61?7; the under-
lying brain tissue may appear dysplastic, and the affected
cortex as well as the perilesional cortex may be intrinsically
epileptogenic.'?® The cortex is high T1/low T2 because of the
calcification; the white matter is dark on TITWI and bright on
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Functional MRI in Pediatric

Epilepsy Surgery

Torsten Baldeweg and Frédérique Liégeois

Functional magnetic resonance imaging (fMRI) has rapidly
entered the armory of imaging methods available for the
management of patients with focal epilepsy who may be
surgery candidates. This is particularly true for presurgical
investigations of cognitive and motor functions. The factors
that have contributed to its success are chiefly its noninva-
siveness, reproducibility, and wide availability. fMRI can re-
veal clinically useful information about the functional status
of cortical tissue in relation to eloquent functions and, more
recently, about origin and spread of epileptic activity.

In this chapter we will outline some of the basic principles
of application of fMRI for complementing the neuropsycho-
logical evaluation of children and adolescents undergoing
neurosurgical treatment. We will focus on two main issues
that have received most attention so far: does fMRI provide
a noninvasive means to reliably estimate hemispheric domi-
nance of language and memory functions and localization of
eloquent cortex? Finally, we will briefly mention recent de-
velopments in the mapping of blood flow changes associated
with epileptic activity. The use of fMRI in mapping sensori-
motor cortex before surgery has been reviewed previously!?
and will not be covered in this chapter. Several recent reviews
cover different aspects relevant to fMRI application to epilepsy
surgery evaluation3-> and its use in pediatric populations.'$’

B Instrumentation and Methods

Basic Principles of fMRI

fMRI is based on the dependence of T2-weighted signal on
the oxygenation status of hemoglobin, and the derived sig-
nal is called blood oxygen dependent (BOLD) signal. The
fMRI signal is delayed with respect to the onset of neu-
ronal activity by approximately 6 seconds and shows a more
temporally protracted time course, lasting approximately
20 seconds before returning to baseline. Neurophysiological
studies in the monkey visual cortex have shown that neu-
ronal excitation results in enhanced (positive) BOLD signal,
whereas reduction in net neural excitation results in reduced
(negative) BOLD signal.® The spatial resolution is in the order
of several mm (typical voxel size: 3 x 3 x 3 mm?), and its ef-
fective resolution will depend on the spatial filtering used
during signal processing.

74

Experimental Designs

fMRI activation is detected using one of two experimental
paradigms: block designs consisting of repeated activation—
baseline state cycles and event-related designs, in which dis-
crete events are analyzed separately, allowing for control of
behavioral task performance during data analysis. The lat-
ter is used for studies of memory (e.g., comparing recalled
versus forgotten/new items), whereas the former is com-
monly used with language and motor activation studies.
Block designs have been used most consistently in children
and adolescents, because their higher signal-to-noise ratio
reduces the scanning time required to obtain robust fMRI
activation.

Stimulation tasks are tailored to the cognitive domains
under investigation, using visual or auditory stimulus pre-
sentation. Language tasks may include story comprehension,
but the most commonly used task to assess hemispheric
dominance for expressive language is silent word generation
to letters (fluency) or words (verb or synonym generation).
Memory tasks commonly use visually presented words, pic-
tures, or human faces.

Response Monitoring

Earlier language fMRI studies have instructed patients to co-
vertly generate verbal responses to avoid head movements
caused by overt speech. Although this has generally worked
well with most patients, it has the disadvantage of being
prone to ambiguous results if activation patterns are atypi-
cal or in loss of activation in less cooperative patients. More
recent studies have used experimental protocols that require
patients to respond using button presses to indicate a choice
between different stimulus categories or presence of cer-
tain target items.® An alternative, yet relatively unexplored,
method uses gaps in the image acquisition to allow for overt
verbal responses.!®

Assessment of Laterality of fMRI Activation

The term fMRI lateralization is commonly used to refer to
the hemispheric asymmetry of fMRI activation in a given re-
gion of interest and may refer to extent of activation, level of
activation, or both. Some epilepsy centers successfully rely
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on a qualitative judgment of laterality, performed by fMRI
experienced neuroradiologists,”'!> whereas others use a
combination of qualitative and statistical measures'>* as
converging evidence.

B Applications for Presurgical
Evaluation

The majority of published studies have been conducted on
adults, and only a small number of pediatric studies have
been reported.*-1® We therefore review here the evidence
from both adult and childhood epilepsy studies combined
while attempting to point out issues that may have specific
significance for pediatric practice.

Preoperative Assessment of
Language Lateralization

Language fMRI tasks are used in candidates for epilepsy sur-
gery with a view to improve the prognosis for postsurgical
speech and language deficits. The main questions are whether
surgery is planned in the language-dominant hemisphere
and whether language cortex is located near the planned
resection. The increased frequency of atypical language lat-
eralization (i.e., right-sided or bilateral) in patients with focal
epilepsy or lesions of the left hemisphere has been known for
more than 30 years.'® These early studies, using the intrac-
arotid amobarbital test (IAT, or Wada test), also suggested
that mainly lesions within classic language cortex (Broca’s
and Wernicke’s regions) are responsible for inducing a shift

of language to the right hemisphere. More recent investiga-
tions, with the benefit of modern neuroimaging, have, nev-
ertheless, shown that a considerable proportion of patients
with early acquired or developmental left-sided perisylvian
lesions showed evidence of intrahemispheric reorganization
of language (i.e., retain typical left-sided lateralization, see
example in Fig. 9.1A), often near the lesion.!”820 Further-
more, patients with epilepsy arising from pathology in re-
gions remote from classic language cortex, especially in the
mesial temporal cortex, often show atypical, often bilateral,
language representation'’?'?2 (see example in Fig. 9.1B). A
recent study in a large cohort of patients with a left hemi-
sphere epileptogenic focus (including children) identified
the following factors associated with atypical language lat-
eralization'?%3: left-handedness, onset of epilepsy before age
6, and MRI type. Regarding the latter pathology factor, it is
notable that patients with stroke showed a very high rate of
reorganization and that approximately 35% of patients with
a normal MRI had atypical language. This finding points to
the possibility that epileptic activity drives functional reor-
ganization.?* In summary, localization-related epilepsies are
associated with widespread changes in the structural and
functional organization of the brain.

Assessment of Language Lateralization:
fMRI and IAT

Studies on Adults

Although the IAT remains the gold standard for determining
hemispheric dominance for speech and language, many epi-
lepsy centers now routinely use f/MRI.>%> Comparative studies

Fig. 9.1 Examples of functional magnetic resonance imaging (fMRI)
language reorganization patterns in children with focal lesions of the
left hemisphere using a silent verb generation task. (A) Intrahemi-
spheric reorganization in two patients with extensive perisylvian de-
velopmental lesions (cases #1 and #2; for more details see Liégeois
et al'”). (B) Interhemispheric language reorganization in a child (case
#3) with hippocampal sclerosis (circled, see also Weber et al??). The

bilateral fMRIlanguage representation was confirmed by intracarotid
amobarbital test. (C) Tracking of interhemispheric language reorgan-
ization in patients with progressive neurodegenerative conditions,
such as Rasmussen encephalitis, as shown in cases #4 and #5 (pre-
and postoperatively, respectively; see Liégeois et al'® for further de-
tails). Note: the crosshair indicates local maximum activation in the
inferior frontal region. Left hemisphere is on the left.
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using both methods'"'??% in adults have found agreement
in approximately 80 to 90% of cases. Notwithstanding the
obvious difference between an observation-based method
(fMRI) and an inhibition procedure (IAT),> multiple other
factors are likely to cause disparity,®!'?7 including differ-
ences between fMRI and IAT tasks'??® and variability in the
regions of interest chosen for fMRI lateralization analysis.?”?°
Finally, in contrast to the IAT, fMRI will also detect activa-
tion in regions that are not essential for the performance of
a task (redundant activation). If these regions are localized
in the nondominant hemisphere, this is likely to render fMRI
findings more bilateral (see Woermann et al'2 for examples).
No method is currently available that could distinguish es-
sential from redundant activation foci on fMRI. The con-
tralesional activation detected on fMRI may also indicate
the potential for postsurgical reorganization of function.
Indeed, two studies that have used both fMRI and IAT have
found fMRI to be a better predictor of postoperative cogni-
tive outcome. The study by Sabsevitz et al*® in 24 patients
who underwent left anterior lobe lobectomy (L-ATL) showed
the fMRI lateralization index to be 100% sensitive and 73%
predictive of significant visual naming decline. A recent
study by Binder et al®! corroborates this finding for verbal
memory outcome after L-ATL and will be discussed in more
detail later.

Although the direct comparison of fMRI with IAT was an
obvious first step in validating this new method, the IAT it-
self is not free of potential problems,?? such as lack of stan-
dardization and reproducibility, agitation and obtundation
in some patients, potential cross-flow between the hemi-
spheres, and many others (see Chapter 12). Indeed, there
are reports of erroneous lateralization using the IAT, as evi-
denced by electrocortical stimulation®? or postsurgical dys-
phasia®* in which functional neuroimaging had indicated the
correct lateralization. Therefore, only further postoperative
outcome studies of the kind reported by Sabsevitz et al* and
Binder et al*' can demonstrate the true predictive value of
fMRI-derived language lateralization.

In summary, a review of all available studies* concluded
that fMRI increases importantly the probability of correctly
predicting language dominance in multiple subgroups of
surgery patients with and without epilepsy.

Pediatric Studies

Only a few studies have specifically investigated the role of
fMRI in pediatric epilepsy surgery candidates,'4-1618 com-
monly comparing fMRI with a mixture of invasive investi-
gations (IAT, electrocortical stimulation [ECS]) or clinical
observations. These studies have confirmed the feasibility
and accuracy of fMRI in estimating language dominance in
children, with the proviso that in some bilateral fMRI cases,
only unilateral corroborating evidence was available.'*18 A
study involving a small series of children who also under-

went ECS and IAT reported bilateral fMRI activation more
often than suggested by IAT?®; however, details of the proce-
dure were not given. Longitudinal fMRI studies are particu-
larly useful for investigating children with epilepsy caused
by extensive left hemispheric injury or progressive neuro-
degenerative conditions, such as Rasmussen encephalitis
(Fig. 9.1C), in revealing the gradual process of language re-
organisation,” which can be used to optimize the timing of
surgery and perhaps also for predicting the level of language
proficiency after surgery.'”

Localization of Language Cortex:
fMRI and ECS

Studies on Adults

ECS is the gold standard method for mapping eloquent cor-
tex before surgery. However, the majority of ECS sites tested
intraoperatively are not associated with language-associated
deficits.3® Given also the large variability in the location of
individual ECS language sites, it is, therefore, desirable to be
able to selectively target critical regions preoperatively. This
is particularly true when ECS is applied to children where
cooperation and motivation during lengthy testing sessions
can be an issue, even when performed extraoperatively. The
first studies have shown some promising results,3*-4! with
sensitivity of fMRI in predicting ECS language sites ranging
from 80 to 100%, especially if multiple fMRI language tasks,
both auditory and visual, were combined. These studies also
showed that the correlation is confounded by fMRI activa-
tion in redundant (noncritical) language sites, usually lead-
ing to decreased specificity of approximately 50% for fMRI
identifying positive ECS sites.

The study by Roux et al*?> showed less encouraging results
(maximal sensitivity 66% for combined verb generation and
naming tasks) and highlighted the challenges in combining
both modalities. By necessity, different stimulations tasks are
used for fMRI and ECS, often using different response modes
(covert versus overt). There are inherent spatial inaccura-
cies in both fMRI and ECS, amounting up to approximately
1 cm each. Furthermore, the fMRI signal-to-noise ratio may
not be sufficient if very short scanning sessions are used.*?
Indeed, the reports with consistent correlations**#! used at
least three different fMRI language tasks of sufficient length
to achieve good signal-to-noise ratio and convergence of
activation in critical language regions. It also appears that
tasks that involve sentence comprehension are better suited
to activate temporoparietal language areas than those that
use single-word or item processing.404!

The issue of statistical threshold for the display of fMRI acti-
vation foci is particularly critical because the strength of acti-
vation may vary considerably across individuals.' FitzGerald
et al*® suggested using variable thresholds so the activation
results in approximately 1 cm? or larger extent of cluster size
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at the cortical surface, which would be in agreement with the
estimated extent of ECS language foci. By contrast, Rutten et
al*! used an operator-independent, fixed threshold—perhaps
favored by a good signal-to-noise ratio in their study.

Pediatric Studies

Our own experience with extraoperative language ECS in
pediatric patients is in agreement with the previously men-
tioned conclusions. ECS sites are commonly found in proxim-
ity to major fMRI activation foci (see example in Fig. 9.2A);
however, in agreement with other authors, the presence of
fMRI activation does not predict an ECS site with certainty.
The use of a single fMRI task (auditory verb generation'417),
although resulting in robust and reproducible activations, is
clearly insufficient to map essential ECS sites if elicited by a
different task during ECS (see Fig. 9.2B). In addition, fMRI
can indicate atypical locations of eloquent cortex, which
may escape detection by ECS, especially when located deep
in the vicinity of cortical sulci. This has been documented by
Rutten et al*® in a 14-year-old patient with a tumor displac-
ing Broca’s region.

Fig. 9.2 lIllustrations of possible caveats in correlating language
functional magnetic resonance imaging (fMRI) and electrocortical
stimulation (ECS) mapping. (A) Case #6: Frontal activation (green ar-
row) was displaced dorsally by focal cortical dysplasia (circle) within
classic Broca’s region and confirmed using extraoperative ECS (red
arrow and red dots on cortical reconstruction, bottom left). A second
ECS site in the anterior superior temporal gyrus (yellow arrow) was
not visible on fMRI. (B) Case #7: Intraoperative mapping identified
multiple ECS sites to auditory (blue dots) and visual (yellow dots) con-

In summary, although the first comparative studies were
motivated by the desire to replace ECS with fMRI, currently
this does not appear to be a realistic expectation. Neverthe-
less, the evidence accumulated so far suggests that fMRI
language mapping can help in planning the extent of crani-
otomy, guiding the placement of subdural electrodes, and in
targeting of sites for ECS.

Preoperative Assessment of Memory
Lateralization

Surgical resection of the anterior temporal lobe is an estab-
lished treatment for medication-resistant temporal lobe
epilepsy (TLE) in both adults and children. A major clini-
cal concern is the risk of verbal memory deficits as a con-
sequence of ATL in the language-dominant hemisphere.
Although the memory effects of ATL are well understood
in adult TLE patients, few data are available for children.
Individual case reports and group studies in children with
mixed etiology** nevertheless suggest a risk for significant
memory deficits in some children. Given that IAT asym-
metries can predict verbal memory decline in children,*

frontation naming in a child with a focal cortical dysplasia (circled
on MRI and delineated on the photograph). fMRI failed to identify
the extent of eloquent cortex (yellow arrow) in the posterior superior
temporal (Wernicke’s) region. Only a small fMRI activation focus was
found posteriorly to the lesion (green arrow), suggesting that an ad-
ditional fMRI task may have been useful. fMRI correctly identified the
language dominant hemisphere in both cases. Note: the crosshair
indicates the local maximum activation using silent verb generation
task. Left hemisphere is on the left.
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researchers hope that fMRI will one day replace this invasive
procedure.

So far only a few studies have demonstrated the feasibility
of conducting memory fMRI studies at group level in healthy
children,?® and there are currently no reports from clinical
pediatric populations. We will therefore review fMRI stud-
ies in adult TLE that have focused on the following aspects
relevant to epilepsy surgery (see review in Powell et al*’):

Have fMRI studies:

1. demonstrated evidence for material-specific lateraliza-
tion and localization of memory processes in the medial
temporal lobe (MTL)?

2. revealed the impact of TLE on MTL memory organiza-
tion?

3. helped to predict postsurgical memory outcome?

The material-specific lateralization of memory processes in
the MTL has been shown using a variety of tasks, including
incidental encoding, recognition memory, and subsequent
memory tasks. Typically, verbal memory for words is asso-
ciated with left MTL activation and memory for faces with
right MTL; memory for visual objects results in bilateral
activation.*” There is also evidence for associated material-
specific lateralization in prefrontal activation, suggesting
important functional interactions with ipsilateral MTL struc-
tures. Furthermore, functional imaging studies have hinted
at regional specializations within MTL with respect to dif-
ferent memory operations, such as encoding and retrieval,
recognition, and recall.*’

fMRI studies in adult patients have uncovered how uni-
lateral TLE affects the organization of the MTL memory sys-
tems. Typically, patients with left-sided TLE (mostly caused
by hippocampal sclerosis) show fMRI evidence for reorgani-
zation of verbal memory functions to the right MTL (focused
on the hippocampus), whereas patients with right-sided TLE
show greater lateralization to the left MTL.*8 Nonverbal tasks,
such as mental navigation or visual scene encoding, show
bilateral MTL activation in control subjects and asymmetric
activation shifted contralaterally to the side of TLE seizure fo-
cus.*>->1 fMRI lateralization of memory was concordant with
IAT memory scores in the majority of patients, but studies
are still limited to small numbers of cases.>®>? Furthermore,
hippocampal volume loss was correlated with MTL activa-
tion in a material and side-specific way: verbal encoding-
correlated activation in the left MTL with left hippocampal
volume and picture encoding-correlated activation in the
right MTL with right hippocampal volume.* It is therefore
not surprising that fMRI activation within the sclerotic hip-
pocampus correlated with memory scores: for the left side
with verbal memory, and for the right side with nonverbal
memory. Conversely, activation within the contralesional
hippocampus was negatively correlated with memory per-
formance, suggesting that reorganized MTL function did not
positively contribute to preoperative memory function.

The critical question is whether these fMRI findings are
relevant to prediction of postoperative memory changes af-
ter ATL. Indeed, correlations of preoperative memory fMRI
with postoperative memory changes have been demon-
strated in small groups of ATL patients. The consistent find-
ing across these studies in exclusively adult patient groups
is that the stronger the ipsilesional MTL activation is or the
larger its activation asymmetry is,*®>* the larger the postop-
erative memory loss will be. This is true for verbal memory
change*® as well as nonverbal memory loss.*®*! These find-
ings are consistent with the functional adequacy model of
memory deficits following ATL in adults® and the fact that
higher preoperative memory performance is a predictor of
larger postoperative decline. Contralesional MTL fMRI acti-
vations, which can be seen as evidence for functional reor-
ganization caused by unilateral TLE, have not been found to
correlate with postoperative memory performance, at least
at the short postoperative follow-up periods reported so far.

Although memory fMRI is technically challenging and the
resulting activation strength within MTL regions is usually
low, an alternative approach is the use of fMRI language lat-
eralization in predicting the memory effect of ATL. Indeed,
Binder and colleagues®' reported that fMRI improved the pre-
diction of verbal memory outcome in comparison with IAT
memory lateralization in a large cohort of adult left ATL pa-
tients. This important study demonstrated how a new non-
invasive imaging method should be integrated with existing
clinical protocols. Future studies should establish whether
memory fMRI will truly add predictive power in addition to
neuropsychological evaluation, hippocampal volumetry, and
language lateralization.

Given the developmental nature of many of the patholo-
gies that give rise to TLE, we expect that reorganization of
memory functions can be readily detected in children us-
ing fMRI. In the absence of evidence, one would speculate
that contralesional MTL activations, unlike in adults, are
more likely to predict a positive memory outcome, given the
greater memory recovery after ATL in childhood.>®

Localization of Epileptic Discharge Activity
Using fMRI

Studies on Adults

Because the first description of BOLD changes during a focal
seizure in a child,’” fMRI has been increasingly used to study
brain blood flow changes associated with normal and abnor-
mal electroencephalography (EEG) activity.>® EEG-spike asso-
ciated BOLD responses have been localized in the absence of
structural MRI abnormalities,*® which has led to the expecta-
tion that EEG-fMRI may help in identifying potential surgical
candidates in whom other source localization techniques have
failed to localize a single focus. Only a variable proportion
of adult patients show significant fMRI activation correlated
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with focal EEG discharges; however, a degree of topographi-
cal concordance between the two modalities is found in the
majority of those cases. Recent studies have demonstrated
that EEG-fMRI during ictal and interictal events in patients
with malformations of cortical development can determine
the involvement of the lesion in epileptogenesis and may
help determine the potential surgical target.5

Zijlmans et al®! evaluated EEG-fMRI in adult surgical can-
didates who were considered ineligible because of unclear
EEG foci or multifocality. EEG-fMRI either improved source
localization leading to reevaluation of surgical candidacy
or corroborated the initial negative decision. The following
guidelines for the application of EEG-fMRI have been pro-
posed by those authors:

1. The best indication is for source localization in extratem-
poral (MRI-negative) epilepsy and when questions about
the depth of the source arise.

2. Inthe case of presumed multifocality, EEG-fMRI will likely
confirm this hypothesis, but, incidentally, it can favor one
of the putative sources.

3. A priori allocation of a region of interest is crucial: topo-
graphically unrelated co-(de)activation may lack a clinical
relevance.

4. EEG-fMRI can guide invasive electrode placement.

Pediatric Studies

Encouraging findings have recently been obtained in a co-
hort of children with pharmacoresistant focal epilepsy®?:
fMRI co-localization with EEG discharges was found in four
of six children, with one confirmed by intracranial EEG. So
far, patients have been preselected to have frequent interic-
tal discharges and to be able to be scanned without sedation,
and further evaluation is required to before this technique
can be applied to younger patients.
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Application of PET and SPECT in
Pediatric Epilepsy Surgery

Ajay Kumar and Harry T. Chugani

Epilepsy is the most common neurological disorder, with a
prevalence of 1 to 2% and cumulative lifetime incidence ex-
ceeding 3%. Almost 25% of epileptic patients do not respond
to multiple antiepileptic treatments and will have intrac-
table (i.e., medically refractory) seizures. These patients can
be helped by surgically removing the epileptogenic region of
the cerebral cortex. However, to accomplish this, the epilep-
togenic region has to be precisely delineated before surgery.
Indeed, the most important aspect of presurgical evaluation
is to identify the discrete epileptogenic region that can be
resected without causing an unacceptable loss of neurologi-
cal function and that will lead to complete seizure control.
Functional neuroimaging, such as positron emission tomog-
raphy (PET) and single photon emission computed tomogra-
phy (SPECT), combined with electroencephalography (EEG),
can play a very important role by providing noninvasive
presurgical localization of epileptogenic foci in the patient
with no brain lesion on computed tomography (CT) or mag-
netic resonance imaging (MRI; i.e., nonlesional cases), with
multiple structural lesions of which only one or two are epi-
leptogenic, or in cases with discordant or inconclusive EEG
findings. PET and SPECT can be very useful in cases by iden-
tifying the epileptogenic regions.

B Rationale for PET and SPECT

SPECT and PET are imaging techniques that use radioisotopes
or radiolabeled molecules (the term radiotracer will be used
for both of them) to study the perfusion or function of an or-
gan, even at the cellular or molecular level. With both meth-
ods, a very small amount of a selected radiotracer is injected
into the patient. The radiotracer is selected on the basis of de-
sired purpose, that is, which organs and what functions the
physician is interested in exploring. The gamma rays emitted
by the radiotracers are detected externally with the help of
suitable detectors, and an image of the spatial distribution of
these radiotracers is generated. Therefore, theoretically, any
organ or its function can be studied, provided appropriate
radiotracers are available. The reason for applying PET and
SPECT in epilepsy is based on the fact that the metabolism
(particularly of glucose), receptor density and neurotrans-
mission, and cerebral blood flow in the epileptic region (as
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well as in the associated seizure propagation network) are
altered and can be detected by these imaging techniques.

B Principle and Techniques of PET
and SPECT

PET

PET is an imaging technique used to noninvasively im-
age and measure the function of various organs. In PET,
positron-emitting radionuclides, such as '8F, ''C, >0, and
13N, are used to label various natural biological substrates
and drugs or pharmaceuticals. These all contain hydrogen,
carbon, oxygen, or nitrogen, which can be replaced with
their radioactive positron-emitting counterpart. The re-
sulting radioactive substance, also known as a radiotracer
or PET tracer, will have similar behavior and will follow
the same physiological pathways by emitting paired high-
energy (511 Kev) photons. These photons can be detected by
external detectors, and the whole process can be traced or
imaged. Any physiological or metabolic process, such as glu-
cose metabolism, protein synthesis, enzymatic processes, or
receptor-ligand interaction, can be studied using an appro-
priate radiotracer and various kinetic models.!

The most commonly used PET tracer in epilepsy is 2-
deoxy-2['8F]fluoro-D-glucose (FDG; half-life: 110 minutes),
which measures glucose metabolism. FDG is transported in
tissue and phosphorylated to FDG-6-phosphate in the same
manner as glucose. However, FDG-6-phosphate is not a sub-
strate for the next step of glycolysis. Because it cannot im-
mediately leave the cell, phosphorylated FDG gets trapped
within the cell, and its location and quantity can be mea-
sured by PET. Under steady-state conditions, FDG uptake
reflects the glucose metabolic rate. In the brain, this rate is
highly related to the synaptic density and functional activity
of the brain tissue.

Because brain glucose metabolism undergoes age-related
changes, particularly in the early childhood, practitioners
should be aware of this pattern while interpreting pediatric
FDG PET scans. Metabolic rates of glucose in cerebral cor-
tex at the time of birth are usually approximately 30% less
than those of adult values. They reach adult values by the
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second year of life, exceeding them by the third year, and
reach the peak values (almost double the adult values) by
3 to 4 years of age, when a plateau is reached. This plateau
persists until approximately 10 years of age, then gradu-
ally the glucose metabolic rates decline to reach adult val-
ues by the age of approximately 16 to 18 years. The glucose
metabolism pattern and visual appearance on PET scans
also changes with age. In the newborn, glucose metabolic
activity is most prominent in primary sensory and motor
cortex, thalamus, brain stem and cerebellar vermis, cingulate
cortex, amygdala, and hippocampus. Between ages 2 and 4
months, glucose use increases in parietal, temporal, and pri-
mary visual cortex (medial occipital or calcarine cortex), as
well as in the basal ganglia and cerebellar hemispheres. Be-
tween 6 and 8 months of age, glucose use increases in the
lateral and inferior prefrontal regions, with medial and dor-
sal frontal cortex becoming active between 8 and 12 months
of age. The adult pattern is seen by 1 year of age.??

Interictal FDG PET typically shows reduced radiotracer
uptake (hypometabolism) in the epileptogenic region
(Fig. 10.1). The hypometabolism can result from a variety of
mechanisms, including neuronal loss, diaschisis, or reduction
in synaptic density. It appears that cortical hypometabolism
may be associated with duration, frequency, and severity of
the seizures, hypometabolism is usually found in only one
fourth of children with new onset epilepsy compared with
80 to 85% of adults with intractable seizures. Persistent or
increased seizure frequency may lead to enlargement of the
hypometabolic area, whereas seizure control may be associ-
ated with decrease in the size of hypometabolic cortex or
even its resolution.’ The time interval between PET acquisi-
tion and the most recent seizure also may affect the extent
and severity of the cortical abnormality, with shorter dura-
tion having a positive effect on the extent and severity of the
hypometabolism.®

During the ictal phase, metabolism increases many fold
in the epileptic region; however, because FDG PET shows cu-

o O

Fig. 10.1 2-deoxy-2['®F]fluoro-D-glucose positron emission tomog-
raphy scan showing an area of hypometabolism in the left frontal
lobe (arrows) in an 8-year-old child with intractable seizures and

mulative FDG uptake over a period of 30 to 45 minutes, the
final images can be variable and complex, depending on the
exact nature of the underlying pathology, seizure duration,
seizure evolution, and net summation effects of ictal, postic-
tal, and interictal metabolism. Therefore, ictal FDG PET is not
very reliable and is often difficult to interpret, and EEG moni-
toring should be performed during the FDG uptake period to
rule out any clinical or subclinical seizure. Because ictal FDG
PET is virtually not done, in all the subsequent discussion,
we use the term FDG PET in place of interictal FDG PET.

Because FDG PET usually shows a larger area of hypo-
metabolism extending beyond the epileptogenic region, it
cannot be reliably used to precisely determine the surgi-
cal margin. However, it can be used for lateralization and
general localization of the seizure focus. Further, this infor-
mation can help in making an a priori hypothesis about sub-
sequent subdural electrode placement, which may be very
useful, particularly in cases of normal MRI (Fig. 10.2A). How-
ever, use of more specific tracers, as discussed here, can help
in providing a more precise delineation of the epileptogenic
tissue; this becomes particularly important in a develop-
ing pediatric brain and when the epileptic focus potentially
involves eloquent brain regions (primary motor, speech, or
visual areas).

Other PET tracers with the potential for detecting epi-
leptic brain regions include ''C-flumazenil (FMZ), which
binds to o subunits of the GABA,-benzodiazepine receptor
and ""C-alphamethyl-L-tryptophan (AMT), which measures
tryptophan metabolism. FMZ binding or FMZ VD (volume
of distribution) is high at 2 years of age and then decreases
exponentially with age until adult values are reached at ap-
proximately age 20 years. The order of brain region (from
highest to lowest FMZ binding) at 2 years of age is as follows:
primary visual cortex, superior frontal cortex, medial tem-
poral cortex, temporal lobe, prefrontal cortex, cerebellum,
basal ganglia, and thalamus. FMZ binding in medial temporal
lobe is robust enough for its good visualization (compared

‘ > a .
normal magnetic resonance imaging. Postsurgical histopathology
revealed cortical dysplasia.
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Fig. 10.2 (A) Three-dimensional brain rendering of cortical 2-deoxy-
2['®F]fluoro-D-glucose (FDG) uptake showing hypometabolism in
the left inferior parietal and occipital cortex, extending into the left
temporal lobe in an 8-year-old child with uncontrolled seizure and
normal magnetic resonance imaging. Electroencephalography (EEG)
showed diffuse left-sided epileptiform discharges, mostly coming
from temporoparietal cortex. Based on the FDG findings, intracra-
nial electrodes (black circles) were placed over inferior parietal and oc-

with FDG PET, in which the medial temporal region, particu-
larly hippocampus, is often not well visualized). This is one
of the main reasons for an important role of FMZ PET in epi-
leptic patients in whom medial temporal lobe abnormalities
are suspected. AMT is an analog of tryptophan, the precur-
sor for serotonin synthesis, but, unlike tryptophan, AMT is
not incorporated into protein in significant amounts. AMT is
converted to a-methyl-serotonin (AM-5HT) by tryptophan
hydroxylase, and it accumulates in neurons and nerve termi-
nals along with the releasable pool of serotonin. After intra-
venous injection, AMT accumulates in the brain for the first
20 minutes (less than 2% of the injected dose is present in the
brain at peak values), after which a plateau is reached and
maintained for up to 60 minutes, with no right-left asym-
metry in normal subjects.

SPECT

In SPECT, rotating y cameras (detectors) are used to image
the distribution of the injected radiotracer in the organ of
interest. For this purpose, 1 to 3 detectors and only y ray
emitting radioisotopes are used. For the purpose of brain
and particularly for epilepsy, SPECT is mostly used to study
brain perfusion, with hexamethyl propylene amine oxime
(HMPAO) and ethylene cysteine dimer (ECD) labeled with
99mTc being the most common radiotracers used for this

e Onset @ spread with spiking

cipital cortex also, which found most of the epileptiform discharges
coming from the occipital region. The rest of the hypometabolic area
coincided with the electrodes showing seizure spread. (B) Three-di-
mensional brain rendering of FDG uptake, showing glucose hypome-
tabolism extending beyond the structural lesion. Intracranial EEG
monitoring revealed most of the epileptiform discharges emanating
from adjacent to the lesion.

purpose. HMPAO readily crosses the blood-brain barrier
and approximately 80% is extracted by brain during the first
pass. Once inside the neurons and glial cells, HMPAO gets
trapped because it is oxidized by glutathione into a nondif-
fusible compound. A total of 4 to 7% of the injected activity is
trapped within the brain, reaching its peak in 1 to 2 minutes.
ECD is another lipophilic compound that, like HMPAO, gets
trapped inside neurons because of its transformation into a
hydrophilic compound that cannot diffuse back. Its first pass
extraction is 60 to 70%, with a maximum of 6 to 7% injected
activity accumulating in the brain 1 to 2 minutes after the
injection. The brain can be imaged subsequently, and the re-
sulting image provides a snapshot of perfusion immediately
after the injection. This is the basis for applying brain SPECT
in epilepsy, because the ictal and interictal phases are usu-
ally associated with increased or decreased blood flow, re-
spectively, in the epileptic foci. However, during seizure, the
cerebral blood flow changes rapidly with time, depending
on the seizure type and its mode of propagation. Therefore,
early radiotracer injection is imperative to catch the blood
flow changes in the epileptic zone, during seizure. Similarly,
knowledge of the exact time of injection (because it takes ap-
proximately 20 to 30 seconds for the radiotracer to reach the
brain from an arm vein) and seizure duration is very impor-
tant for the correct interpretation of the SPECT images. De-
layed injection of radiotracer may show a variable pattern of
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blood flow changes associated with seizure evolution in the
epileptic zone and mode and pattern of seizure propagation,
depending on the time of injection. Also, because seizure
propagation is usually from the temporal to the frontal lobe
or from posterior (parietooccipital lobes) to anterior corti-
cal regions (temporal and frontal lobe),”-'? interpretation
of ictal SPECT can be very challenging if the exact timing of
radiotracer injection and seizure onset is not known, unless
injection is synchronized with video-EEG monitoring.

During the ictal phase, blood flow in the epileptic region
can increase up to 300%, which can be seen as an area of
hyperperfusion in ictal SPECT.!! A true ictal SPECT (tracer
injected immediately after the onset of the seizure and SPECT
images showing perfusion at that point of time) shows an
area of hyperperfusion in the epileptogenic region, sur-
rounded by an area of hypoperfusion, which becomes more
prominent at the end of the ictal phase. This surrounding area
of hypoperfusion may be caused by steal syndrome (shift of
blood flow to the seizure focus) or this area may function as
an inhibitory zone trying to limit the seizure spread.!? In-
terictal SPECT (tracer is injected when patient is not having
any clinical or subclinical seizure and SPECT images show
the baseline perfusion pattern) shows hypoperfusion or
normal perfusion in the epileptogenic region. Even when
present, hypoperfusion may be very mild and sometimes
difficult to distinguish from the surrounding normal brain
on visual examination. The main role of interictal SPECT
currently is to assist in the evaluation of ictal SPECT, visu-
ally or quantitatively, using statistical parametric mapping
(SPM) or SISCOM (subtraction ictal SPECT co-registered to
MR, i.e., the interictal SPECT images are subtracted from the
ictal images and the results are displayed on co-registered
MR images), by providing a baseline blood flow. Use of
these registration techniques can increase the sensitivity
and specificity of ictal SPECT. Studies have shown that SPM
can increase the sensitivity of SPECT scan over visual analy-
sis.’3-1> However, lack of age-matched control subjects can
make its use difficult, particularly in children younger than
6 years of age.'® SISCOM, conversely, appears to be very use-
ful in children. The probability of localizing an ictal onset
zone has been reported higher with SISCOM, compared with
ictal EEG and MRL'”!8 Use of SISCOM can help in revisiting
and detecting subtle changes in MRI, which were initially
reported normal.'® Studies have shown that the area of the
resected SISCOM abnormality is associated with the surgical
outcome; the larger the area of resected SISCOM abnormal-
ity is, better the outcome will be,!72°

The major limitation of SPECT in the pediatric popula-
tion is that it is difficult to acquire good interictal or ictal
brain SPECT because children may have very frequent and
short-lasting seizures (such as infantile spasms or myoclonic
epilepsy). Another limitation is the poor spatial resolution
(10-15 mm) of SPECT, compared with FDG PET (~5-6mm),
which becomes even more crucial in small pediatric brains.

H Role of PET and SPECT in Pediatric
Epilepsy Surgery
The role of PET and SPECT can be summarized as follows:

1. Detection of epileptogenic cortex

2. Determination of dual pathology (i.e., medial temporal
involvement)

3. Assessment for secondary epileptic focus

4. Evaluation of the functional status outside the epilepto-
genic zone

5. Evaluation of eloquent cortex

6. Postsurgical evaluation

Epileptogenic Region
Temporal Lobe Epilepsy

In temporal lobe epilepsy, interictal hypometabolic regions
are not strictly confined to the presumed temporal epilep-
togenic zone or to the brain tissue showing pathological
changes. They usually extend beyond temporal structures
to ipsilateral parietal and frontal cortex as well as thalamus
and also occasionally to the contralateral temporal lobe.?!-24
Although this may represent the epileptic network involved
in seizure propagation and may be related to behavioral and
neuropsychological changes seen with chronic epilepsy,
these extratemporal hypometabolic regions should be fur-
ther investigated. FMZ PET is highly sensitive in temporal
lobe epilepsy and shows decreased FMZ binding in the scle-
rotic hippocampus,???> and the reduction in FMZ binding is
usually more than can be accounted for by the loss of hippo-
campal volume.?® Contrary to FDG PET, which usually shows
extratemporal hypometabolism in parietal and frontal cortex
in cases of temporal lobe epilepsy (probably associated with
cognitive dysfunction or reflecting diaschisis), decreased
FMZ binding usually represents neuronal loss or receptor
changes related to epileptogenicity and, therefore, should be
more closely scrutinized.?? The sensitivity of FMZ in detec-
tion of unilateral hippocampal sclerosis has been reported to
be up to 100% with contralateral abnormalities in one third
of patients.???> In MRI-negative patients, FMZ PET has been
found to be abnormal in up to 85% patients with temporal
lobe epilepsy.?’-2° FMZ PET appears to be more sensitive
than FDG PET in identifying an epileptogenic region and is
associated with better surgical outcome, even when the MRI
is normal. Use of SPM can further increase the accuracy of
FMZ PET, with detection of subtle changes in FMZ binding,
which is difficult to appreciate visually.?>3° These SPM stud-
ies sometimes found increased FMZ binding also,?'-34 which,
in some cases, indicated cortical developmental malforma-
tions.3? Use of SPM also revealed increased FMZ binding in
the normal appearing temporal lobe white matter, which
was found to be microdysgenesis on histopathological exam-
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ination.?> This is an interesting finding, because these ectopic
neuronal clusters may lead to epileptogenesis by providing
an aberrant circuitry. Another PET tracer, AMT does not ap-
pear to be very useful in cases of medial temporal lobe epi-
lepsy, particularly with hippocampal sclerosis.

In temporal lobe epilepsy, the pattern of perfusion on ic-
tal SPECT depends on the origin of seizures. Although cases
with medial temporal lesions usually show well-localized
area of hyperperfusion involving ipsilateral medial and lat-
eral temporal lobe, in cases of lateral temporal lesions, bilat-
eral hyperperfusion is usually seen with higher increase in
the ipsilateral side.36*” This can be explained on the basis of
different mechanisms of seizure propagation depending on
the neuronal connectivity. The timing of tracer injection is
also important in the case of temporal lobe epilepsy, because
ictal, postictal, and peri-ictal SPECT scans have different per-
fusion patterns, which also depend on the area of temporal
lobe involved. In the case of medial temporal lobe epilepsy,
ictal scan (tracer injection within 20 seconds of the seizure
onset) typically will show hyperperfusion of the entire me-
dial temporal lobe along with surrounding hypoperfusion
of orbital cortex or the entire frontal lobe. Peri-ictal scan
(slightly delayed injection, 20-60 seconds after the seizure
onset) will show hyperperfusion in lateral temporal cortex,
orbital cortex, basal ganglia, or in contralateral temporal
lobe, probably because of rapid seizure propagation. Postic-
tal scan (injection within 4 minutes from the end of seizure)
will show persistent hyperperfusion in medial temporal
lobe with hypoperfusion in lateral temporal lobe gradually
extending to surrounding hyperperfused areas. The medial
temporal lobe remains isoperfused for another 10 to 15 min-
utes and then gradually becomes hypoperfused, resembling
the interictal scan.

Although an extensive experience regarding SPECT is
available for adults, not much data exist for the pediatric
population. Overall, interictal SPECT has very low sensitivity
(Iess than 50%) in the detection of epileptogenic regions in
pediatric temporal lobe epilepsy, with false-positive or false-
negative findings in 20 to 75% cases. However, ictal SPECT
can correctly localize the epileptogenic foci in 70 to 90% of
cases with unilateral temporal lobe epilepsy.38-4! As alluded
to previously, various registration techniques, such as SPM or
SISCOM, can further increase the sensitivity and specificity
of ictal SPECT. In children, SISCOM was found to be helpful in
identifying the epileptogenic region in up to 95% of cases.!®
Compared with intracranial EEG findings, ictal SPECT was
found to correctly localize the seizure onset zone in 80% of
children with intractable epilepsy.*? False localization was
caused by rapid seizure propagation or subclinical seizure
onset. In addition, in the majority (70%) of children with fa-
vorable outcome of resective epilepsy surgery, the surgical
margin coincided with the SPECT focus. Postictal SPECT is
also more sensitive (70-90%) than interictal SPECT and can
improve further with use of SISCOM.'843 SISCOM can be par-

ticularly useful in cases of dysembryoplastic neuroepithe-
lial tumor (DNET), which is more prevalent in the pediatric
population. SISCOM can demonstrate some additional dys-
plastic areas around the DNET, and removal of these areas is
essential for better surgical outcome. The use of SISCOM can
increase the focus detection rate up to 93%, compared with
74% without it,11944

Extratemporal Lobe Epilepsy

FDG PET can play an important role in the presurgical evalu-
ation of extratemporal lobe epilepsy in the pediatric popu-
lation by providing important lateralizing and localizing
information that will guide intraoperative electrode place-
ment (Fig. 10.2B). Because frontal lobe epilepsy in young
children is usually associated with subtle structural changes
not apparent in MRI, such as cortical dysplasia or hetero-
topias, FDG PET is more informative in children compared
with adults. Even in cases of abnormal MRI, FDG PET can
sometimes be very useful. It may show hypometabolism ex-
tending beyond the lesion. These areas should be sampled
with intracranial EEG during surgery, because perilesional
cortex also may be epileptogenic, and lesionectomy alone
may lead to surgical failure. In frontal lobe epilepsy, the sen-
sitivity of FDG PET in localizing the epileptogenic zones is in
the range of 45 to 73%.4>-4° However, using a high-resolution
PET scanner, we found a sensitivity of 92% and a specific-
ity of 62.5% of FDG PET in the detection of the epileptic foci
in children with frontal lobe epilepsy.* In cases of occipital
lobe epilepsy, a lower localization value of FDG PET has been
reported.>

In neocortical epilepsy, FMZ PET has been reported to
have 60 to 100% sensitivity compared with intracranial ic-
tal EEG.>'->* FMZ abnormalities usually extend beyond the
lesions in an eccentric fashion. However, these extensions
are usually smaller than the large perilesional hypometab-
olism seen with FDG PET and show good correlation with
intracranial EEG.>'>>°% [n MRI-negative patients, FMZ PET is
abnormal in 70% of patients with extratemporal lobe epi-
lepsy.?® FMZ PET appears to be more sensitive than FDG PET
in identifying an epileptogenic region and complete resec-
tion of the FMZ abnormality is associated with excellent sur-
gical outcome, even when the MRI is normal>?°7 (Fig. 10.3).
Use of SPM can further increase the usefulness of FMZ PET in
patients with neocortical epilepsy, including those with or
without normal MRI.33>8

Another PET tracer, C-alpha-methyl trytophan (AMT), ap-
pears to have strong clinical applications in selected cases
of extratemporal lobe epilepsy. We found that histologically
verified (macroscopic or microscopic) cortical dysplasia is
associated with a higher occurrence of increased AMT up-
take compared with cases with nonspecific gliosis.>” Also, the
area of increased AMT uptake is significantly more restricted
than the extent of corresponding glucose hypometabolism.
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Fig. 10.3 Three-dimensional brain rendering of flumazenil (FMZ) binding (left) and 2-deoxy-2['¥F]fluoro-D-glucose (FDG) uptake (right) show-
ing much smaller area of reduced FMZ binding compared with extensive area of reduced FDG uptake in the left temporal and frontal lobe.

In some instances, AMT PET can identify the epileptogenic
cortex even when FDG and FMZ PET scans are normal.

SPECT can provide a basis for the placement of intracra-
nial electrodes in extratemporal lobe epilepsy. However, be-
cause of the very short duration of some seizures in children,
it may be difficult to acquire an ictal SPECT. Postictal scans
are also less helpful because, unlike temporal lobe epilepsy,
seizure induced perfusion changes do not always extend into
the postictal phase. Although ictal SPECT generally is not as
successful in extratemporal lobe epilepsy as in temporal
lobe epilepsy, nevertheless, a success rate of 70% has been
reported.>® Again, the use of SISCOM can further increase its
localizing value up to 93%.17:60

Infantile Spasms

PET can play an important role in the evaluation of infan-
tile spasms. For example, on PET scanning of glucose me-
tabolism, most infants diagnosed with cryptogenic infantile
spasms will have focal or multifocal cortical hypometabo-
lism, corresponding to the areas of ictal and interictal EEG
abnormalities.'%? In a study of 140 children with infantile
spasms, we found unifocal and multifocal cortical metabolic
abnormalities in 95% of children with an initial diagnosis
of cryptogenic infantile spasms.5? In cases of intractable
spasms and a single focal PET abnormality, corresponding
to the EEG focus, resective surgery can be planned with not
only good seizure control but also complete or partial rever-
sal of associated developmental delay. When the pattern of
glucose hypometabolism is generalized and symmetric, a
lesional etiology is not likely, and neurometabolic or neuro-

genetic disorders should be considered in further evaluation
and management. PET findings in infants with spasms also
suggest complex cortical-subcortical interactions by show-
ing prominent glucose metabolism in lenticular nuclei and
brain stem, believed to be important in the secondary gen-
eralization of focal cortical discharges resulting in spasms
that account for the bilateral motor involvement and relative
symmetry of the majority of spasms even in the presence of
a discrete focal lesion.%*

Tuberous Sclerosis

FDG PET shows hypometabolism in tubers, both epileptic
and nonepileptic; therefore, it is not very useful as such in
the evaluation of children with tuberous sclerosis. How-
ever, another PET tracer, AMT, can be used to differentiate
epileptogenic from nonepileptogenic tubers in children with
tuberous sclerosis, because it shows increased AMT uptake
interictally in only epileptogenic tubers (Fig. 10.4). In epi-
leptogenic tubers, there is increased uptake and subsequent
intracellular accumulation of the AMT, because of activation
of the kynurenine pathway,?> which leads to the production
of neurotoxic and convulsant metabolites, such as quino-
linic acid.®® AMT PET can identify epileptogenic tuber(s) in
almost two thirds of children with tuberous sclerosis and in-
tractable epilepsy.5>678 Although the specificity of AMT PET
is very high, its sensitivity is suboptimal and appears to be
related to the underlying pathology as well as the method
of image analysis. In patients with tuberous sclerosis and
intractable epilepsy, we found that MRI-based quantitative
assessment increases the sensitivity of AMT PET to 79% from
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Fig. 10.4 Magnetic resonance imaging (left) showing multiple tu-
bers in a child with tuberous sclerosis and intractable seizures with
the majority of seizures coming from the right frontal lobe. Whereas
2-deoxy-2['®F]fluoro-D-glucose positron emission tomography (PET)

44.4% with visual assessment.® This apparent discrepancy is
because nonepileptogenic tubers typically show decreased
AMT uptake and some epileptogenic tubers showing rela-
tively increased AMT uptake cannot be easily differentiated
from adjacent normal cortex without quantitative analysis.
We also found good correlation between resection of epilep-
togenic tubers suggested by AMT PET and seizure outcome.”®
Tubers with at least 10% increase of AMT uptake were all
found to be epileptogenic. A cutoff threshold of 1.02 for AMT
uptake ratio provided 83% accuracy for detecting tubers that
need to be resected to achieve a seizure-free outcome.”.”0
Our own studies using FMZ PET have not found binding dif-
ferences between epileptogenic and nonepileptogenic tubers
(unpublished data). SPECT also may play some role in identi-
fying epileptic tubers. One small study, in 15 children, found
a good correlation between ictal SPECT and ictal scalp EEG.”!

Lennox-Gastaut Syndrome

Children with Lennox-Gastaut syndrome (a triad of multiple
seizure types including tonic seizures, developmental delay,
and 1-2.5 Hz generalized “slow” spike and wave EEG pat-
tern), may have four metabolic patterns on FDG PET scan:
unilateral focal, unilateral diffuse, and bilateral diffuse hypo-
metabolism, as well as normal patterns.’?’4 Interictal SPECT
usually shows multiple areas of hypoperfusion.” Patients
with unilateral focal and unilateral diffuse patterns may be
occasionally considered for cortical resection, provided there
is concordance between PET and ictal EEG findings.

Sturge-Weber Syndrome

In children with Sturge-Weber syndrome, FDG PET reveals
hypometabolism ipsilateral to the facial nevus and usually

showed glucose hypometabolism in tubers (center), a-methyl-i-
tryptophan PET scan showed intense uptake in a right frontal tuber
(right image), corresponding to the electroencephalography focus.

identifies additional areas of abnormal cortex extending
beyond the lesion visible on MRL.7%77 However, infants may
show a paradoxical pattern of increased glucose metabolism
interictally in the cortex underlying the leptomeningeal an-
gioma; as the disease progresses, the hypermetabolic area
becomes hypometabolic.”® In some patients, serial FDG PET
scans show rapidly progressing and severe hypometabolism
in the affected area, probably because of rapid demise of the
brain tissue associated with the angioma; these patients will
have improvement in seizure status and cognitive function
and therefore may not require surgical intervention. Early
and rapid progression in unilateral cases of Sturge-Weber
leads to early and more efficient reorganization in the contra-
lateral cortex. Conversely, persistent mild hypometabolism
of the lesion may indicate ongoing functional disturbance,
and these patients may show persistent seizures and devel-
opmental arrest.”® These are the patients who require sur-
gical intervention for seizure control and possible cognitive
improvement by promoting effective reorganization in the
contralateral hemisphere while brain plasticity is still at a
maximum during development. In Sturge-Weber, detrimen-
tal metabolic changes occur before 3 years of age”” coinciding
with a sharp increase in developmentally regulated cerebral
metabolic demand.? Progressive hypometabolism is associ-
ated with high seizure frequency in these children. How-
ever, metabolic abnormalities may remain limited or even
partially recover later in some children with well-controlled
seizures. Metabolic recovery accompanied by neurological
improvement suggests a window for therapeutic interven-
tion in children with unilateral Sturge-Weber.””

Perfusion SPECT shows hyperperfusion in the lesion even
before seizure onset,”® analogous to the transient hyper-
metabolism seen on PET.”%77 After 1 year of age, these ar-
eas typically show hypoperfusion.®’ In a single case report
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on a patient with failed functional hemispherectomy, ictal
SPECT showed hyperperfusion in the residual lesion with
falsely lateralized EEG; further surgery resulted in seizure
freedom.?!

Rasmussen’s Syndrome and Other Epilepsy of
Inflammatory Origin

Neuroinflammation may be the underlying cause for intrac-
table epilepsy in some cases, such as in Rasmussen’s disease.
Neuroinflammation is mediated by activated microglia,
which secrete several proinflammatory molecules such as
cytokines (IL-1, IL-6, TNF-at), chemokines (MIP-1a, 3, MCP-1)
and neurotoxins, free radicals, nitric oxide, proteinases, eico-
sanoids, and excitotoxins, which may play animportant rolein
epileptogenesis. Although the exact mechanisms are unclear,
it appears that the inflammatory mediators act by increas-
ing glutamatergic neurotransmission, decreasing gamma-
aminobutyric acid (GABA) mediated currents and inducing
neovascularization, and damaging the blood-brain barrier.
Detection of microglia is not possible with current radiologi-
cal methods or biochemical techniques but requires histo-
pathological examination of central nervous system tissues,
which is quite invasive or possible only postmortem. Because
activated microglia express peripheral-type benzodiazepine
receptors, they can be imaged with PET using ''C-PK11195,
a radioligand that binds specifically to the peripheral-type
benzodiazepine receptors, thus making the in vivo detec-
tion of neuroinflammation possible. PET scanning using ''C-
PK-11195 can help in the early diagnosis of Rasmussen’s
syndrome or other inflammatory conditions with intracta-
ble seizures, where CT and MRI are often normal for several
months after the clinical manifestation of the disease. Local-
ization of the most affected brain regions may also provide a
guide in deciding the site of brain biopsy to avoid sampling
errors and can help in the surgical removal of that region.%?

Dual Pathology

Undiagnosed dual pathology (co-existence of neocortical le-
sion and hippocampal sclerosis) can be a source of surgical
failure, because resection of both the cortical lesion and the
affected hippocampus is necessary to optimize the surgical
results. Although FDG PET can be used to evaluate for an ab-
normally functioning hippocampus, the higher sensitivity of
FMZ PET makes it more useful in such cases, particularly when
the MRI does not reveal an abnormal signal or atrophy in the
hippocampus. This can be very useful because resection of
both the lesions is necessary for good surgical outcome.®?

Secondary Epileptic Foci

“Secondary” epileptic foci have been defined by Morrell48
as “trans-synaptic and long-lasting alterations in nerve cell

behavior characterized by paroxysmal electrographic mani-
festations and clinical seizures” induced by seizures from a
primary epileptic focus. The secondary epileptic focus is usu-
ally located at a different site from the primary focus along
the path of seizure propagation. Histopathological examina-
tion of these secondary foci usually shows gliosis.®® FMZ PET
can play a very important role in the detection of secondary
epileptic foci, as shown by our experience.”' ¢ It appears that
complete removal of both primary and secondary foci is re-
quired to achieve the best surgical results.

B Functional Status of the Rest of
the Brain

FDG PET can be very valuable in assessing the integrity of
brain regions outside of the epileptogenic zone during the
surgical planning process and allows certain prognostic im-
plications. These nonepileptogenic dysfunctional areas are
often associated with specific clinical manifestations.

In children with hemimegalencephaly, FDG PET often
shows additional less-pronounced abnormalities in the op-
posite hemisphere, which probably accounts for the subop-
timal cognitive outcome even with complete seizure control
after surgical removal of the profoundly abnormal hemi-
sphere. Thus, FDG PET can be useful in such cases to assess
the functional integrity of the contralateral hemisphere be-
fore hemispherectomy and help predict cognitive outcome.

Eloquent Cortex

Although O-water PET has been used in the past to as-
sess eloquent cortex (e.g., motor and language cortex), this
type of evaluation has been, for the most part, replaced by
functional MRI. The latter can be repeated and offers the ad-
vantage of no radiation exposure. As a result, PET or SPECT
has a very limited role in activation studies for presurgical
evaluation of epileptic patients. Epileptic subjects with im-
planted metallic devices, which are not MRI-compatible and
who require noninvasive functional brain mapping, may be
candidates for '>O-water PET activation studies.

B Postsurgical Evaluation

In surgical failures where a second surgery is being consid-
ered, very few neuroimaging options are available to pin-
point remaining epileptic tissue. Occasionally, ictal SPECT
may be helpful in this regard, but, in most cases, the epi-
leptologist is left with the scalp EEG and seizure semiology
to guide placement of intracranial electrodes. In one study,
SISCOM revealed a localized area of hyperperfusion in al-
most 80% of patients undergoing reoperation, and in 70% of
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cases they were concordant with EEG findings.®” Resection
of these concordant lesions led to good surgical outcome.
We have found AMT PET to be particularly useful in this set-
ting, and, unlike MRI, interictal FDG or FMZ PET, AMT PET
can differentiate epileptogenic cortex from nonepileptic tis-
sue damage caused by the initial surgery in approximately
half of the cases.® The best results are obtained if the scan is
performed between 2 months and 2 years after the first sur-
gery. However, more work is required in this difficult group
of patients undergoing reoperation.

FDG PET can be also useful in the postsurgical evaluation
and monitoring of previously hypometabolic nonepilep-
togenic brain regions (which had no EEG correlate) in the
presurgical FDG scan. Resolution of this hypometabolism,
which occurs in some of these cases, will suggest the func-
tional nature of the suppression. Conversely, persistence of
aremote, but connected, region or appearance of a new area
of hypometabolism (not suspected to be diaschisis) may sug-
gest a secondary potentially epileptogenic focus.
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Coregistration and Newer Imaging

Techniques

John M. K. Mislow and Alexandra J. Golby

In presurgical evaluation of medically intractable epilepsy,
knowledge of the precise location of the seizure focus is of
paramount importance. Despite advances in imaging tech-
nologies, it is difficult to evaluate data from multiple struc-
tural and functional imaging modalities in an integrated
fashion. Thus, clinicians may not be able to synthesize all
of the available data in the most effective fashion. As such,
coregistration of multiple modalities has proven to be an
invaluable tool in the armementarium of the surgical team
and has led to an increase in the number of patients offered
surgery for epilepsy in the United States.! In addition, as
coregistration has improved neurosurgical efficacy, newer
imaging techniques have improved presurgical lesion detec-
tion as well as demonstrating abnormalities in nonlesional
epilepsy, such as hippocampal atrophy or sclerosis, cortical
dysplasia, or small vascular lesions or tumors.?

B Coregistration

Direct data fusion technique superimposes multiple images
and presents the surgeon with a coarse approximation of the
location of functional regions. This may be adequate when
the surgical target is single, discrete, and in noneloquent
territory. However, if the target is multifocal, indistinct, or
in eloquent cortex, an understanding of the correlation be-
tween structure and function is very helpful.

Coregistration is the process of volumetrically fusing pro-
cessed functional images onto a structural image by using
imaging data shared by all images34 and as such offers a
significant advantage over direct image overlay. Image-to-
image coregistration commonly relies on the identifica-
tion of mutual points in both images known as tie-points.
As such, software packages designed to coregister images,
such as Statistical Parametric Mapping (SPM, The Math-
works, Inc. Natick, MA) FreeSurfer (A.A. Martinos Center for
Biomedical Imaging, Boston, MA), 3D Slicer (Boston, MA),
AFNI (Bethesda, MD), Computerized anatomical reconstruc-
tion and editing toolkit (Caret, St Louis, MS), commonly use
an automated, area-based technique for identifying image
tie-points. Coregistration software executes either a linear
or nonlinear transformation; linear transformation is tech-
nically easier and faster than nonlinear transformation but

yields significantly lower-quality image coregistration.
Initially, functional data derived from positron emission to-
mography (PET) single photon emission computed tomog-
raphy (SPECT) would be volumetrically coregistered with a
standardized stereotaxic brain atlas such as that of Talairach
and Tournoux,%’ but variations in gross morphology and
microstructure of the human brain® make an atlas-based
methodology unreliable in presurgical planning for individ-
ual patients.” As a result, clinical coregistration generally im-
plies that all data involved in volumetric fusion are derived
entirely from the individual patient.

One of the first efforts to address the challenge of image
data fusion for surgical planning was Mountz and colleagues’
description of the fusion of SPECT and computed tomogra-
phy (CT) images of patients’ brains as a method of providing
an accurate and noninvasive method for correlating function
(in the form of blood flow) and neuroanatomy.'® The authors
demonstrate lesion/pathology in clinical examples of tumor,
developmental abnormality (autism), cerebrovascular dis-
ease, and, notably, in epilepsy via injection of tracer during
ictal phase of seizure.!?

The arrival of magnetic resonance imaging (MRI) heralded
clinicians’ ability to define neuroanatomical targets with
high precision. As such, MRI replaced CT for surgical plan-
ning, and MRI-PET coregistration eclipsed PET-CT coregis-
tration as standard of care in presurgical planning (see Fig.
11.1). Evidence of this evolution was borne out by Vifias and
colleagues’ study of MRI-PET coregistration in presurgical
planning for epilepsy surgery in eloquent cortex.!! Twelve
patients underwent preoperative MRI-PET coregistration
with motor, visual, and language mapping and subsequently
underwent an awake craniotomy with MRI-assisted image
guidance and intraoperative cortical stimulation or visual
evoked potentials. The researchers found that PET was reliable
in identifying most (but not all) motor, visual, and language
cortex, leading to their conclusion that MRI-PET coregistra-
tion is a useful tool for identification of eloquent cortex in the
setting of neurosurgical preplanning.'! Although the authors
concluded that intraoperative cortical stimulation and visual
evoked potential remained the gold standard for cortical
mapping,'! further refinements of SPECT, PET, and MRI have
given this type of coregistration increased precision and reli-
ability in presurgical planning for epilepsy (see Fig. 11.2).1213
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Fig. 11.1 Positron emission tomography-magnetic resonance imag-
ing coregistration in a patient with new-onset epilepsy. The region of
hypometabolism in the right frontal lobe corresponds to the site of a

A particularly effective refinement was that of “fuzzy mod-
eling” in which Boussion and colleagues were able to dem-
onstrate results in accordance with the “gold standard”
investigation (deep electrodes or postsurgical outcome) in
11 of 12 patients in a clinical study when fuzzy logic was
applied to modeling PET and MRI coregistration.'# With fur-
ther refinements, PET-MRI coregistration has proven to be
clinically valuable in patients outside the purview of medi-
cally refractory epilepsy: by differentiating actual hypoper-
fusion from artifactual hypoperfusion resulting from partial
volume effects and also to improve the accuracy of asym-
metry indexes in interictal patients, the use broadened to
patients with partial epilepsy.'? Another challenge during
the infancy of coregistration was speed—significant off-line
processing and manual registration work was necessary to
achieve acceptably accurate coregistered PET-MRI images.!>
By combining a multiresolution approach with an automatic
segmentation of input image volumes into areas of interest
and background, Cizek and colleagues demonstrated that with
suitable preprocessing, the time to coregister PET and MRI
images with robust accuracy could be reduced by ten-fold.!®

The next step in coregistration was the combination of
MRI, CT, and PET coregistration to assist in image-guided
placement of subdural electrodes and then using the infor-
mation gathered by the subdural electrodes (combined with
the precise location of the electrodes by CT) to aid in surgi-

previously drained abscess, indicating that this is the lesion causing
the patient’s symptoms. Image courtesy of Dr. Laura Horky.

cal resection of the suspected epileptogenic focus in patients
undergoing image-guided surgical treatment of epilepsy.!”-2°
The advent of readily available digital cameras has ushered in
an even higher level of certainty in epilepsy surgery; because
coregistration of digital photographs of the brain cortex with
the results of three-dimensional MRI datasets is now pos-
sible,?122 it allows for identification of anatomical details
underlying the subdural grid electrodes and enhances the
intraoperative certainty and precision of the neurosurgeon.
In addition, surgical navigation systems found in most mod-
ern neurosurgical operating theaters allow for coregistration
of preoperative datasets to intraoperative head position of
the patient.2324

The clinical effectiveness of multimodal coregistration
has been borne out in several studies. In 2004, Murphy and
colleagues evaluated the outcomes of 22 patients selected to
undergo multimodal coregistration [PET-MRI, SPECT-MRI,
or fluid attenuation inversion recovery (FLAIR)-MRI]| for
presurgical planning because of no lesion visible on conven-
tional MRI sequences, multiple lesions, or one very large le-
sion that could not be completely resected without the risk
of significant postoperative morbidity.! Another group with
lesions within eloquent cortex was included in the study and
underwent further coregistration with subdural electrocor-
ticography grids.!''” After an average of 27 months postsur-
gical follow-up, the authors found that 77% of the patients
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had excellent outcomes for their seizures, and 86% had fa-
vorable outcomes. One patient suffered a permanent major
deficit, whereas three other patients suffered permanent
minor deficits. In light of the fact that all of these patients
would have been poor surgical candidates without presurgi-
cal multimodal coregistration, this study provides a strong
argument that this approach may allow the reevaluation of
patients previously denied surgery because of the selection
criteria outlined by the paper’s authors.

Murphy et al’s findings were confirmed in 2007 when
Doelken et al studied 49 temporal lobe epilepsy (TLE) patients
with coregistration of MRI, MRI spectroscopy, and SPECT and
compared the imaging results with that of traditional non-
invasive EEG-video monitoring and evaluated lateralization
of affected hemisphere with regard to bilateral affection and
postoperative outcome.?> The authors found that EEG and
MRI had a high concordance in establishing unilaterality or
bilaterality for TLE and epileptogenic focus and, under the
circumstances of ambiguous laterality on MRI or EEG, SPECT
and MR spectroscopy, aided in identifying an epileptogenic
focus, and, if so, if the lesion was unilateral or bilateral.?5 As a
result, the study demonstrated that multimodal imaging for

Fig. 11.2 Positron emission tomography-mag-
netic resonance imaging coregistration demon-
strating left temporal hypometabolism, which can
prove vital in lateralizing and localizing a seizure
focus in nonlesional epilepsy. Image courtesy of Dr.
Laura Horky.

epilepsy helps in identifying bilateral involvement, which is
important to identify the patients who will not benefit from
epilepsy surgery.

B Newer Imaging Technologies

Functional MRI (fMRI) has been used in surgical epilepsy pa-
tients to lateralize and localize language function?627 and to
lateralize memory function in mesial temporal lobe (MTL)
epilepsy?® as well as for localization of sensorimotor func-
tion in extratemporal epilepsy.2 However, using the statisti-
cal parametric mapping (SPM) or other approaches to create
functional maps from the acquired images do not provide
real-time information to the clinician. This obstacle appears
to have been overcome by Kesavadas and colleagues by us-
ing real-time fMRI instead of offline analysis; in a 10-patient
study where a comparison of real-time fMRI and offline SPM
processing was performed, significant concordance between
the two techniques was noted, effectively demonstrating that
real-time fMRI could be performed easily and effectively for
pre-surgical evaluation of pediatric epilepsy.?®
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Diffusion tensor imaging (DTI) is an emerging imaging
technology that offers great promise in reducing morbidity
and mortality in neurosurgery, as well as increasing intra-
operative precision in removal of epileptogenic targets. By
evaluating the motion of water at the voxel level via quantita-
tive measures of diffusion and fractional anisotropy, DTI can
provide data on the structural integrity of brain tissue.330
This radiological evaluation of the orientation of the pref-
erential diffusion of water can create images of major white
matter pathways in the brain, and as a result, can deduce
the structural basis of cerebral networks.33%31 (see Fig.
11.3). By collecting both functional and anatomical connec-
tivity data via high-resolution neuroimaging methods such
as MRI, fMRI, and DT]I, the neurosurgeon may now visualize
the three-dimensional structure of the patient’s brain and
evaluate what pathways may be disrupted or displaced by a
lesion (e.g., sclerosis from TLE, tumor).3.23:32

Magnetoencephalography (MEG) is another emerging
imaging technology in the field of epilepsy. In MEG, arrays
of superconducting quantum interference devices detect
magnetic fields (10712 Tesla) generated by intraneuronal
currents of the human brain in real time.>®* MEG offers a
direct measurement neural electrical activity with high
temporal resolution but relatively low spatial resolution.3?
An advantage of cogregistering MEG data over EEG data

Fig. 11.3 Diffusion tensor imaging-functional magnetic resonance
imaging (DTI-fMRI) coregistration. DTl illustrates the corticospinal
tract and fMRI represents hand and foot movement. Coregistration
of these two modalities demonstrates that it is the corticospinal tract
of the hand and foot regions, illustrating that the combination of im-
age modalities is more useful than either modality alone. Image cour-
tesy of Dr. Ali Radmanesh.

with MRI or fMRI is absence of magnetic field distortion
and attenuation by conductivities between scalp and EEG
electrodes.?® Recent clinical data from RamachandranNair
and colleagues indicate that presurgical planning with
MEG yielded good prediction of which patients would be
appropriate surgical candidates, because postoperative
seizure freedom was less likely to occur in children with
bilateral MEG dipole clusters or only scattered dipoles.?4
In addition, the authors demonstrated that MEG may be
accompanied by EEG data to determine which patients
may or may not be good surgical candidates, because sei-
zure freedom in the clinical study was most likely to oc-
cur when there was concordance between EEG and MEG
localization and least likely to occur when these results
were divergent.3*

Lastly, intraoperative MRI within the surgical suite pro-
vides real-time acquisition of MRI scans without moving the
patient, online image-guided stereotaxy without preopera-
tive imaging, and “real-time” tracking of instruments in the
operative field registered to the MRI.3> This imaging modal-
ity helps surgeons compensate for the architectural distor-
tion from “brain shift” after craniotomy and lesion resection,
and, with newer imaging algorithms, coregistered preopera-
tive images such as fMRI, PET, and DTI can be altered and
reregistered with the new intraoperative MRI to negotiate
eloquent territories.36-38

All these imaging modalities, in particular those that im-
age neurological function (e.g., fMRI, MEG, DTI) have great
potential for improvement in spatial and temporal resolu-
tion. As device resolution increases (e.g., 3+ Tesla for MRI,
faster image acquisition for fMRI and DTI, higher spatial ac-
curacy for MEG) the accuracy in detecting and localizing epi-
leptogenic foci promises to greatly expand these modalities’
clinical value and efficacy.

B Conclusion

Accuracy and precision remain the hallmarks of neurosur-
gery, and recent advances in image guidance technology rep-
resent a considerable asset to the armamentarium of tools
at the disposal of the neurosurgeon. With the advent of im-
age coregistration and introduction of newer imaging mo-
dalities, multiple images including intraoperative MRI, fMRI,
CT, PET, SPECT, DTI, EEG, and MEG can all be volumetrically
fused to paint an extraordinarily intricate and precise por-
trait of a patient’s functional neuroanatomy. These accurate
visual renderings contribute significantly to enable surgeons
to navigate delicate neurosurgical procedures with increas-
ing safety and efficacy. Further improvements in functional
neuroimaging devices and coregistration software will con-
tinue to increase the ease and efficacy of neuronavigation in
functional neurosurgery.
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Wada Testing in Pediatric Epilepsy

David W. Loring and Gregory P. Lee

The Wada test is an essential component of the preoperative
evaluation of epilepsy patients at most epilepsy surgery cen-
ters. In addition to establishing cerebral language represen-
tation preoperatively, Wada memory results may be used to
establish risk for postoperative memory decline and to assist
in identification of focal functional deficits associated with
a unilateral seizure focus.'-# Although a substantial Wada
clinical literature in adults exists, there have been relatively
few reports describing Wada test experience in pediatric
epilepsy surgery candidates.

Wada introduced his technique of intracarotid injection
of amobarbital in the 1950s to establish cerebral language
representation in adult patients who were undergoing
evaluation for epilepsy surgery.” The procedure relies on a
short-acting barbiturate introduced into the internal carotid
artery that temporarily anesthetizes the anterior two thirds
of a cerebral hemisphere during which language testing is
conducted. The most common anesthetic agent is amobar-
bital, although other drugs are successfully used, includ-
ing etomidate,® methohexital,” and propofol.® These newer
agents have a shorter duration of action than amobarbital,
and, in the case of etomidate, a constant infusion of drug is
necessary to produce a sufficient length of anesthesia to per-
mit language and memory testing.

After observing several cases of unanticipated signifi-
cant decline in memory function after temporal lobectomy,
a memory component was introduced as part of the Wada
test to provide a reversible model of temporal lobe surgery
in which the risk of developing severe anterograde amnesia
could be estimated.® The Wada test thus creates a reversible
pharmacologic lesion in which induced behavioral deficits
are thought to reflect surgical risk of including these areas in
a surgical resection. At most centers performing the Wada,
both language and memory functions are assessed.

Language results often guide specific clinical decision
making. When surgery is planned in a hemisphere domi-
nant for language, generally more conservative surgical
approaches are used, and additional measures to protect
eloquent language cortex such as electrocortical stimula-
tion mapping are performed. Although the goals of Wada
memory testing vary across epilepsy centers, the test’s pri-
mary purpose is to establish risk for postoperative memory
decline. In addition, however, interhemispheric memory

asymmetry scores may be used to help confirm seizure on-
set laterality in patients with less clearly established seizure
onset. Patients in whom both structural and functional mea-
sures of unilateral mesial temporal lobe dysfunction are in
agreement tend to have superior surgical efficacy, as well as
decreased cognitive morbidity, in comparison with patients
in whom there is incomplete agreement regarding lateral-
ized impairment.

The majority of clinical experience with Wada testing has
been derived from adults. However, because neurodevelop-
ment in pediatric patients is incomplete, patterns of expected
performance in adults cannot necessarily be generalized to
pediatric groups, and the predictive ability of Wada testing
to accurately forecast long-term cognitive outcomes may be
altered by neuroplasticity and cognitive maturation.

B Special Considerations for Pediatric
Wada Testing

Testing of pediatric epilepsy patients presents unique chal-
lenges compared with adults. The Wada test is often a physi-
cally uncomfortable and emotionally frightening procedure
for younger children to undergo, and they sometimes lack the
appropriate maturity to participate fully in all aspects of the
evaluation. Even before the potential effects of drug-induced
behavioral deficits, which themselves may be frightening, the
surgical aspects of catheter placement for medication deliv-
ery often exceed a child’s capacity to tolerate and cooperate
with the procedure. Coaching and developing behavioral in-
tervention techniques may be useful in decreasing the anxi-
ety associated with the procedure, but these approaches are
often of limited utility, are labor and time intensive, and are
less useful in younger patients or in children with decreased
cognitive abilities and less insight. Pre-Wada baseline assess-
ment is more extensive and carefully constructed in children
than adults because the stimulus materials selected for use
during the Wada must be tailored to the developmental and
cognitive level of each child. Because of these constraints,
children younger than 7 or 8 years old are generally consid-
ered unsuitable candidates for the procedure.

In youngsters who are unusually sensitive to pain or who
may have difficulties cooperating for other reasons, sedation
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may be administered by an anesthesiologist to assist with
catheter placement.!® Propofol, for example, is sufficiently
short acting that anesthesia recovery is rapid, and Wada test-
ing can be performed within 15 to 25 minutes after propo-
fol cessation. Thus, anxiety and discomfort associated with
catheter insertion can be avoided using propofol in appro-
priate cases, thereby maximizing the likelihood of obtaining
valid Wada behavioral results. Unfortunately, some children
awaken from the anesthesia disoriented or overly emotional
and require much soothing before they are capable of pro-
ceeding with Wada testing. In some cases, a parent may be
an asset in helping to calm the child in the immediate post-
anesthesia period. Parents may then be escorted out of the
angiography suite after they have quieted their children but
before amobarbital injection.

B Wada Language Testing
in Pediatrics

Because children who are evaluated for epilepsy surgery
have extratemporal lobe epilepsy more often than adults,
the critical information derived from Wada testing is often
language laterality and representation, and Wada memory
findings assume less importance. The need for valid deter-
mination of language lateralization by Wada testing is clear,
if the gold standard of language localization is electrocor-
tical stimulation mapping. Although stimulation mapping
has reportedly been successfully performed in children as
young as 4 years of age,!! in addition to the greater difficul-
ties involved in stimulation language mapping with children,
language cortex is less likely to be identified with mapping
in children under 10 years of age.'? In one recent study, the
presence of positive language results from stimulation lan-
guage mapping was no different in children 10 years or older
than it was in adults. Although these authors also described
less reliable Wada language results for children younger than
10 years compared with older children, the magnitude of
this difference was not as marked. Thus, Wada language test-
ing appears more likely to succeed in identifying language
representation in children than electrocortical stimulation
mapping does.

Overall level of cognitive ability has been associated with
the likelihood of obtaining useful Wada information in chil-
dren.!3 In a small series of 22 pediatric patients (ages 5-12
years), language testing was successful in all of the children
with IQs of at least 70, whereas only 57% of the children stud-
ied satisfactorily completed Wada language testing if their
1Qs were below 70. A similar pattern was seen with Wada
memory results. Children with 1Qs of 70 or higher had good
retention scores after injection ipsilateral to seizure onset
but impaired retention after contralateral injection, whereas
children with IQs of at least 70 were much less likely to show

this lateralized discrepancy. In another pediatric series,
the Wada procedure successfully established hemispheric
language dominance and memory representation in fewer
than two thirds of 42 preadolescent candidates for epilepsy
surgery.'# Risk factors for unsuccessful testing included
low Full-Scale IQ (especially < 80), young age (especially < 10
years), and left hemisphere seizure onset. The symptoms of
aphasia seen in children during Wada testing also differ from
those typically seen in adults, which may complicate inter-
pretation. Many times, children simply become mute during
Wada testing, and hence, there are often no positive signs of
aphasia, such as paraphasic substitution errors or circumlo-
cutions, to help confirm that language has been affected.

B Wada Memory Testing in Pediatrics

The role of Wada memory testing has evolved since its intro-
duction. The need to identify patients at risk for the develop-
ment of a persistent frank amnesia by identifying significant
contralateral mesial temporal lobe damage to the proposed
temporal lobe surgery has been a significant topic in pre-
operative assessment of epilepsy surgery patients. Wada
memory results are used to counsel patients regarding the
likelihood of memory decline, which, even if not frank am-
nesia, is of sufficient severity to interfere with quality of life,
cognitive development, and other factors that may affect
school performance.!>

Wada memory testing is intended to assess the functional
integrity of the mesial temporal lobe and, to a smaller degree,
the entire hemisphere being perfused with the anesthetic.
This procedure differs significantly from other functional as-
sessments in that it assesses each hemisphere in isolation,
thereby helping to disentangle the effects of parallel dis-
tributed brain networks. The functional reserve capacity of
the contralateral temporal lobe to sustain memory function
in isolation is assessed when the hemisphere ipsilateral to
a mesial temporal lobe focus is anesthetized'® and was the
original goal of Wada memory testing when the procedure
was first designed to avoid postoperative global amnesia. Be-
cause there are varying degrees of residual function in the
diseased temporal lobe, the potential mnemonic contribu-
tions of the mesial temporal lobe structures ipsilateral to
the seizure focus also must be assessed. This evaluates the
functional adequacy of the diseased temporal lobe. Func-
tional adequacy is assessed during injection contralateral to
seizure onset. The relative differences between the memory
performance of each hemisphere are termed Wada memory
asymmetry (WMA).

Although Wada memory results are not a primary measure
to lateralize seizure onset, WMAs may help clinical deci-
sion making when interpreted in the context of other clini-
cal findings. The complex process of clinical determination
of seizure onset laterality often relies on the convergence of
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findings from multiple sources. Thus, WMAs have clinical
implications that can either increase or decrease the con-
fidence of unilateral seizure onset in cases with difficult to
lateralize seizures. Patients with clinical findings that are
not in complete agreement regarding seizure onset lateral-
ity or location are often thought to be less ideal candidates,
with decreased likelihood of becoming seizure free and an
increased risk of postoperative cognitive morbidity.

WMAEs in pediatric populations correspond to seizure on-
set laterality both on the group level and on individual pa-
tient basis.!” In a series of 87 children from three different
institutions, Wada memory testing was able to accurately
lateralize seizure onset in 69% of the sample, a rate that is
somewhat lower than the rate of 70 to 88% correct classifi-
cation in studies of adult surgical candidates. This slightly
worse rate of seizure lateralization prediction in children is
probably caused by the lower prevalence of temporal lobe
seizures in the pediatric population.

Because Wada protocols are not standardized, it is some-
times difficult to estimate to what degree method variance
contributes to some of the reported variability in memory
outcome prediction. We have shown that factors such as stim-
ulus type (pictures versus real objects),'® timing of stimulus
presentation,'® mixed stimuli requiring a verbal response,
and amobarbital dose?? are related to Wada memory corre-
lations with seizure onset laterality. The potential confound
of aphasia on certain verbal memory stimuli is well recog-
nized,?! and generalizations of specific results to other Wada
memory protocols must necessarily be made cautiously.??

As is the case in the adult Wada experience, a specific
Wada protocol is used for assessment involves the likelihood
of obtaining lateralized findings.?* Wada memory testing in-
volved the presentation of information to be remembered
after the introduction of medication, and this material may
include line drawings, pictures, real objects, words, or de-
signs. Compared with real objects, however, mixed stimulus
Wada memory testing appears less sensitive to unilateral
seizures in children and adolescents. This method discrep-
ancy is greater in children with left-sided seizure onset and is
seen on both the group and individual patient level. Further,
the risk of incorrect classification based on Wada memory
asymmetries is greater in the mixed stimulus method com-
pared with real object. For example, when using the mixed
stimulus Wada memory testing, approximately one third of
children in both the temporal and nontemporal groups had
seizure onset laterality incorrectly lateralized. The mixed
stimulus method also incorrectly predicted the side of sei-
zure onset in 25% of right-hemisphere seizure patients. This
finding contrasts with WMAs obtained using real objects in
which 18% of children with focal seizures arising in the left
hemisphere, and no (0%) child with left temporal lobe sei-
zures had their seizure onset laterality incorrectly classified.

Several approaches have been used to validate Wada
memory testing in adults. Although memory outcome might

be considered the ideal variable for validation, Wada mem-
ory findings are used to establish surgical candidacy, which
confounds the predicative and outcome variables. Although
there are reports of successful memory outcomes after Wada
memory failure,>* there are also cases of amnesia in which
Wada memory results appeared to predict that outcome.?>
In addition to memory outcome studies, there have been
numerous reports suggesting a relationship between Wada
memory scores and hippocampal volume or cell counts.!-26-29
Both hippocampal volumes and WMAs are related to postop-
erative verbal memory decline.!3430-33

Prediction of postoperative memory change remains
among the most important aspects of Wada memory testing.
Postoperative risk, whether for cognitive change or efficacy in
treating seizures, depends in part on concurrence of preoper-
ative clinical findings. Children without WMAs or with WMAs
in the direction opposite of that predicted based on clinical
semiology are considered to be at higher risk of postoperative
memory decline compared with children with WMAs in the
predicted direction. In a retrospective review of 132 chil-
dren who received resective epilepsy surgery, approximately
70% had WMAs corresponding to the side of surgery. Chil-
dren without WMAs corresponding to seizure onset lateral-
ity demonstrated significant postoperative verbal memory
decline, whereas children with appropriate WMAs showed
significantly improved verbal memory scores after surgery.
When examined on the individual patient level, 77% of chil-
dren with WMAs in predicted direction showed no verbal
memory decline after surgery, whereas 80% of children with-
out correct WMAs had lower postoperative verbal memory
for story recall tasks. WMAs had no value in predicting post-
operative changes in visual-spatial memory.

Our series found greater sensitivity of story memory for
assessing verbal decline in children, whereas in adults, the
decline in verbal memory is best captured with word list
tasks.33! Whether these findings for story memory result
from a greater number of nontemporal cases in unknown.
However, because the neural and cognitive systems are in
the process of development in children, the brain-memory
test associations established for adults may be less applica-
ble to children. It has been suggested that children recruit
more neural tissue to perform certain linguistic tasks on
functional imaging, for example, than do adults. This differ-
ence may be reflected in a different pattern of memory test
failure after focal cortical resection in children.

B Conclusion

Wada testing is a valuable tool to establish language repre-
sentation and memory function in children. Although the
procedure is often technically more difficult to perform in
children than adults (e.g., need for anesthesia during an-
giography), and the results are more difficult to interpret
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(e.g., mutism, behavior problems, wider range of skill levels),
Wada testing has clearly been validated for use in the pre-
operative evaluation of pediatric epilepsy surgery candidates.
The likelihood of obtaining satisfactory results depends on
many factors such as the maturity of the individual child. Fac-
tors that have been associated with the likelihood of obtain-
ing valid Wada results include age (Wada testing of children
younger than 10 years of age is much less likely to provide
useful results) and general cognitive function (children with
1Qs less than 70-80 are less likely to be good candidates).
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Preoperative Neuropsychological and
Cognitive Assessment

Katrina M. Boyer

Neuropsychological assessment has become standard prac-
tice in preparation for epilepsy surgery, although the reasons
for such assessment have changed over time and the aims of
neuropsychological evaluation of children are somewhat dif-
ferent from those of adults. Neuropsychological assessment
provides unique information regarding the integrity of func-
tions in specific brain regions. In the case of preoperative
neuropsychological assessment of children with epilepsy,
additional objectives include prediction of emotional and
behavioral adjustment after surgery and the establishment
of a baseline from which to evaluate postoperative outcome
and target interventions as needed.

Neurocognitive functions do not operate in isolation but
are interdependent and develop in the context of environ-
mental and health-related influences. Thus, a full-profile
analysis is crucial in interpretation of neuropsychological
findings even when the primary functions of concern are
quite specific. In children, the developmental context is a
significant factor in the interpretation of neuropsychological
findings because neurological development has disrupted
the standard (adult data driven) rules of localization of neu-
rocognitive function.

B Neuropsychological Assessment
of Children

Various approaches to pediatric neuropsychological assess-
ment are applied to the pediatric population; some involve
cognition as the core unit of analysis with developmental
considerations playing a supplementary role, whereas oth-
ers place greater importance on development in a broader
sense, along with the environmental and contextual influ-
ences on brain-behavior relationships.! A developmental
neuropsychological approach involves assessment of current
cognitive skills and abilities within the context of environ-
mental and developmental influences to construct a model
of not only how but also why a child functions in his or her
world. The latter model allows for hypotheses to be gener-
ated about future function in light of ongoing development
and potential disruptions to development. This approach is
particularly applicable in the assessment of children with
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epilepsy before surgical intervention. Understanding the de-
velopmental trajectory of a child and the various factors that
serve to support as well as threaten developmental progress
are necessary in predicting outcomes.

The tools of the trade for the developmental neuro-
psychologist include trained observation skills, developmen-
tal history gathering, psychological tests to assess cognitive
abilities, and integrative analysis and interpretation of
findings.

Neuropsychological assessment of the child is not merely
a collection of results from various cognitive tests. Although
important, quantitative test results alone are not sufficient
to assess an individual child’s cognitive function. Careful ob-
servation of how a child uses his or her skills to arrive at con-
clusions, solve problems, and provide answers is crucial for
interpretation of findings. Furthermore, a child’s individual
skills do not operate in isolation but in a context of other
neurobehavioral functions. Thus, a neuropsychological pro-
file is carefully interpreted rather than simply providing a
list of test scores.

B Standardized Psychological Tests

Psychological tests to assess cognitive abilities are most of-
ten standardized, norm-referenced tools. This means that
the administration directions are specific and that children
should be presented materials and questions in a structured
way so that responses can be compared with a sample of typ-
ically developing children in the same age range (normative
reference sample). Choosing tests that are appropriate to the
child’s developmental level is necessary for the assessment
to be valid. Current normative data are also important, as is
information regarding the reliability and validity of the mea-
sure for specific purposes. Psychological tests are designed
to measure specific constructs; however, it is impossible to
completely isolate neurobehavioral constructs, particularly
in children. As such, knowledge of the natural development
of cognitive functions and well-honed observation skills are
essential in interpreting psychological test scores and inte-
grating these findings in the context of the child’s social, de-
velopmental, and neurological histories.
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B Domains of Neuropsychological
Assessment

Neuropsychological assessment of children can take on dif-
ferent forms, depending on the theoretical approach taken
by the neuropsychologist and the specific goals of the evalua-
tion. The majority of neuropsychological evaluations involve
gathering information from several domains of function
including general cognitive ability (a.k.a. intelligence), lan-
guage, visual-perceptual, motor, sensory, memory, atten-
tion, and executive functions (executive functions typically
include regulation of behavior as well as planning, organiza-
tion, and integrative problem-solving skills) as well as as-
sessment of emotional, social, and adaptive function.

General Cognitive Ability

The ability to reason, solve novel problems, form concepts,
and demonstrate acquired knowledge are all factors related
to general cognitive ability. Standardized test batteries are
designed to quantify intelligence and provide structured op-
portunities to observe how a child thinks. Numerous test bat-
teries are available to assess cognition in children; the choice
of which test to use is not only a matter of professional prefer-
ence but also is influenced by the developmental status of the
child and the child’s ability to respond to testing demands.

Language

Language assessment as part of a neuropsychological evalu-
ation involves several sources of information including spe-
cific language tests, parent questionnaire data regarding
communication skills, history of language development, and
direct observations. Assessment of expressive and receptive
language skills typically includes tests of picture naming,
immediate repetition, verbal fluency, receptive vocabulary,
and the ability to follow verbal directions.

Memory

Detailed memory assessment is a core feature of neuropsycho-
logical assessment. Direct assessment typically consists of both
verbal and nonverbal memory measures. Furthermore, seman-
tic verbal memory is often divided into story memory and list
memory, with both immediate and delayed recall as well as
delayed recognition trials. Nonverbal memory assessment of-
ten involves visual recognition, typically of faces, and construc
tional memory skills (recall of complex figure drawing), each
with immediate and delayed recall or recognition assessment.

Visual-Spatial

Nonverbal problem-solving skills assessed as part of a neu-
ropsychological evaluation include visual-motor integration,

constructional skills, spatial judgment, and visual percep-
tion. Spatial judgment is assessed with the patient match-
ing lines of various orientations. Visual-motor integration
assessment consists of copying geometric shapes and com-
plex figures that integrate multiple basic geometric forms.
Observation of the child’s approach to constructional tasks
provides information about perceptual, organization, plan-
ning, and integration functions.

Executive Functions

It is helpful to subdivide executive control skills into two
subcategories known as metacognitive skills and behavioral
regulation. Parental report in interview and on question-
naires designed to measure these skills are essential features
of neuropsychological assessment.

Observation of the child’s engagement in goal-directed
behavior and online problem-solving approaches provide
important information about metacognitive functions in
addition to results on tests designed to measure skills such
as auditory working memory, spatial planning, sequencing,
and set-shifting skills.? Behavioral regulation includes self-
monitoring of internal states and thought processes as well
as outward displays of emotion, response inhibition, and
physical activity level.2

Motor and Function

Typically, neuropsychological assessments will gather in-
formation regarding basic motor function from observa-
tions of gait, posture, and manipulation of objects, as well
as from medical records. Specific tests of fine-motor speed
and dexterity are used as well to make finer differentiations
between the relative integrity of left and right fine-motor
cortical areas.

Psychosocial Adjustment

Assessment of behavioral and emotional regulation and so-
cial adjustment are important elements of neuropsychologi-
cal evaluations. Evaluation of a child’s emotional and social
adjustment involves interview of parents and the patient,
observation, and questionnaire data gathered from parents,
patients, and teachers regarding social development, peer
and family relationships, emotional regulation, mood, and
behavior management.

Academic Skills

Assessment of academic achievement in the context of
neuropsychological evaluations will vary depending on age
and the reason for referral. In all cases, the child’s educational
history will be an element of the information-gathering
process.
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Adaptive Function

Assessment of activities of daily living and adaptation to
environment are routinely a part of neuropsychological as-
sessment of children because these factors are important
indicators of quality of life. Parent interview and question-
naires provide much of the data in this domain.

B Epilepsy in Children and Its Effect
on Neuropsychological Function

The developmental impact of epilepsy in childhood is highly
diverse, which is not surprising given that the etiologies of pe-
diatric epilepsy are numerous and often unknown. Moreover,
the clinical presentations of patients with seizure disorders
are wide ranging. As a group, children with epilepsy are vul-
nerable to neurodevelopmental dysfunction; however, vari-
ous developmental trajectories occur in this population, and
it is not possible to make broad generalizations. Specific and
well-characterized epileptic syndromes are associated with
relatively specific neuropsychological profiles. For example,
children with Lennox-Gastaut syndrome almost invariably
function within the range of moderate to severe mental retar-
dation, whereas children with benign rolandic epilepsy most
often have cognitive strengths and weaknesses that do not
fall far outside normal limits for age.> However, most children
with epilepsy do not have clearly defined syndromes such as
these, and often the cause of seizures is unknown.

Significant limitations in cognitive development resulting
in mental retardation occur in approximately 15 to 30% of
patients with epilepsy and autism spectrum disorders oc-
cur in 20 to 30% of this population.* That said, the majority
of children with epilepsy will have good seizure control on
antiepileptic drugs and do not demonstrate substantial in-
tellectual impairment.>

The specific cause of epilepsy often places the child at risk
for neuropsychological dysfunction. Earlier onset of seizures
has been associated with poorer cognitive outcome; however,
this may be because of the likelihood of early onset epilepsy to
occur when cortical malformations are present or in the set-
ting of catastrophic epilepsy syndromes that present early in
life, such as West syndrome.® Risk for declines in intellectual
function is of concern in children with epilepsy and varies as a
function of many factors, not all of which are well understood.®
The primary risks to overall cognitive development in children
with epilepsy appear to be the presence of status epilepticus,
early onset of seizures in the setting of malformations of brain
development, intractable seizures, and drug toxicity.>

Specific patterns of neuropsychological strength and
weakness may be related to the neuroanatomical focality of
localization-related epilepsy.

The same contributing factors that lead to cognitive limi-
tations, such as neurodevelopment, seizure-related factors

(age of onset, syndrome, seizure severity), and medication
side effects also place children at risk for academic under-
achievement. Specific neuropsychological impairments of
skills, such as attention or memory, have substantial contri-
butions to school performance as well. The role of psychoso-
cial influences on academic achievement is very important
to consider, including self-esteem, sense of personal effec-
tiveness, and socioeconomic status.>

Children with epilepsy are three to nine times more likely
to experience psychiatric disturbance than children without
neurological conditions.* Approximately one third of pedi-
atric epilepsy patients have affective or anxiety disorders.”
Given the morbidity associated with depression, it is not
surprising that it is a significant predictor of quality of life
even when controlling for seizure frequency.® Risk is great
for increase in mood disturbance after surgery, particularly
with temporal lobe resections; however, patients with extra-
temporal resection and past history of mood problems are at
risk of reoccurrence as well.?

B Goals of Neuropsychological
Assessment in Pediatric
Epilepsy Surgery

The goals of preoperative neuropsychological assessment in
pediatric epilepsy surgery are threefold. First, determining
baseline neuropsychological function level before surgery is
necessary to detect and quantify any change in function after
surgery. Second, the neuropsychological evaluation provides
information about localization of cognitive function. The
distribution of cognitive strengths and weaknesses may cor-
respond to functional and dysfunctional brain systems and
provide clues about the location of the epileptogenic area as
well as identify brain systems that are supporting well-devel-
oping cognitive function. Finally, risks to surgical intervention
are highlighted; depending on the patient, these may include
potential exacerbation of emotional and behavioral difficul-
ties and risks to cognitive function should surgery proceed.
In general, if the cognitive functions assumed to be local-
ized to the epileptogenic region are impaired in the context
of an otherwise intact neuropsychological profile, and the
findings are consistent with other neurodiagnostic studies,
then the risks associated with resection are likely to be mini-
mal because the region to be resected does not appear to
function as intended. Alternatively, if deficits observed are
associated with the region of interest within the context of a
generally limited neuropsychological profile, the neuropsy-
chological profile is thought to be nonlocalizing. In this case,
risk to postsurgical function may be limited but likelihood
of seizure freedom may also be reduced given the general-
ized nature of dysfunction. However, if no localizing deficits
are found and the neuropsychological profile is largely one
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of competencies, the stakes are quite high because concerns
about postoperative dysfunction are raised.

B Special Considerations Regarding
Neuropsychological Assessment
of Children with Epilepsy

A desire to surgically intervene in intractable epilepsy as
early in life as possible has led to increasing numbers of in-
fants and toddlers presenting as epilepsy surgery candidates.
As such, the pediatric neuropsychologist on the epilepsy sur-
gery team must have the training and experience to evaluate
the neurodevelopment of individuals from the toddler (if not
infant) stage through young adulthood. Neuropsychological
tools and practical approaches to assessment change with
different stages of development and the knowledge base of
the practitioner must be comprehensive and flexible. When
working with a pediatric neurology population, many fac-
tors influencing the child’s development must be considered,
including timing of neurological insults and the impact on
future development, behavioral and structural plasticity,
and the effect of the child’s social and familial context.!°
Children with intractable epilepsy may have seizures during
neuropsychological assessments or may arrive for the evalu-
ation in a postictal state; having a plan for dealing with such
circumstances is necessary.

The communication or sensory functions of children with
epilepsy may be compromised, and modifications to typical
assessment approaches will be needed. Careful assessment
planning is needed when children have communication dys-
function so that minimal demands are placed on commu-
nication function when assessing nonverbal skills. Patients
with lesions along the optic radiations or in primary visual
cortex may have visual field cuts necessitating presentation
of information in the preserved visual field. Hemiparesis
poses specific challenges because tests of constructional
skills require coordinated use of both hands for optimal per-
formance. Thus the choice of tests and normative comparison
groups is crucial in the assessment of nonverbal cognition.

B Neuropsychological Data for
Localizing and Lateralizing the
Epileptogenic Area

Long has been the tendency to extend theories of functional
brain organization and neurocognitive research findings
derived from adult populations to the developing brain.
However, the nature and course of cognitive development
has proven to be quite complex and far from understood at
the present time. Plasticity of specific functions is variable
so that some functions appear more likely to reorganize than

others. It is likely that the timing of a neurological insult can
differentially affect the development of separate cognitive
functions. Moreover, reorganization of functions does not
always follow predictable rules.

Language

Language lateralization and localization to the left lateral fronto-
temporal region in the mature brain has been well established.
Although damage to cortex in and around Broca’s area in the
inferior frontocentral region or Wernicke’s area in the supe-
rior temporal gyrus sustained in adulthood reliably result in
aphasia, young children who sustain similar insults rarely
demonstrate language disturbance of the same magnitude.!!
The developing brain can demonstrate remarkable plasticity
to reorganize language functions if damage to the left hemi-
sphere is sustained early in life, generally before the age of
6 years, although occasionally later reorganization can occur.'?
Such reorganization can occur within the healthy remainder
of the left hemisphere or transfer of language functions to the
right hemisphere is possible. Outside of near complete devas-
tation of the left hemisphere early in life, we cannot predict
whether intra- or interhemispheric transfer of functions will
occur given our current state of knowledge in this area.

It has been assumed that interhemispheric transfer of
function occurs when lesions are either very large or en-
croach on language cortex, such as Broca’s and Wernicke’s
areas, whereas intrahemispheric reorganization occurs in
the context of left hemisphere lesions more remote from pri-
mary language cortex.!! Functional imaging research is shed-
ding light on the normal development of language skills and
neuroplasticity of these functions in the event of disruptions
to typical neurodevelopment. Reorganization of language
functions within the developing brain is not as predictable as
once assumed as demonstrated by a recent functional mag-
netic resonance imaging (fMRI) study of children with devel-
opmental left hemisphere lesion and intractable epilepsy.!!

Reorganization of language after lesions or surgery follow-
ing a period of relatively normal language development has
also been documented. Pre- and postsurgical fMRI of a boy with
Rasmussen’s syndrome document a shift from left hemisphere
language lateralization at age 5% years before significant cogni-
tive regression to right hemisphere dominance after left hemi-
spherotomy.!? After surgery, this patient was densely aphasic
and although he had not fully recovered language function
1 year after surgery, fMRI postoperatively documented a
right-sided language network in typical primary language cor-
tex. Other studies document recovery, at least in part, after
hemispherectomy in middle and late childhood.!314

Memory

Much of the adult literature on memory function, although not
all, suggests that verbal memory deficits are associated with
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left temporal lobe epilepsy and right temporal lobe epilepsy
is associated with nonverbal memory deficits.!> The body of
pediatric epilepsy literature is quite small in comparison;
however, findings frequently indicate that material-specific
memory is not well lateralized in childhood onset epilepsy.!®
Verbal memory has been consistently shown to be an area of
limitation among children with temporal lobe epilepsy, par-
ticularly with mesial temporal lobe seizure onset, but right
and left side seizure foci both have the propensity to produce
verbal memory impairments. By contrast, facial recognition
is more consistently lateralized to the right temporal lobe.1®
Other types of nonverbal memory are not clearly lateralizing,
such as geometric figure memory or location memory.

Verbal and nonverbal memory plasticity findings give
clues to the development of material specific memory. Lan-
guage processing develops over the first few years of life,
whereas faces are arguably the first stimuli a human infant
actively processes. The brain systems involved in language
processing and verbal memory can be reorganized if dis-
rupted before development is complete and if healthy brain
structures equipped to take on language functions are avail-
able. Because facial processing comes on line earlier, there is
less opportunity for reorganization.!”

Visual-Spatial

Primary visual processing takes place in the occipital lobes,
whereas the parietal lobes analyze and integrate spatial in-
formation and coordinate with the frontal lobes to navigate
space interact with objects. The temporal lobes are involved
in recognition of known forms. These two processing path-
ways are commonly referred to as the “where” and “what”
streams of visual processing, respectively.'® Thus, children
with parietal lobe seizure foci may demonstrate visual motor
integration deficits in which they are able to copy simple and
recognizable shapes, such as triangles and circles, but unable
to accurately copy these same shapes when combined to
form more complicated and abstract figures given the high
spatial demand of the visual scene. These same children may
be able to recognize common objects well, no matter how
visually complex, because the parietal system demands are
decreased under such circumstances. It has been commonly
thought that such visual motor integration problems are as-
sociated primarily with right parietal damage, but dysfunc-
tion in either parietal lobe can produce such deficits.

Executive Functions

For the purpose of preoperative neuropsychological assess-
ment in children, a more narrow focus on executive control
skills that can be localized to the frontal lobes and, in some
cases lateralized, is the goal. This goal is notoriously diffi-
cult to achieve with neuropsychological assessment; perfor-
mance on tests designed to measure these skills is often not

predictive of executive control impairments in daily func-
tioning. These skills are not easy to divide conceptually, nor
are they independent neuroanatomically.

Regulatory skills involve medial aspects of the prefron-
tal cortex and medial subcortical pathways at a basic level.
Such regulatory skills include focusing and shifting atten-
tion, inhibition, emotional response modulation, and self-
management of physical activity level. These skills are often
impaired in children with intractable epilepsy and likely re-
flect a broad functional network that is easily disrupted.

Metacognitive aspects of executive control skills generally
involve the lateral prefrontal cortex. Such metacognitive skills
include working memory (the active manipulation of informa-
tion held in immediate memory), planning, and organization.
Functional imaging data of children and adults documents
working memory function involving the dorsolateral prefron-
tal cortex, typically on the left side.!® Spatial planning skills
also involve lateral prefrontal cortices bilaterally. There is some
evidence that the right prefrontal cortex is involved in generat-
ing a plan to solve spatial problems, whereas the left frontal
network is involved in monitoring and carrying out the plan.?°

Patients often present with a variable executive function
profile, which is not surprising because the construct is so
broad. Analysis of patterns of performance and observations
of behavior may differentiate between lateral and mesial fron-
tal system dysfunction, but neuropsychologists are not able to
lateralize dysfunction based on executive function data alone.

Special Tests for Localization and
Lateralization of Cognitive Function

We are far from having clear rules for the prediction of the
nature of reorganization of language and memory functions
in children. Functional tests are needed to identify eloquent
cortex. Preoperative activation (fMRI) and deactivation (Wada
and cortical mapping) studies remain essential before epilepsy
surgery in frontal and temporal regions. Please refer to other
chapters in this book that review functional assessment.

B Advice to Parents and Teachers
Regarding Potential Postoperative
Issues

After surgery, much focus will understandably be placed on
seizure outcome. Other aspects of recovery in the postopera-
tive period also need to be a focus of attention. Neuropsychol-
ogists can help patients, parents, and teachers anticipate and
minimize potential difficulties in the postoperative period.
In the case of focal resections, patients often are able to walk
and talk and look like they are fully recovered fairly soon af-
ter surgery and should be encouraged to return to school and
other typical activities as soon as possible. However, plan-
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ning for a gradual return to prior expectations is strongly
advised because cognitive and physical fatigue can last
many weeks and recovery of cognitive skills can be a slow
and sometimes discouraging process.? Emotional fatigue and
lability can also be expected as regulatory capacities may be
strained as the child recovers from neurosurgery.

In the case of hemispherectomy or resection of eloquent
cortex, depending on the child’s presurgical function, more
significant rehabilitation needs can be anticipated, including
vision therapy to address visual filed cuts, physical and occupa-
tional therapy to address hemiparesis, and speech and language
therapy to address any new challenges in communication.

The neuropsychological evaluation can be tremendously
useful in educating parents, teachers, and patients them-
selves about their learning style, strengths, and cognitive
limitations. Armed with this knowledge, caregivers can be
more empathic and responsive to the child’s needs.

Identification of psychological dysfunction before surgi-
cal intervention is necessary to support the child and family
through the adjustments that lie ahead. Given the possibil-
ity of exacerbation of psychiatric symptoms after surgery,
identification of risk before surgery and having a behavioral
health treatment team in place to manage changes in pre-
sentation is very valuable. Inclusion of an experienced social
worker as part of the epilepsy team can be an invaluable re-
source to families and patients as they prepare for and live
through the epilepsy surgery process and recovery period.

B Follow-up Assessment and
Neuropsychological Outcome

Follow-up neuropsychological evaluation after surgery is
needed to assess cognitive and behavioral outcomes, to
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Anesthetic Considerations and
Postoperative ICU Care

Sulpicio G. Soriano and Michael L. McManus

The surgical management of intractable epilepsy has evolved
owing to advances in intraoperative neuroimaging and elec-
troencephalography (EEG). Recent advances in pediatric
neurosurgery have exploited these technologies and dra-
matically improved the outcome in infants and children. The
chapters in this section highlight the age-dependent aspects
of the perioperative management of the pediatric neurosur-
gical patient.

B Physiological Differences
in Pediatrics

Age-dependent differences in cerebrovascular physiology
have a significant impact on the perioperative manage-
ment of neurosurgical patients. Cerebral blood flow (CBF)
is coupled tightly to metabolic demand, and both increase
proportionally immediately after birth. Wintermark and
colleagues determined the effect of age on CBF.! Using com-
puted tomography (CT) perfusion techniques, they reported
that CBF peaked between 2 and 4 years of age and settled
at 7 to 8 years of age. These changes mirror changes in neu-
roanatomical development. The autoregulatory range of
blood pressure in a normal newborn lies between 20 and
60 mm Hg,? reflecting the relatively low cerebral metabolic
requirements and blood pressure of the perinatal period. Al-
though children younger than 2 years have lower baseline
mean arterial pressures, they have lower autoregulatory re-
serve and can theoretically be at greater risk of cerebral ische-
mia.? These factors place the infant at risk for significant
hemodynamic instability during neurosurgical procedures
compared with adults.

B Preoperative Evaluation and
Preparation

A thorough preoperative, organ system-based evaluation of
the pediatric patient is essential to minimize perioperative
morbidity because infants are at higher risk for periopera-
tive morbidity and mortality than any other age group.*
Respiratory- and cardiac-related events account for a major-

ity of these complications and necessitate a thorough history
and physical examination. First, a complete airway examina-
tion is essential, because some craniofacial anomalies may
require specialized techniques to secure the airway.”> Next,
a thorough cardiovascular evaluation should be completed
with an eye toward congenital heart disease that may not
be apparent immediately after birth. A pediatric cardiolo-
gist should be consulted to evaluate all patients with sus-
pected problems to identify any lesions and assess cardiac
function before surgery. Optimal cardiac function is crucial
intraoperatively because massive blood loss, swings in blood
pressure, electrolyte shifts, and aggressive fluid administra-
tion may lead to depression of myocardial contractility and
acute myocardial failure. Finally, a variety of medical condi-
tions often accompany pediatric patients with epilepsy, and
these need to be addressed when formulating the anesthetic
plan.

Tuberous sclerosis (TS) is a hamartomatous disease that
usually presents with cutaneous and intracranial lesions, the
latter leading to medically intractable epilepsy.® Hamarto-
matous lesions frequently infiltrate and disturb the cardiac,
renal, and pulmonary systems as well. Cardiac rhabdomyo-
mas can be detected in a majority of these patients and can
lead to dysrhythmias, obstruction of intracardiac blood
flow, and abnormal conduction through the bundle of His.
Therefore, all patients with TS should have a preoperative
echocardiogram and electrocardiograph to detect any func-
tional defects. Renal lesions often result in hypertension and
azotemia, both of which may complicate the conduct of an-
esthesia.

Sturge-Weber syndrome, or encephalotrigeminal angio-
matosis, is another of the phakomatoses and is characterized
by port-wine facial stains and ipsilateral leptomeningeal an-
giomas. Intracranial angiomata with calcification (“railroad
sign”) produce cerebral atrophy, mental retardation, and
seizures that are often refractory to medical management.
Extracranial angiomata, including lesions involving the air-
way, have been reported, and congenital glaucoma is present
in a third of patients. Thus, airway management, intraocular
pressure, and intraoperative hemorrhage are important con-
siderations.

Preoperative laboratory tests should be tailored to the pro-
posed neurosurgical procedure. Hypercoagulation develops
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early after resection of brain tissue in pediatric neurosurgi-
cal patients, as assessed by thromboelastography.” Given the
risk of significant blood loss associated with craniotomies, a
hematocrit, prothrombin time, and partial thromboplastin
time should be obtained to uncover any insidious hemato-
logical or coagulation disorders. Type- and cross-matched
blood should be available before all craniotomies.

All patients presenting for epilepsy surgery have un-
dergone drug treatment of their seizures. Each drug class
has side effects that can affect the conduct of anesthesia.
The traditional anticonvulsant drugs—phenobarbital, phe-
nytoin, and carbamazepine—are potent inducers of hepatic
microsomal p450 enzymes. Cerebyx (fosphenytoin) and
Carbatrol (oxcarbazepine) are recent reformulations of the
latter two drugs. The hepatic p450 enzymes mediate bio-
transformation and enhanced elimination of many drugs.
Long-term administration of these specific anticonvulsant
drugs results in drug resistance and increases requirements
for both nondepolarizing muscle relaxants and opioids ad-
ministered during general anesthesia.? Patients on chronic
anticonvulsant drug therapy with phenobarbital, phenytoin,
and carbamazepine need to be closely monitored for drug
effect, and dosage should be increased accordingly. In gen-
eral, the newer classes of anticonvulsant drugs do not appear
to alter the metabolism of anesthetic drugs. However, other
side effects have been reported with chronic administration
of these new drugs. Topiramate has been shown to cause
an asymptomatic anion gap metabolic acidosis because of
inhibition of carbonic anhydrase.® This can exaggerate the
metabolic acidosis that often occurs as a result of hypoperfu-
sion because of massive blood loss. Sodium valproate is as-
sociated with platelet abnormalities and can cause bleeding
disorders. Sodium valproate and felbamate can induce liver
failure, and patients receiving these drugs should have the
appropriate laboratory tests to determine the baseline line
platelet and liver function before surgery.

The ketogenic diet is a high fat, low carbohydrate, low
protein regime that promotes a chronic metabolic state of
ketosis and acidosis. For reasons that remain unclear, this
diet has proven to be a very useful adjunct in the treatment
of many children with intractable epilepsy.!® Although ad-
equate calories are provided with fat, carbohydrate intake is
limited to 5 to 15 g/day and hypoalbuminemia is common.
Because the target metabolic state can be disrupted by ad-
ministration of carbohydrate-containing intravenous (IV)
solutions or by ingestion of the sweetened syrups contained
in some premedications, these should be avoided by the
anesthesiologist. Although both normal saline and lactated
Ringer’s are acceptable fluid choices, there is limited mar-
gin for additional acidosis, and the acid-base status must be
monitored closely during surgery. Bicarbonate, plasma glu-
cose, and serum ketone levels should be measured preop-
eratively, then sampled regularly to avoid hypoglycemia or
excessive ketosis (serum or urine ketones > 160 mg/dL).

B Anesthetic Management

Premedication

Separation from parents and perioperative anxiety play a sig-
nificant role in the care of the pediatric patient and are related
to the cognitive development and age of the child. Preopera-
tive sedatives given before the induction of anesthesia can
ease the transition from the preoperative holding area to the
operating room.!! Midazolam administered orally is particu-
larly effective in relieving anxiety and producing amnesia. If
an indwelling IV catheter is in place, midazolam can be slowly
titrated to achieve sedation. If intraoperative electrocorticog-
raphy (ECoG) is planned, the dosage of midazolam and other
benzodiazepines should be reduced to minimize the depres-
sant effects on the electroencephalogram (EEG).

Induction of Anesthesia

The patient’s neurological status and co-existing medical
conditions will dictate the appropriate technique and drugs
for induction of anesthesia. In infants and young children,
general anesthesia can be induced with inhalation of sevo-
flurane and nitrous oxide in oxygen. Sevoflurane has been
shown to have epileptogenic potential.'> However, the
mechanism of this phenomenon is unclear. Alternatively,
if the patient already has an IV catheter, anesthesia can be
induced with sedative/hypnotic drugs such thiopental (5-8
mg/kg) or propofol (3-4 mg/kg). These drugs rapidly induce
unconsciousness and can blunt the hemodynamic effects
of tracheal intubation. A nondepolarizing muscle relaxant
is then administered after induction of general anesthesia
to facilitate intubation of the trachea. Patients with nausea
or gastroesophageal reflux disorder are at risk for aspiration
pneumonitis and should have a rapid-sequence induction of
anesthesia performed with thiopental or propofol immedi-
ately followed by a rapid-acting muscle relaxant and cricoid
pressure. Rocuronium can be used when succinylcholine is
contraindicated, such as for patients with spinal cord inju-
ries or paretic extremities. In these instances, succinylcho-
line can result in sudden, catastrophic hyperkalemia.

Airway Management

Given the high incidence of respiratory morbidity and mor-
tality in pediatric patients, a thorough examination of the
airway and the use of appropriate equipment and techniques
are mandatory. Because the trachea is relatively short, an en-
dotracheal tube can easily migrate into a mainstem bron-
chus if an infant’s head is flexed or turned. Therefore, great
care should be devoted to assuring proper position of the
endotracheal tube during tracheal intubation. Patients un-
dergoing awake craniotomies are always at risk for airway
compromise caused by sedation, seizure, or obstruction
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from positioning. Therefore, the patient’s face should be ac-
cessible to the anesthesiologist for manipulation of the air-
way and ventilation of the lungs.

Positioning

Patient positioning for surgery requires careful preopera-
tive planning to allow adequate access to the patient for
both the neurosurgeon and anesthesiologist. This issue is
especially important in patients undergoing awake crani-
otomies. In this case, the patient has to be in a comfortable
position throughout the surgical procedure. A clear channel
should be created in front of the patient’s face to facilitate
communication and facial observation during the neuropsy-
chological assessment. If cortical stimulation or induction
of the seizure is planned, the patient’s limbs must be easily
visualized.

Frequently, neurosurgical procedures are performed with
the head slightly elevated to facilitate venous and cerebro-
spinal fluid (CSF) drainage from the surgical site. However,
superior sagittal sinus pressures decrease with increasing
head elevation, and this situation increases the likelihood
of venous air embolus.!® Extreme rotation of the head can
impede venous return through the jugular veins and lead to
impaired cerebral perfusion and increased intracranial pres-
sure (ICP) and venous bleeding.

Vascular Access

Because of limited access to the patient (especially small
children) during neurosurgical procedures, optimal IV ac-
cess is mandatory before the start of surgery. Typically two
large bore venous cannulae are sufficient for most cranioto-
mies. Should initial attempts fail, central venous cannula-
tion may be necessary. Use of the femoral vein avoids the
risk of pneumothorax associated with subclavian catheters
and does not interfere with cerebral venous return as may
be the case with jugular catheters. Because significant blood
loss and hemodynamic instability can occur during crani-
otomies, cannulation of the radial artery would provide di-
rect blood pressure monitoring and sampling for blood gas
analysis. Other useful arterial sites in infants and children
include the dorsalis pedis and posterior tibial artery.

Maintenance of Anesthesia

Several classes of drugs are used to maintain general anes-
thesia. Potent, volatile anesthetic agents (i.e., sevoflurane,
isoflurane, and desflurane) are administered by inhalation.
These drugs are potent cerebrovascular dilators and cerebral
metabolic depressants, which can mediate dose-dependent
uncoupling of cerebral metabolic supply and demand and
increase cerebral blood volume and intracranial pressure.
Moreover, the use of these agents can be associated with a

significant decrease in cerebral perfusion pressure, primar-
ily because of a dose-dependent reduction in arterial blood
pressure.'4 They depress the EEG and may interfere with in-
traoperative ECoG. Given these issues, volatile anesthetics
are rarely used as the sole anesthetic for neurosurgery.

Intravenous anesthetics are categorized as sedative/hyp-
notics and opioids. These drugs are also potent cerebral
metabolic depressants but do not cause cerebral vasodila-
tion. The sedative/hypnotics, propofol, midazolam, and thio-
pental, rapidly induce anesthesia and attenuate the EEG.'
Opioid drugs can depress the EEG but not as severely as the
sedative hypnotics. Fentanyl and other related synthetic opi-
oids, including sufentanil, have their context-sensitive half
times increase with repeated dosing or prolonged infusions
and require hepatic metabolism. As a result, the narcotic ef-
fects, such as respiratory depression and sedation, of these
drugs may be prolonged. Remifentanil is a unique opioid that
is rapidly cleared by plasma esterases. This makes it, when
administered at a rate of 0.2 to 1.0 mcg/kg/min, an ideal opi-
oid for rapid emergence from anesthesia.’® However, this
rapid recovery is frequently accompanied by delirium and
inadequate analgesia. Deep neuromuscular blockade with
a nondepolarizing muscle relaxant is maintained to avoid
patient movement and minimize the amount of anesthetic
agents needed. Muscle relaxants should be withheld or per-
mitted to wear off when assessment of motor function dur-
ing neurosurgery is planned.

Intraoperative Fluid and Electrolyte
Management

Given the unexpected nature of sudden blood loss, normo-
volemia should be maintained throughout the procedure.
Estimation of the patient’s blood volume is essential in de-
termining the amount of allowable blood loss and when
to transfuse blood. Blood volume depends on the age and
size of the patient. Normal saline is commonly used as
the maintenance fluid during neurosurgery, because it is
mildly hyperosmolar (308 mosm/kg). However, rapid infu-
sion of large quantities of normal saline (> 60 mL/kg) can
be associated with hyperchloremic acidosis.!” Given the
relatively large blood volume of the neonate and infant,
the maintenance rate of fluid administration depends on
the weight of the patient. The maximum allowable blood
loss should be determined in advance to determine when
blood should be transfused to the patient. Initially, blood
losses should be replaced with 3 mL of normal saline for
1 mL of blood loss or a colloid solution such as 5% albumin
equal to the blood loss. Hematocrits of 21 to 25% should
provide some impetus for blood transfusion. Massive
transfusion of packed red blood cells can lead to dilutional
thrombocytopenia.

Brain swelling can be initially managed by hyperventila-
tion and elevating the head above the heart. Should these
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maneuvers fail, mannitol can be given at a dose of 0.25 to
1.0 g/kg intravenously. However, repeated dosing can lead
to extreme hyperosmolality, renal failure, and further brain
edema.'® Furosemide is a useful adjunct to mannitol in de-
creasing acute cerebral edema and has been shown in vitro
to prevent rebound swelling caused by mannitol.

B Anesthetic Considerations for
Specific Procedures

Vagal Nerve Stimulation

Vagal nerve stimulation is another therapeutic option for in-
tractable seizures.!® Placement of these devices is commonly
performed under general anesthesia as same-day surgical
patients. However, some groups have advocated the use
of regional anesthesia in cooperative patients. Intraopera-
tive bradycardia and transient asystole have been reported
during initial stimulation and positioning of the electrodes.
However, these events were short lived, and no morbidity
evolved. Possible mechanisms for the bradycardia/asystole
include stimulation of cervical cardiac branches of the va-
gus nerve either by collateral current spread or directly by
inadvertent placement of the electrodes on one of these
branches. Close observation of the electrocardiogram (ECG)
is mandated during testing of the vagus nerve.

Anesthesia for Placement of Grids and Strips

Placement of the intracranial grids and strips carries the
same operative risks noted previously. The recording derived
from the cortical grids and strips is tested and requires the
level of anesthesia to be decreased to minimize its depressant
effects on the EEG. Because anticonvulsant drug therapy is
usually removed to detect and characterize the seizure, post-
operative monitoring of the patient should focus on bleed-
ing and uncontrolled status epilepticus. The patient typically
returns within 1 week for a repeat craniotomy for removal of
the grids and strips and resection of the seizure focus/foci.
It is important to avoid administration of nitrous oxide until
the dura is opened, because intracranial air can persist up to
3 weeks after a craniotomy, and nitrous oxide in these situ-
ations can cause rapid expansion of air cavities and result in
tension pneumocephalus.2?

Resection of Seizure Focus

The depressant effects of many anesthetic agents limit the
utility of intraoperative neurophysiological monitoring to
be used during the surgical procedure. In general, ECoG
and EEG can be used during low levels of volatile anesthe-
tics. Cortical stimulation of the motor cortex necessitates

observation of motor movement of the specific area of the
homunculus. Therefore, muscle relaxation should be avoided
or permitted to dissipate during the monitoring period. Be-
cause some epileptogenic fociare near cortical areas that con-
trol speech, memory, motor function, or sensory function,
monitoring of patient and electrophysiological responses
is frequently used to minimize iatrogenic injury to these
areas.?1:22

Awake Craniotomy

Neurological function is best assessed in an awake and co-
operative patient. Positioning of the patient is critical for the
success of this technique. The patient should be in a semilat-
eral position to allow both patient comfort as well as surgi-
cal and airway access to the patient. A variety of techniques
have been advocated to facilitate intraoperative assessment
of motor-sensory function and speech. These range from no
sedation with local anesthesia to “asleep-awake-asleep”
techniques in which the general anesthesia is induced be-
fore and after functional testing.?> Propofol does not inter-
fere with the ECoG, when discontinued 20 minutes before
monitoring in children undergoing an awake craniotomy.?
Other drug regimens include remifentanil and dexmedeto-
midine.>>26 However, it is imperative that candidates for an
awake craniotomy be mature and psychologically prepared
to participate in this procedure.

Corpus Callosotomy

Because intraoperative EEG is not required during corpus
callosotomy, any anesthetic regiment can be used. How-
ever, the risk for uncontrolled hemorrhage and venous
air embolus still exists because the surgical approach en-
croaches on the sagittal sinus. Lethargy and somnolence
occur after complete division of the corpus callosum and
place patients at risk for aspiration pneumonitis and airway
obstruction during the immediate postoperative period.
Therefore, the patient’s trachea should be left intubated
and mechanically ventilated until the patient fully regains
consciousness.

Hemispherectomy

Hemispherectomies have the highest morbidity of all sur-
gical procedures for intractable epilepsy. These procedures
result in the loss of more than one blood volume and are
associated with coagulopathy, hypokalemia, and hypo-
thermia.?’” The use of central venous and pulmonary artery
catheters for monitoring intravascular volume has been ad-
vocated by some groups for surgical procedures associated
with large blood loss and fluid shifts. However, this prac-
tice is not universally accepted. This is primarily because of
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significantly higher volume of blood loss when compared
with older children and those undergoing functional resec-
tions.?® Sustained bleeding and subsequent transfusions
can progress into a low cardiac output state characterized
by hypotension and limited response to administration of
fluid and inotropic drugs. Given the continuous blood loss,
administration of tranexamic acid has been shown to sig-
nificantly reduced blood loss in children undergoing cardiac
and spinal surgery.2*30 Because the prothrombotic effect of
tranexamic acid is unknown, a reduced dose of 50 mg/kg
load followed by an infusion of 5 mcg/kg/h may be effec-
tive. Low cardiac output states can be temporized by insti-
tuting a dopamine infusion (5-10 mcg/kg/min). If this is
ineffective, an epinephrine infusion (0.05-1.0 mcg/kg/min)
along with aggressive fluid resuscitation may be necessary.
Given the large fluid shifts and somnolence that ensues, it
may be prudent to leave a patient’s trachea intubated and
institute mechanical ventilation for the first postopera-
tive day.

B Postoperative Management

Close observation in an intensive care unit with serial neu-
rological examinations and invasive hemodynamic moni-
toring is helpful for the prevention and early detection of
postoperative problems. It is important to recognize that
postoperative seizures can still occur in these patients and
lead to significantly increased morbidity. When seizures
do occur, the response must be prompt3!: first with ba-
sic life support algorithms addressing airway, breathing,
and circulation, then with administration of sufficient
anticonvulsant drug to stop the seizure. A common ap-
proach involves lorazepam 0.1 mg/kg IV (repeated after 10
minutes if necessary) for immediate control, followed by
fosphenytoin 20 mg/kg, phenobarbital 20 mg/kg, or leve-
tiracetam 10 mg/kg on a regular schedule for more lasting
coverage.

Postoperative nausea and vomiting can result from sur-
gery, anesthesia, or postoperative medications. Because
retching will cause sudden increases in intracranial pressure,
nausea should be treated with a nonsedating antiemetic. Al-
though the efficacy of intraoperative administration of an-
tiemetic drugs as a prophylactic measure is controversial,3?
ondansetron (50 mcg/kg), dexamethasone (0.25 mg/kg), or
metoclopramide (150 mcg/kg) can effectively treat nausea
and vomiting in the postoperative period.

Fluid and electrolyte derangements are common in the
postoperative neurosurgical patient. Hyponatremia can
develop because of excessive free water administration
(hypotonic fluids given in the setting of high antidiuretic
hormone levels) or to abnormal losses of sodium (cerebral
salt wasting). The syndrome of inappropriate anti-diuretic

hormone (ADH) secretion is marked by low sodium and hy-
pervolemia, whereas cerebral salt wasting is marked by low
sodium and hypovolemia. Sudden falls in serum sodium
concentration can precipitate seizures that resist conven-
tional drug therapy but respond to modest volumes of hy-
pertonic saline (3% saline, 4 mL/kg). Hypernatremia occurs
less frequently but can result from increased insensible
losses (especially in infants) or the presence of diabetes in-
sipidus. In the latter, urine volumes in excess of 4 mL/kg
are usually observed, and infusion of arginine vasopressin
is necessary for correction.??

Postoperative mechanical ventilation is uncommon
but can occasionally be necessary after epilepsy surgery.
Intraoperative events that most commonly necessitate
postoperative tracheal intubation and mechanical ventila-
tion include neurological dysfunction and massive blood
loss followed by volume resuscitation with fluid shifts.
In these patients, continuous infusions of a narcotic (fen-
tanyl, morphine) and a benzodiazepine (midazolam) pro-
vide effective sedation. Although propofol infusion can
provide reliable sedation with quick wakeups, in pediatric
patients it may lead to a syndrome of metabolic acidosis
and progressive multiorgan failure (the “propofol infusion
syndrome”).3* When propofol must be used, it is prudent
to minimize infusion rates to less than 3.0 mg/kg/h and
durations to less than 12 hours. A newer agent, dexme-
detomidine, offers many of the advantages of propofol as
an ultra-short-acting, single-agent sedative. Unlike pro-
pofol, it does not cause apnea, so spontaneous breathing
is easily maintained. Our early experience suggests that
both hypotension and hypertension can be associated side
effects.

The treatment of postoperative pain is a significant com-
ponent of the perioperative management of the neurosur-
gical patient. Because most craniotomies are observed in
a critical care unit, IV opioids (morphine 0.1 mg/kg IV ev-
ery 2-4 hours as needed) can be carefully titrated to blunt
pain but not to the point of oversedation. Patients recover-
ing in an unmonitored setting may receive acetaminophen
(10-15 mg/kg) and codeine (0.5 mg/kg) with minimal side
effects.

B Conclusion

The perioperative management of pediatric patients for epi-
lepsy surgery should focus on the specific problems unique
to the disease state, age of the child, and operative conditions.
Thorough preoperative evaluation and open communication
between members of the epilepsy team are important. A ba-
sic understanding of age-dependent variables and the inter-
action of anesthetic and surgical procedures are essential in
minimizing perioperative morbidity.
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Implantation of Strip, Grid, and
Depth Electrodes for Invasive
Electrophysiological Monitoring

Oguz Cataltepe and Julie Pilitsis

The main goal of resective surgical interventions in the man-
agement of medically refractory epilepsy is the complete re-
moval of the epileptogenic zone while preserving adjacent
functionally critical cortical areas. Therefore, the precise lo-
calization of the epileptogenic zone in epilepsy surgery has
critical significance for achieving postoperative seizure-free
outcome.!-3 This is especially true for the patients with ex-
tratemporal epilepsy and radiologically occult abnormalities.
Although scalp electroencephalography (EEG) is very help-
ful in determining the location of the epileptogenic zone, it
does not delineate the surgical target precisely in magnetic
resonance imaging (MRI) negative cases and in many extra-
temporal epilepsy cases. The main contribution and value
of extraoperative monitoring with intracranial electrodes
in epilepsy surgery is its role in the precise determination
and mapping of the epileptogenic zone and eloquent cortex.
Invasive monitoring is required more frequently in children
than adults because of the high frequency of extratemporal
epilepsy and dysplastic cortical lesions in the pediatric age
group. In these cases, preoperative data obtained with non-
invasive monitoring techniques may be inconclusive with
multiple foci or even unclear lateralization. Invasive moni-
toring is frequently required in these patients and consti-
tutes 25 to 40% of cases in some pediatric series.>*-6

B Indication

Invasive monitoring is indicated if preoperative assessment
with noninvasive tests

1. is inconclusive with unclear lateralization or localization
of epileptogenic zone;

2. provide noncongruent data; or

3. reveal the following:

- multiple epileptiform areas,

- multiple structural lesions with ill-defined electro-
graphic focus,

- no clearly defined structural lesion on MRI despite elec-
trographic evidence of epileptogenic zone in a certain
cortical region,

- electrographic evidence implying a larger epileptogenic
zone than lesional zone on MRI, or

- epileptogenic zone adjacent to eloquent cortex.

However invasive monitoring is not an exploratory proce-
dure and is helpful only if the noninvasive workup is sug-
gestive for certain cortical locations. In these cases, further
delineation and accurate localization of the epileptogenic
zone is required to be able to offer surgical resection as a
management option to the patient.2-°

Although other indications can be defined, the most com-
mon indications for invasive monitoring in temporal lobe
epilepsy (TLE) include the following:

1. Presence of noninvasive electrographic data showing bi-
lateral temporal seizure onset

2. Semiological and electrographic difficulty in differenti-
ating temporal lobe seizures from possible frontal lobe
seizures

3. Presence of electrographic data suggestive for unilateral
temporal onset in presence of bilateral imaging abnor-
malities

4. 1ll-defined electrographic abnormalities with a unilateral
structural abnormality on imaging studies

5. Dual pathologies?-?

Sperling defined some major and minor criteria for the role of
invasive monitoring in TLE. He did not recommend invasive
monitoring if the patient has concordant data fully or with ei-
ther two major plus one minor or one major plus three minor
criteria listed in Table 15.1. If tests are discordant or there are
an insufficient number of concordant test results, he recom-
mends invasive monitoring with intracranial electrodes.®

In extratemporal epilepsy, invasive monitoring is indi-
cated not only to define the epileptogenic zone but also to
map the eloquent cortex. Even in cases with an extratempo-
ral lesion with well-defined borders, if it is adjacent to elo-
quent cortex, invasive monitoring with grid placement may
still be needed for stimulation and mapping purposes. This
is also true for cortical dysplasia cases that often have ill-
defined borders and more extensive electrographically ab-
normal areas than imaging studies suggest.23>6

B Invasive Monitoring Techniques

Several invasive monitoring electrodes may be used in epi-
lepsy patients. The most commonly used electrodes are

119



120

Il Surgical Approaches and Techniques

Table 15.1 Criteria for the Role of Invasive Monitoring in Temporal
Lobe Epilepsy

Major criteria  Scalp/sphenoidal EEG: temporal lobe interictal
spikes

Scalp/sphenoidal EEG: temporal lobe ictal onset
MRI: hippocampal atrophy
PET: temporal lobe hypometabolism

Minor criteria  Wada test: lateralized memory deficit
EEG: interictal focal 6 or 6 (> 50% of time)
SPECT: ictal temporal lobe hyperperfusion

Abbreviations: electroencephalogram, EEG; magnetic resonance imaging,
MRI; positron emission tomography, PET; single photon emission com-
puted tomography, SPECT.

subdural strip, grid, and depth electrodes (Fig. 15.1). Epi-
dural peg electrodes are also available but not as widely
used. Invasive monitoring electrodes can be chosen among
commercially available electrodes or can be custom made
based on the specific needs of the case. These can be used
separately or in combination to determine the epileptogenic
zone. The extent of the coverage, ideal electrode type, and
configuration should be determined by the epileptologist,
epilepsy surgeon, and neurophysiologist together after re-
view of the available data for each patient. The initial step
in invasive monitoring is determining the cortical area with
the highest likelihood of epileptogenicity to cover with inva-
sive electrodes. Scalp EEG data and MRI studies provide the
most valuable data in defining the cortical area that needs
to be covered.>S Invasive electrodes are frequently placed
bilaterally, but if lateralization of the seizures is clear and
localization is questionable, coverage may be asymmetrical
with more extensive sampling from the suspicious hemi-
sphere.b Each electrode and invasive monitoring modality
has certain advantages and disadvantages. Although depth

-

and strip electrodes are more useful to lateralize the seizure
onset, grids are much more helpful to further localize the
epileptogenic zone.

Depth Electrodes

Depth electrodes are most valuable in assessing deep cor-
tical structures such as the amygdala, hippocampus, para-
hippocampus, cingulum, and orbitofrontal cortex.!® Depth
electrodes in pediatric epilepsy surgery are mostly used in
older children, although still not as commonly as in adults.
These are multicontact electrode arrays, consisting of up to
12 nickel-chromium or platinum contacts embedded in a
thin, tubular, biologically inert Silastic material. They can be
placed through a drill or burr hole using a stereotactic frame
or frameless neuronavigation guidance. Typical indications
for depth electrodes include bilateral mesial temporal epi-
lepsy (MTS), dual pathology, differentiation between mesial
and neocortical temporal epilepsy or temporal lobe and or-
bitofrontal seizure onset, and presence of epileptogenic le-
sion located in deep brain parenchyma, such as in cases of
hypothalamic hamartoma or periventricular heterotopia.
Depth electrodes are also useful in clarifying conflicting data
such as the presence of unilateral MTS on MRI and bilateral
independent or nonlocalizing interictal/ictal epileptogenic
activities in noninvasive EEG monitoring. Although depth
electrodes provide excellent data from deep structures, they
do not have cortical surface coverage and have very limited
stimulation capabilities. Therefore, depth electrodes are fre-
quently used in combination with strip electrodes.* Bilateral
hippocampal depth electrodes combined with bilateral tem-
poral subdural strip electrodes provide perfect coverage for
both neocortical and mesial temporal areas bilaterally. This
already large coverage can be easily further extended to both
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Fig. 15.1 Subdural strip and grid electrodes (courtesy
of Integra Neurosciences, Plainsboro, NJ, USA).
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orbitofrontal regions by adding two more subdural strip
electrodes. Depth electrodes can also be placed in the cingu-
lum and orbitofrontal cortex; for additional frontal coverage,
they can be combined with strip electrodes, such as bilateral
orbitofrontal depth electrodes with bilateral convexity, lat-
eral frontal, and interhemispheric strip electrodes.*7:10
Depth electrodes can be placed into the mesial temporal
structures through two different approaches: occipitotem-
poral and temporal (Fig. 15.2A-F). The occipitotemporal
approach provides a trajectory parallel to the long axis of
hippocampus, whereas the temporal approach provides a
trajectory orthogonal to hippocampus. We prefer the oc-
cipitotemporal approach because it has the advantage of
placing multiple contacts throughout the amygdala and
hippocampal head and body with a single-depth electrode.
Because this approach would not provide any information
regarding neocortical electrical activity, additional subdural
strips can be easily placed to cover temporal neocortex at the
same time. Conversely, the temporal orthogonal approach
has an advantage of providing data both from mesial as well
as neocortical structures through a single-depth electrode.
However, this approach often necessitates multiple-depth
electrodes (two or three) on each side and results in only

Fig. 15.2 (A-C) Postoperative magnetic resonance imaging (MRI)
images of bilateral hippocampal depth electrodes through occipi-
totemporal approach: Axial (A), sagittal (B), and coronal (C) planes.

one or two contacts truly in the mesial structures whereas
the other contacts are in neocortex. However, this approach
provides very limited neocortical electrographic data com-
pared with strip electrodes.

Subdural Strip and Grid Electrodes

Both subdural strip and grid electrodes are thin, biologically
inert, Silastic or Teflon sheets with embedded nickel-chromium
or platinum, electrically isolated electrode contacts. Each
electrode contact is 2 to 4 mm in diameter, and generally
the interelectrode distance is 10 mm. Subdural strips are a
single row of contact electrodes with 10 mm interelectrode
distances (1 x4, 1x 6, 1 x 8). Subdural grids are larger plates
of rectangular arrays with several parallel rows of up to 64
electrodes (2 x4,2x6,4x8,8x8...). Both subdural strips
and grid electrodes are very thin and flexible sheets and can
be contoured to the underlying cortical surface. They are
also transparent and thus allow visualization of the under-
lying anatomical structures. There are many commercially
available strip and grids with various configurations and
shapes, such as curvilinear, dual-faced grid electrodes for
interhemispheric coverage. Custom-made options are also

(D-F) Unilateral hippocampal depth electrode placement through
lateral temporal approach. Postoperative MRI images: Axial (D),
sagittal (E), and coronal (F) planes.
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Fig. 15.3 Interhemispheric grid and frontal multiple strip electrode
placement through a frontal craniotomy.

readily available. Strip electrodes are placed through burr
holes or can be slid under craniotomy edges if they will be
used in combination with grid electrodes (Fig. 15.3). Mul-
tiple subdural strip electrodes using different trajectories to
sample large cortical areas can be placed through a single
burr hole. Strip electrodes are ideal to lateralize and grossly
localize the most suspicious cortical areas for seizure onset.
This area would need further exploration by grid electrodes
for more precise mapping to define the surgical resection
area. Grid electrode placement is performed with a large cra-
niotomy (Fig. 15.4A,B). Grid electrode recording is an ideal
technique to locate the epileptogenic zone and to stimulate
and map the adjacent eloquent cortex by covering large cor-
tical surfaces more completely. Subdural grid electrodes are
frequently used in pediatric epilepsy surgery to cover large
extratemporal cortical areas.*-711

B Advantages and Limitations of
Invasive Monitoring Techniques

Invasive electrode recording has many advantages as well as
many significant limitations. One of the main advantages of

Fig. 15.4 (A) Intraoperative photograph of frontal multiple grid
placement. Note the absence of any gap between the two grid elec-
trode plates. (B) Postoperative skull x-ray showing large grid cover-

age on the right frontal convexity and interhemispheric space as well
as strip sampling from the left frontal cortex.



15 Implantation of Strip, Grid, and Depth Electrodes

invasive monitoring is the reliability of the electrophysiolog-
ical recording, because it is directly obtained from a small
number of neurons with stable impedances and higher am-
plitudes; and signal attenuation caused by scalp and skull, as
well as muscle artifact, are eliminated.®712 Other advantages
are being able to detect EEG activity from deep structures
such as the amydala, hippocampus, basal frontal or temporal
cortex, and interhemispheric cortical surfaces and providing
an opportunity to perform extraoperative stimulation and
cortical mapping that is a very helpful feature in the pediat-
ric age group especially.611.12

It is prudent to know the advantages and limitations of
each invasive monitoring technique to choose the most ap-
propriate modality for individual patients. Depth electrodes
are excellent choices for recording from deep structures.
They may be placed with a small incision, through a small
drill hole, and can be removed at bedside easily without
going back to the operating room.? The most significant ad-
vantages of depth electrodes are their ability to record di-
rectly from hippocampus and the precision with which the
electrodes can be placed. This is especially relevant in me-
sial TLE because seizure activities originating from mesial
temporal structures may spread very rapidly, and thus sei-
zure onset may not be clearly defined with surface record-
ing alone in selected cases.!' Conversely, the placement of
depth electrodes requires sophisticated equipments such as
a stereotactic frame and neuronavigation systems, surgical
expertise and experience with these techniques, longer op-
erating time, and higher cost associated with the additional
perioperative imaging studies required.

The main advantage of strip electrodes is their versatility.
They can be easily placed through a small burr hole without
requiring any special equipment or expertise. Multiple strip
electrodes can be placed in different trajectories through
a single burr hole and large cortical areas including basal
temporal and frontal cortex can be sampled with a low-risk
procedure. Strip electrodes can even be used for mesial tem-
poral lobe coverage; although they record from the parahip-
pocampus rather than hippocampus, valuable information is
still provided. Conversely, the placement of strip electrodes
is not as precise as depth electrodes, and the location of the
electrodes can easily be suboptimal because the placement
is done blindly and free-handed. Injury to cortical veins and
bleeding risks are also present with this technique for the
same reasons. Strip electrodes are only able to provide cor-
tical sampling data because their coverage of a large corti-
cal area is discontinuous and somewhat limited. Thus, their
ability to localize the epileptogenic zone is more limited than
grid electrodes. The risk of cerebrospinal fluid (CSF) leak and
infection is also much higher with strip electrodes than with
depth electrodes.” !

Grid electrode is an excellent choice for covering a large
cortical area in its entirety to record both interictal and ictal
epileptogenic activity and to perform extraoperative stimu-

lation and mapping. However grids can be placed only af-
ter seizures are lateralized and grossly localized with other
modalities.!! Although extraoperative cortical stimulation
and mapping ability is one of the greatest advantages of grid
electrodes, its value in small children is limited. The absence
of responses to cortical stimulation in children younger than
4 years old does not indicate nonfunctional cortex, and the
cortical stimulation results in this age group are inconsistent,
at best. Furthermore, the cortical identification of language
with extraoperative cortical stimulation in children younger
than 10 years old is not reliable.#!3 Grid electrode placement
is also performed with a large craniotomy and thus exposes
the patient to considerable postoperative risks, including
cerebral edema, mass effect, cortical injury, bleeding, and
related problems.

Invasive monitoring techniques have many advantages
as described previously; however, they also have an inher-
ent bias secondary to limited cortical sampling (tunnel vi-
sion) that is prone to false localization. Because of limited
spatial coverage, invasive monitoring techniques may de-
fine the epileptogenic zone incompletely if the coverage is
less than perfect, and the electrographic abnormal activity
detected by intracranial electrodes can easily be a propa-
gated activity more than a true seizure onset.” Although
a single scalp electrode can record electrical activity from
a relatively large cortical area (~6 cm?), a single subdural
or depth electrode contact can cover only a few square
millimeters of cortical area.? This limited sampling subse-
quently provides perfect recording at the contact area but
can easily miss seizure onset from adjacent areas. There-
fore, interictal spikes, especially, recorded by depth elec-
trodes are accepted as unreliable for the determination of
the epileptogenic zone. It should also be emphasized that
grid and strip coverage is basically a surface sampling lim-
ited to the crown portion of the cortex. The majority of the
cortex in covered areas stays buried in the sulci below the
surface or under opercular surfaces such as insular cortex.
Therefore, strip and grid electrodes do not have any direct
contact with cortical tissues on these embedded cortical
areas.

Another well-known potential technical problem of in-
vasive monitoring techniques is an issue with signal detec-
tion problems secondary to orientation of the angle of the
dipole.!4-6 Other disadvantages and limitations are cost,
patient discomfort secondary to the surgical procedure and
because of the immobility during the postoperative moni-
toring period, surgical risks that may cause morbidity and
even mortality, and the necessity for two separate surgical
interventions. It is also possible that invasive monitoring
still may not provide any localizing information at the end
of the monitoring period and further cortical resection to
treat seizures may not be an option for the patient. This
rate has been reported between 12 and 34% in some large
series.!43
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B Surgical Technique
Depth and Strip of Electrode Placement

Depth electrode placement in epilepsy patients has tradition-
ally been performed with stereotactic frames. However, frame-
less stereotactic techniques using neuronavigation system
guidance has been becoming increasingly more popular in
recent years.>!4 We place depth electrodes using stereotactic
frames (CRW (Integra Radionics, Burlington, MA) or Leksell
(Elektra, Stockholm, Sweden)) in our patients but application
of a stereotactic frame in the pediatric age group is limited
by age. We have not used the stereotactic frame for depth
electrode placement in children younger than 13 years old.
Frameless systems have many advantages in children, includ-
ing their ability for use in younger patients, more freedom
to choose appropriate trajectories, concurrent use in guiding
precise strip electrode trajectories and grid placement in the
same setting, and eliminating the need to remove or work
around the frame if craniotomy is needed.>!4 Conversely, the
stereotactic frame has a very reliable track record and unsur-
passed precision for depth electrode placement.

For depth electrode placement, we obtain a brain MRI with
gadolinium in all patients 1 to 2 days before surgery date. Then
the stereotactic frame base is attached to the patient’s head in
the operating room under general anesthesia, and the patient is
transferred to the computed tomography (CT) scanner. A head
CT scan with contrast is obtained after the stereotactic localizer
is attached to the frame, and the head is secured to the scanner
table. The digital data are then transferred via Ethernet to our
computer workstation, and MRI and CT scan images are fused
using image fusion software. The most appropriate trajectories
for both depth electrodes are subsequently chosen. Image fu-
sion enables us to combine a CT scan’s precision for targeting
with the enhanced neuroanatomy and multiplanar imaging
capabilities of MRI.

Although depth electrodes can also be placed into orbi-
tofrontal cortex or cingulum, hippocampal depth electrode
placement is the most commonly used technique. We de-
scribe this approach here. We insert depth electrodes with
10-12 contacts via an occipitotemporal approach in TLE to
maximize the number of electrode contacts in the amygdala
and hippocampus. First, target and entry points are selected,
and the trajectory is defined. The ideal trajectory avoids cor-
tical vascular structures and does not pass through sulci or
the ventricle. The target point of the most distal electrode
contact is in amygdala, and the other contacts lay in hip-
pocampal head and body (Fig. 15.2A-C). This may not be
possible in some cases because of the individual anatomi-
cal variations, and some compromises may be needed while
choosing the entry point and trajectory.® The trajectory is
checked in axial, sagittal, and coronal slices carefully using
the probe’s eye view on the workstation, and the entry and
target points are subsequently slightly altered, if necessary,

to obtain a safer trajectory. After the most appropriate tra-
jectory is chosen, coordinates are calculated and recorded.
Simultaneously, the patient’s head is attached to the operat-
ing table using the Mayfield (Codman Inc., Raynham, MA)
attachment for the stereotactic frame, and the patient’s neck
is slightly flexed. The head of the bed is elevated up to 45
degrees for a semisitting position. This position provides a
perfect exposure to the parietooccipital region.

The surgical site is prepared and draped with a transpar-
ent adhesive cover. Then the appropriate coordinates are
chosen on the frame and arc, and a guide cannula is inserted
to the scalp to mark the entry point. A small linear scalp
incision is made for the burr hole. We prefer using a burr
hole, rather than a drill hole, to allow direct visualization
of cortical vessels and to avoid any accidental alterations
of trajectory caused by bony edges. The dura is coagulated
and opened. Next, the rigid guide cannula and its obtura-
tor are placed to target; then the obturator is removed, and
the depth electrode is inserted through the cannula. The
cannula is then removed while holding the depth electrode
and its semirigid stylet steadily. Then the stylet of the depth
electrode is removed. The depth electrode is next tunneled
several centimeters away from the incision using either a
specially designed tunneler or a 14-gauge angiocath and is
tied down to scalp with 3-0 silk. Then a purse-string suture,
using 3-0 silk, passing through the galea is placed around
the cable to decrease risk for CSF leak. Then the electrode
cable is again sutured to scalp by making a small loop.

We almost always use depth-strip electrode combinations
in TLE; frequently, three subdural strip electrodes are placed
on each side to cover both temporal neocortexes. After ap-
plying sterile dressings on depth electrode incisions, a small
incision is made on the temporal region for strip electrode
placement. A burr hole is placed 2 cm above the zygoma, just
anterior to pinna, then dura is opened carefully while pro-
tecting the underlying arachnoid. The temporal strip elec-
trodes are gently slid into the subdural space using smooth
forceps and continuous irrigation. A Penfield (Codman Inc.,
Raynham, MA) #3 dissector may be helpful during strip elec-
trode placement to guide the electrodes’ trajectory. We place
an eight-contact electrode to cover the parahippocampus in
patients older than 10 years and a six-contact electrode in
patients younger than 10. This electrode is placed parallel
to the sylvian fissure on a trajectory toward the medial por-
tion of the temporal pole just lateral to the sphenoid wing
so that it curves down at the tip and lies under the anterior
parahippocampus. Then, a second electrode with six con-
tacts is placed, perpendicular to the sylvian fissure/base of
the middle fossa, covering the middle, inferior, and fusiform
gyri with the most distal electrode under the middle-pos-
terior portion of the parahippocampus. The third electrode
(four to six contacts) is placed posteriorly to cover the pos-
terior temporal region over the middle temporal gyrus. If a
strip electrode does not slide in smoothly, it should be pulled
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back and reoriented to a slightly different trajectory for the
second attempt.>!2 After placement of strip electrodes, the
cables are tunneled several centimeters away from incision
using an angiocath or specially designed tunnelers. The burr
hole is plugged with Gelfoam (Pfizer Inc, NY, USA) and cov-
ered with DuraSeal (Confluent Surgical, MA, USA). The galea
and scalp layers are closed separately. Strip electrodes are
also frequently used for extratemporal epilepsy cases. The
burr hole location is determined in these cases individually
on the basis of the suspicious area and planned coverage
sites.

Grid Electrode Placement

For grid placement, the patient is in the supine position, and
the head is either placed on a horseshoe head holder or se-
cured with three-point fixation systems. The extent of skin
incision and scalp flap is determined by considering the elec-
trode coverage area as well as the projected craniotomy for
possible resective surgery in the future. The surgical proce-
dure for grid placement is a standard craniotomy and is per-
formed under general anesthesia. The dura is opened largely,
and tacking sutures are placed. At this stage, neuronaviga-
tion guidance can be used again to determine the cortical
coverage area more precisely. Then the grid plate is placed
over the cortex with smooth forceps. Although it is possible
to slide the grid plate slightly beyond the craniotomy edges,

Fig. 15.5 Mesial frontal cortex coverage with interhemispheric dual-
sided grid electrodes and bilateral frontal convexity coverage with
multiple strip electrodes. (A) Head computed tomography scan
shows grid electrode contacts in the interhemispheric space and

this type of blind advancement should be avoided as much as
possible to decrease cortical injury and bleeding risk. Dual-
sided grid electrodes are perfect for interhemispheric bilat-
eral coverage, if needed. We place our craniotomy flap two
thirds anterior and one third posterior to the coronal suture
in these cases if the plan is to place only interhemispheric
grid and a few subdural frontal strips (Fig. 15.5A, B). Although
grid electrodes can often be slid into the interhemispheric
space easily, we place interhemispheric grid electrodes after
fully dissecting and exploring the interhemispheric space
because of the frequent presence of adhesions and bridging
veins in this area. We also prefer to expose and dissect the
interhemispheric space all the way down to corpus callosum
if the goal is also to cover cingulum. Both cingulate gyri are
almost always tightly attached to each other, and the edge
of the grid electrode would either stay above cingulum or
injure them if it is placed blindly by sliding the plate without
separating both gyri. After grid placement is completed, the
edges of the plate should be checked carefully to avoid any
compression by the edge of the grid on large cortical veins
or injury to bridging veins or cortical areas with adhesions.
If the cortical area covered by grid plate is a site of previous
surgery or trauma or if there is an underlying mass lesion,
more caution is needed while placing grid electrodes and
during the closure. It is also critical to be sure that all elec-
trodes have a firm contact with cortical surface because grid
plates can be folded under the bone.

multiple strip electrode contacts in different trajectories on the fron-
tal convexities. (B) Skull x-ray shows interhemispheric grid plates and
multiple bilateral strip electrodes covering frontal convexities.
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In some cases, adjacent grid/grid or grid/strip combi-
nations may be needed to gain more extensive coverage.
In these cases, these adjacent electrodes should be placed
so that no space is present between subdural electrodes to
prevent herniation of brain or cortical vasculature between
the edges of the two subdural electrode plates (Fig. 15.4A).
After placement of the grid plate, cables are tunneled several
centimeters away from the incision lines using an angiocath
or specifically designed cable tunnelers. Then a digital photo
is taken to document the grid position, and dural closure is
performed. Duraplasty is almost always needed to have a
comfortable closure with a watertight technique as much as
possible. We also cover the suture lines with first Duragen
(Integra Lifesciences, NJ, USA) and then DuraSeal (Confluent
Surgical, MA, USA). Then a surface recording is performed
by checking each electrode contact separately, and the bone
flap is replaced with loose sutures if recording is satisfac-
tory. At this stage, it is necessary to ensure that leads are not
compressed between bone edges. We perform meticulous
hemostasis before skin closure to avoid any need for sub-
galeal drain placement. Then the galea and skin are closed
as separate layers with appropriate sutures. All cable exit
points are closed with purse-string sutures, and all cables
are marked and numbered separately to identify the related
electrodes. A bulky head dressing is applied.

B Postoperative Monitoring

Patients receive pre- and postoperative intravenous antibi-
otics. We also use small dosages of dexamethasone (Decad-
ron) for a few days in subdural grid cases. Skull x-rays and
a head CT scan are obtained to document the electrode po-
sitions, and the patient is transferred to the intensive care
unit for an overnight stay. EEG monitoring starts the next
day. Supplemental drawings of the electrode locations are
prepared by the epilepsy surgeon after surgery, and these
are placed into the patient file as well as the neurophysiol-
ogy file. We also obtain a postoperative brain MRI, especially
in depth electrode cases, to see the electrode contact loca-
tions more precisely. Although MRI is a concern because of
potential heating/electrical injury to brain parenchyma, we
have not encountered any issues to date; these results were
confirmed in a large study showing that MRI is safe for in-
vasive monitoring patients.'> Duration of monitoring and the
ideal seizure numbers necessary to complete a monitoring
period are somewhat controversial. We aim to record at least
three habitual seizures before removing the electrodes, and
we verify the seizure types with family members to be sure
these are typical seizures. If the patient does not have the suf-
ficient number of seizures, then provocative measures such as
sleep deprivation are considered, along with discontinuation
of medications. Patients are closely monitored for CSF leak,
and if any leak is noted, additional sutures are placed. We do

not use lumbar drains to prevent CSF leak. After obtaining sat-
isfactory electrophysiological data, the patient returns to the
operating room for removal of the electrodes with or without
cortical resection, and all removed electrodes are sent for cul-
ture.

B Complications

Invasive monitoring has a relatively high rate of complica-
tions. The most common complications reported in some
large series including both adult and children are subdural
hematoma (SDH; 0-16%), cerebral edema (2-14%), CSF leak
(19-33%), and infection (2-16%).1:311.12 CSF leak was reported
between 12 and 31% in three large pediatric series.241¢ In
these pediatric series, infection rate was reported between 0
and 8.6%, and hemorrhage rate was between 0 and 25%. Re-
ported infections include wound infection (0.6-11%), men-
ingitis (0.3-2%), osteomyelitis, and brain abscess.?41® One
of these series reported a detailed list of complications in
35 children who underwent invasive monitoring!6: CSF leak
(20%), cerebral edema (14%), SDH (14%), intracerebral hem-
orrhage (9%), wound infection (9%), and osteomyelitis (3%).
The same study reported associated neurological deficits as
well: mild-moderate temporary hemiparesis (69%), dyspha-
sia (51%), facial weakness (48%), and visual field defect (37%).
Another large series, which included 187 adults and children,
reported an overall complication rate of 26.3%.!2 Authors re-
ported a 12.6% incidence of neurological deficit (hemiparesis
7.6%, only 1.5% permanent neurological deficit), 12.1% infec-
tion, (7.1% meningitis, 3% osteomyelitis), 3% hematoma, and
2.5% mental status change.!? SDH is a concern especially in
grid cases, and some surgeons even leave a drain in the sub-
dural space. We do not leave any drain and do not consider
any intervention for subdural thin hematoma unless they are
symptomatic. We believe meticulous hemostasis with copi-
ous irrigation and checking adjacent vasculature to the grid
edges is essential to decrease the risk of SDH. Intracranial
bleeding risk is reportedly higher in depth electrodes com-
pared with strip electrodes in some series, whereas other
series report much lower rates of intracranial bleeding with
depth electrode placement.!-3>81216 Cerebral edema is an-
other significant problem; although not clinically relevant
in most cases, it can also be severe with midline shift and
herniation findings and necessitate urgent removal of elec-
trodes. Cerebral edema risk is higher with grid electrodes,
multiple plates, in the pediatric age group, and in the pres-
ence of mass lesion. Therefore, large duraplasty, hinging the
skull flap, or craniectomy may be considered in high-risk pa-
tients. Among risk factors in invasive monitoring patients,
grid electrodes, higher number of grids and strips, longer
monitoring periods, presence of CSF leak, previous surger-
ies at the same site, and presence of mass lesions are also
reported.2312
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B Conclusion

In conclusion, invasive monitoring constitutes a significant
portion of epilepsy surgery in the pediatric age group and may
provide essential additional data in selected patients. Invasive
monitoring techniques often include a combination of depth,
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Mesial Temporal Sclerosis in Children

Mackenzie C. Cervenka and Adam L. Hartman

Temporal lobe epilepsy (TLE) is the most common partial sei-
zure disorder in the adult population, and the most frequent
cause is mesial temporal sclerosis (MTS). Seizures usually
begin in late childhood or early adolescence. The prevalence
of MTS among children with newly diagnosed seizure dis-
orders is reportedly much lower: approximately 1% of those
presenting with initial recurrent seizures and even lower
when evaluating children younger than 12 years.!-> Ng et al
recently studied the baseline prevalence of childhood MTS.
Their review of 3100 brain magnetic resonance imaging
(MRI) reports from children younger than 14 years old (ob-
tained for a variety of reasons, including seizure, head injury,
brain tumor, headache, and developmental delays) showed
that 24 (0.77%) had MTS. All patients with MTS in this series
initially presented with seizures, so the authors concluded
that although MTS is uncommon in children, it is invariably
presents with seizures.

B Pathophysiology

The mesial temporal structures include the hippocampus,
amygdala, and parahippocampal gyrus. MTS refers to atro-
phy and gliosis of the hippocampus. Synonyms for MTS in-
clude Ammon’s horn sclerosis and hippocampal sclerosis.
MTS is the cause for TLE in 50 to 65% of patients under-
going temporal lobectomy.>® Pathological variants observed
in MTS include hippocampal neuronal loss and gliosis, neu-
ronogenesis, and axonal reorganization.” Classic Ammon’s
horn sclerosis is defined as primary neuronal loss involving
sectors CA1 and CA4 (the sectors most vulnerable to hypoxic
damage), occurring less frequently in sectors CA2 and CA3.8
Total Ammon horn sclerosis consists of severe neuronal loss
involving all four sectors.

The molecular pathology of MTS is not completely un-
derstood. Certain types of medically refractory epilepsy may
be the result of excitotoxicity secondary to excessive gluta-
matergic activity. Elevated extracellular glutamate levels,
glutamate receptor upregulation, and loss of glutamine syn-
thetase (a glutamate-metabolizing enzyme) have been dem-
onstrated in affected brain tissue of patients with MTS.? This
observation has been referred to as the “glutamate hypoth-
esis” of MTS pathogenesis. Astrocytes, with their important
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role in glutamate reuptake and metabolism, probably play
an important role in this process, because excessive astro-
cyte proliferation and accumulation and release of astrocytic
glutamate has been demonstrated in MTS.%10

H Etiologies

There is a great deal of controversy regarding the causal-
ity between MTS and TLE (i.e., whether MTS is the cause or
the result of TLE). Prolonged febrile seizures, head injury,
nonfebrile status epilepticus, encephalitis, hypertensive en-
cephalopathy, and viruses have been implicated as potential
underlying causes for MTS in children.!-4 MTS can also be
a late complication of posttransplant cyclosporine-A neuro-
toxicity (including in children).’>!® Dual pathology [i.e., the
presence of other lesions, such as malformations of cortical
development (MCD) in sites outside the hippocampus or
even the temporal lobe] has been observed in approximately
one third of patients who have undergone temporal lobec-
tomy as treatment for intractable seizures.'’-22 MTS can be
bilateral in up to 20% of patients.®

MTS and Febrile Seizures

The link between MTS and severe febrile convulsions (FCs)
was suggested by Falconer et al.?> MRI studies have suggested
a causal link between prolonged and focal FCs in some pa-
tients, although some infants in that series also had evidence
of pre-existing abnormalities (this has not been consistent
between series).?4%> Up to 30% of TLE patients with MTS in
surgical series have a history of prolonged FCs and status epi-
lepticus.? Up to 3.5% of patients with a history of febrile sei-
zures later develop epilepsy.?’8 Three potential hypotheses
exist to explain the association with MTS and FCs (explained
in ref. 29). One is that FCs cause MTS through acute hippo-
campal injury, which then later results in the emergence of
TLE. The second hypothesis is that FCs and MTS are both a
consequence of another abnormality that ultimately results
in TLE. Finally, MTS may precede FCs. Other investigators
believe there is no actual association between FCs and MTS.
Patients with a history of complex (not simple) febrile sei-
zures (defined in the National Collaborative Perinatal Project
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as those lasting greater than 15 minutes, with evidence of
focal convulsions, or more than two seizures in a 24-hour pe-
riod??) have an increased incidence of epilepsy and MTS.2%-31
The incidence of MTS after complex febrile seizures is related
directly to the number of complex features.>' However, more
recent studies with long-term follow-up have questioned the
strength of this association. Tarkka et al followed 24 patients
with prolonged febrile seizures, 8 with an unprovoked sei-
zure after the first event and 32 control subjects with a single
simple febrile seizure over a mean of 12.3 years and found
that none fit MRI criteria for MTS at the time of follow-up.3?

Human Herpes Virus 6

Human herpes virus 6 (HHV-6) is a ubiquitous B-herpesvirus
associated with roseola infantum. HHV6 has been shown
to cause limbic encephalitis in immunocompromised hosts
and is thought to cause seizures, meningitis, and multiple
sclerosis in otherwise healthy individuals.’>'# Theodore et
al examined TLE specimens and discovered that hippocam-
pal astrocytes contained active HHV6B in approximately two
thirds of MTS patients.'* They proposed that HHV6B may
cause excitotoxicity by inhibiting transport of excitatory
amino acids within astrocytes and by causing neuronal dam-
age. A great deal of evidence also links HHV6 to febrile sei-
zures, indicating a potential link between MTS and FC.

Dual Pathology

Postsurgical pathological evaluation of temporal lobectomy
specimens in patients with MTS has often revealed not only
hippocampal sclerosis, but also coexistent MCD. Mohamed
et al reported mild-to-moderate MCD in 79% of specimens
received from 34 children and adolescents who underwent
anteromesial temporal resection.?® Although the interictal
electroencephalogram (EEG) in these patients was not as lo-
calizing as in patients with MTS alone, the finding of dual pa-
thology did not predict a poorer postsurgical outcome. These
findings are in contrast to a more recent evaluation by Kan
et al showing that of 19 patients identified with MTS, only 3
had dual pathology (16%) and of those, only one third were
seizure free after surgical resection.34

B Presentation

Older children and adolescents with MTS often present ini-
tially with complex partial seizures that frequently second-
arily generalize. The seizures can be triggered by psychological
or physical stress, sleep deprivation, or hormonal fluctuations
in adolescent girls. They may be preceded by a combination
of auras such as a rising gastric sensation, déja vu, psychic
auras (e.g., fear, anxiety, or other strong emotions), olfactory
auras, or autonomic changes (e.g., tachycardia, pallor, mydria-
sis). The ictal event typically lasts 1 to 2 minutes and consists

clinically of staring and automatisms such as lip smacking,
puckering, chewing, or swallowing, hand picking, rubbing,
or fumbling. Importantly, hand automatisms are seen more
frequently ipsilateral to the MTS with contralateral dystonic
posturing.3> Patients can behave in a semipurposeful manner
during these episodes but do not retain full awareness of the
event. The postictal period may be of variable duration and
may last up to several hours.3® However, as in most of pedi-
atric neurology, signs can be age dependent. Signs and symp-
toms are more difficult to assess when evaluating infants and
toddlers with suspected MTS because assessment of subjec-
tive aura and impairment of consciousness is challenging in
this age group. Bourgeois et al described the distinctive fea-
tures of complex partial seizures in infants as follows: “(1) a
predominance of behavioral arrest with possible impairment
of consciousness, (2) no identifiable aura, (3) automatisms
that are discrete and mostly orofacial, (4) more prominent
convulsive activity, and (5) a longer duration (> 1 minute).”!
Brockhaus and Elger studied 29 children with TLE and found
that symmetrical limb motor signs, posturing (as expected
in frontal lobe seizures), and head nodding were the most
common signs.?” Therefore, many different types of seizure
semiology may indicate TLE; conversely, absence of clinical
findings typical of older children and adults should not rule
out the diagnosis because semiology can represent spread to
extratemporal regions (i.e., rather than origin from the mesial
temporal region).38

Adults with MTS often have memory impairment specific
to the hemisphere involved (i.e., verbal memory impairment
with dominant hemisphere disease and nonverbal learning
impairment in nondominant MTS). However, children tend
to have less-specific neuropsychological deficits with im-
pairment in long-term memory as well as both verbal and
nonverbal learning.3® Patients with evidence of early bilat-
eral MTS are at increased risk for more severe impairments
in learning and memory.4°

B Evaluation

Detailed neurological examination should focus on evidence
of memory and language dysfunction and additional signs of
focal neurological deficits. The most frequently reported neu-
rological abnormality in MTS patients is a mild contralateral
facial paresis.4142 The standard of care in evaluating a patient
for the cause of a first seizure is to obtain a routine 30-
minute EEG.4344 In adults, the first routine EEG reveals epi-
leptiform abnormalities in approximately 23% of patients.**

Electroencephalography and
Electrocorticography

The interictal EEG in patients with suspected MTS often re-
veals unilateral or bilateral independent anterior temporal
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sharp waves and spikes (Fig. 16.1A).45-47 These epileptiform
discharges may be better detected with inclusion of zygo-
matic or sphenoidal electrodes in adults, although nonin-
vasive cheek electrodes are just as sensitive in detecting
spikes.#® Invasive electrodes are not routinely used in the
pediatric age group. Temporal intermittent rhythmic delta
activity over the affected region is also highly suggestive of
MTS.4930 The typical ictal pattern consists of 6 (5-7 Hz) to
low o (8-9 Hz) frequency rhythmic sharp activity originat-
ing over the anterior temporal region either at the time of
ictal onset (initial focal onset) or within 30 s of ictal onset

(delayed focal onset)>'>2 (Fig. 16.1B). In children, the initial
ictal pattern is often preceded by a brief period of low volt-
age fast activity and can involve more diffuse generalized or
bilateral activity.3337

Patients with ictal and interictal patterns on scalp re-
cording that are inconclusive or with no evidence of MTS on
routine neuroimaging may require intracranial monitoring
with subdural grid, strips, or depth electrodes to further dif-
ferentiate MTS from a neocortical or extratemporal seizure
foci. Studies reviewing these recordings have shown that
patients with clear radiographic hippocampal sclerosis can
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Fig. 16.2 (A) Fluid-attenuated inversion recovery (FLAIR) sequence of
coronal magnetic resonance imaging (MRI) with thin cuts through
the hippocampus reveals signal hyperintensity in the left hippo-
campus. (B) FLAIR sequence of coronal MRI demonstrates decreased

have seizure foci distant from the hippocampus, including
the temporal pole,>* amygdala,>* or perisylvian cortex.>®

Magnetic Resonance Imaging

A variety of neuroimaging modalities have been used to
detect MTS. Routine MRI is relatively insensitive in detect-
ing MTS.>® MRI with thin, coronal oblique sections through
the temporal lobes, hippocampi, and amygdala using high-
resolution, T1-weighted images with inversion recovery
and T2-weighted images with spin echo or fast spin echo is
considered the gold standard in radiographically diagnos-
ing MTS. Classic findings of MTS on MRI include decreased
hippocampal volume and abnormal increased T2 signal
of the mesial temporal structures (Fig. 16.2A and 16.2B).
T2 hyperintensity represents gliosis and increased free-
water content within the hippocampus. Associated find-
ings include atrophy of the adjacent fornix, mammillary
body, or other limbic system structures.”” Fluid-attenuated
inversion recovery imaging can demonstrate abnormal sig-
nal intensity in the hippocampus, taking into account that
normal limbic structures are slightly hyperintense relative
to the neocortex. Hippocampal volume calculations also can
be performed through volumetric thin-section T1-weighted
imaging analysis (volumetric MRI) and provide significant
improvement in detection of mild unilateral MTS.2'>8 The
significance of these findings varies with age because chil-
dren younger than 6 years old have hippocampal volumes
that increase linearly with age.>® Sensitivity of high-resolu-
tion MRI in detecting MTS is as high as 97% with a specificity
of 83%.6061

volume of the left hippocampus. (C) Axial 2-deoxy-2['8F]fluoro-D-
glucose-positron emission tomography scan demonstrating left
anterior temporal hypometabolism.

Magnetic resonance spectroscopy demonstrates the ana-
tomic distribution of biologic metabolites, and N-acetylas-
partate is focally reduced in MTS, indicating some degree of
focal neuronal metabolic dysfunction.5? There are regional
metabolic abnormalities with maximal focal accentuation at
the site of the epileptogenic focus. This technique has been
useful in noninvasively localizing seizure foci and in predict-
ing surgical outcome in bilateral TLE patients.%3

Positron Emission Tomography and Single
Proton Emission Tomography

Positron emission tomography (PET) scanning with
['8F]fluorodeoxyglucose (FDG) reveals hypometabolism in
the mesial temporal structures during the interictal period
in patients with MTS (Fig. 16.2C). The temporal pole and
lateral temporal cortex also may be hypometabolic in MTS
patients as well as extratemporal regions such as the parietal
cortex, orbitofrontal cortex, and insula.?46> Hypometabolism
in the temporopolar region predicts a favorable postopera-
tive outcome.%® MTS patients without imaging evidence of
hippocampal sclerosis still can be identified on the basis of
PET results revealing ipsilateral hippocampal hypometabo-
lism and adjacent cortical hypometabolism.®’

Single positron emission tomography (SPECT) scans are
performed after injection of a radiotracer ictally and inter-
ictally to reveal differences in distribution of blood flow.
During a seizure, there is relative hyperperfusion at the site
of ictal onset and, therefore, greatest uptake of radiotracer.
Interictally, there is relative hypoperfusion and hence a de-
crease in radiotracer uptake compared with the surrounding
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unaffected brain tissue. In a meta-analysis of SPECT imaging
in localization of epileptic foci, Devous et al found the overall
sensitivity for SPECT in seizure localization for patients with
TLE was 44% interictally, 75% postictally, and 97% ictally.®
Few studies in children have confirmed efficacy of ictal-in-
terictal SPECT in localizing epileptic foci.% Ictal-interictal
subtraction techniques with MRI coregistration provide more
accurate lateralization and localization of ictal onset.”®

B Differential Diagnosis

Pathological abnormalities associated with temporal lobe
seizure in infancy and childhood include MCD, migrational
disorders, hamartomas, low-grade brain tumors (such as
astrocytomas, gangliogliomas, and dysembryoplastic neu-
roepithelial tumors) and vascular malformations. These
abnormalities have been identified pathologically or radio-
graphically in 15 to 20% of children with TLE.®71.72 Of these,
glial and neuronal neoplasms account for 10 to 15%.% The
lesions may be subtle and not apparent even with high-
resolution MRI until later in childhood and initially may be
indistinguishable from MTS—only noted once a specimen
has been obtained for histopathology. Electrographically,
focal epilepsy of childhood (particularly benign epilepsy
with centrotemporal spikes) may lead to a misdiagnosis of
MTS.

B Treatment
Antiepileptic Medications

Patients who have a single, unprovoked seizure have an ap-
proximate subsequent seizure risk of 50%.72 Once the patient
has suffered a second unprovoked seizure, the risk of fur-
ther seizures within the next 4 years increases to 75%.73 Of
patients newly diagnosed with epilepsy, roughly 60% will
respond to initial monotherapy, and 40% will ultimately be
considered refractory to pharmacologic treatment.” Overall,
patients with MTS appear to be more refractory to pharma-
cotherapy, as shown in several studies in which between 0
and 25% of MTS patients had their seizures well controlled
with anticonvulsant medication only.”>76 In these studies,
many patients were treated for several years and presented
for potential temporal lobectomy, thus representing a bi-
ased sample of patients with MTS. Stephen et al studied 73
patients with newly diagnosed MTS and found that 42% re-
sponded to pharmacotherapy.’® Only 48% of these patients
required more than one agent to become seizure free, sug-
gesting an important role of anticonvulsants as initial man-
agement in the treatment of TLE in MTS.”4

Aggressive anticonvulsant management at the time of
diagnosis is important to help prevent psychosocial dys-

function and possibly limit cognitive decline and interfer-
ence with school performance. Medication titration should
be implemented with the goal of achieving seizure freedom
with minimal side effects. If the initial medication is ineffec-
tive, it is our practice to either switch drugs or add a second
agent with a different mechanism of action from the first.
Overall, success in obtaining seizure freedom with multiple
agents in MTS once monotherapy fails is poor.”>76

Previous studies support the use of sodium channel
blockers (e.g., phenytoin, carbamazepine), although all
commercially available anticonvulsants (with the excep-
tion of ethosuximide) have been found to be useful.””78 Of
the newer agents, only topiramate carries a Level A recom-
mendation as adjunctive therapy in children with refractory
partial epilepsy.”9-8°

Resective Surgery

Once patients have failed optimal treatment with multiple
anticonvulsants, surgical intervention becomes a consid-
eration.®! Delaying surgery can worsen long-term out-
comes, especially in the pediatric population; intractable
epilepsy has a negative impact on cognitive and behavioral
issues.239.74

Presurgical evaluation varies considerably among centers
performing epilepsy surgery. However, the general approach
includes evaluation with continuous video-EEG monitoring,
high-resolution MRI, and a preoperative neuropsychological
evaluation.’? Based on this initial result, patients may also re-
ceive an interictal PET scan, or an ictal SPECT scan to further
localize the seizure focus. Functional MRI is performed in se-
lect patients to localize sensorimotor and language function,
and the Wada test (intracarotid amobarbital) is used to later-
alize language and memory. Patients may undergo intraop-
erative mapping and electrocorticography or extraoperative
invasive recordings to more precisely identify an epilepto-
genic focus. Ideally, these measures yield concordant infor-
mation regarding the localization of the epileptogenic zone.
However, some studies in the pediatric population have
demonstrated favorable postsurgical outcomes, even when
results are discordant.3”:82 With subdural grids or strips in
place, patients may undergo functional localization mapping
with electrocortical stimulation. The goal of mapping is to
define eloquent cortex that should be avoided during a sur-
gical resection. Several surgical strategies have been used to
treat patients with TLE.

With regard to postoperative outcome measures, most
studies have defined Engel Class I as their criteria for sei-
zure freedom. The time to last follow-up has varied between
studies. Wyllie et al. reported seizure-free outcomes in 72
children ages 3 months to 12 years and adolescents 13 to
20 years who underwent all types of seizure (including tem-
poral lobectomy, lesionectomy, and hemispherectomy) sur-
gery to be as high as 78% postoperatively after more than
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3 years of follow-up.”! In a review of previous literature
addressing seizure outcome after temporal lobe resection in
children, Wyllie reported an overall 74 to 82% rate of sei-
zure freedom.®? Clusmann et al evaluated 89 children with
TLE, ages 1 to 18 years for an average of 46 months after
surgery and found that maximum seizure control was ob-
tained with anterior mesial temporal resection (AMTR)
(95%) compared with selective amygdalohippocampectomy
(SAH) (75%), although this study included TLE patients with
and without MTS.34 Cohen-Gadol et al reported 2-year post-
operative outcomes in unilateral MTS patients diagnosed
on the basis of surgical pathology results who underwent
anterior temporal lobectomy with hippocampectomy. They
evaluated the percentage of patients that remained Engel
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Anteromesial Temporal Lobectomy
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Anteromesial temporal lobectomy (AMTL) is the most com-
monly performed surgical procedure for the treatment of
patients with medically refractory epilepsy. Although tem-
poral lobe epilepsy (TLE) is more common in adults, AMTL
is still a frequently performed procedure in surgical treat-
ment of children with epilepsy. AMTL constitutes 30 to 44%
of all surgical resections in published pediatric epilepsy se-
ries compared with reported rates of 62 to 73% of cases in
adult epilepsy surgery series.!->

The main reason for this discrepancy is related to the dif-
ferences in neuropathological substrates causing epilepsy in
children and adults. Mesial temporal sclerosis (MTS) is the
most common substrate in adult epilepsy patients, and it
occurs with a greater frequency compared with low-grade
neoplasms and developmental lesions such as cortical dys-
plasia, which are more commonly seen in the pediatric age
group. AMTL is a very effective surgical intervention in con-
trolling medically refractory seizures in well-selected pedi-
atric patients, and its efficiency in the treatment of children
with intractable TLE has been demonstrated in many surgi-
cal series.126-11

This chapter gives a step-by-step description of the sur-
gical technique we use for AMTL. The surgical technique
may change based on the underlying lesion and extent of
the epileptogenic zone, especially in patients with corti-
cal dysplasia. Briefly, all patients undergo a comprehensive
presurgical assessment by our pediatric epilepsy service in-
cluding a detailed clinical examination, magnetic resonance
imaging (MRI) with epilepsy protocol, electroencephalog-
raphy (EEG), and long-term EEG-video monitoring to ob-
tain ictal and interictal electrophysiological data. Positron
emission tomography/single photon emission computed
tomography, neuropsychological assessment, and intraca-
rotid amobarbital procedure (Wada test) are among other
commonly used diagnostic modalities and tests. Despite
all of these tests, locating the epileptogenic zone remains
problematic in a significant number of children with TLE,
and these patients frequently are candidates for invasive
monitoring. Further details on patient selection crite-
ria/preoperative workup as well as surgical techniques for
other pathologies can be found in related chapters in this
book.
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B Historical Evolution of the
Surgical Technique

Temporal lobe resection in epilepsy surgery is not a standard
technique.'>!3 Because temporal lobectomy suggests removal
of the whole temporal lobe, anterior or anteromesial tempo-
ral lobectomy are the more appropriate terms for the tech-
nique commonly used by epilepsy surgeons. Early variations
of the surgical technique we use today were developed in the
1950s. The first application of the technique was a tempo-
ral neocortical resection without removing mesial temporal
structures. Then, Wilder Penfield and colleagues reported
better results by resecting the hippocampus and uncus
along the temporal neocortex.!4-16 After the initial studies
regarding the role of hippocampus in memory function, the
surgical technique evolved toward electrophysiologically
tailored temporal lobectomy with significant preservation of
the hippocampus.!2131718 Also in the mid 1950s, Niemeyer
described selective transcortical amygdalohippocampec-
tomy.!? Later, Yasargil and colleagues developed a selective
amygdalohippocampectomy technique through the trans-
sylvian approach and reported impressive seizure control
rates without removing temporal neocortex.?? The details of
this approach are discussed in the next chapter.

At the Montreal Neurological Institute (MNI), Rasmussen
performed anterior temporal lobectomy by including uncus
and amygdala and used electrocorticography to determine
the extent of hippocampal resection. His approach was to
remove the anterior 1 to 1.5 cm of the hippocampus.?!-2>
Conversely, Feindel and colleagues, in the same institution
(MNI), routinely avoided the removal of hippocampus to
preserve memory functions but aggressively resected the
amygdala.?6-28 Then Goldring and colleagues described an
anterior temporal lobectomy technique that spares the amyg-
dala.?® Today, the most commonly used technique is the re-
section of anterior temporal neocortex and mesial temporal
structures, including amygdala and hippocampus. Even this
technique has some variations, including en bloc resection
of both neocortex and mesial temporal structures that was
described by Falconer and later applied by Polkey and Cran-
dal.3® Another modification of the technique was described
by Spencer and colleagues at Yale.3' Spencer’s technique is
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the most commonly used technique today, although many
differences among epilepsy surgeons of the application of
this surgical technique still exist. One of the main differences
is resection length of anterior temporal lobe. The majority of
epilepsy surgeons do not exceed a 4-cm neocortical resec-
tion length (from the tip of anterior temporal lobe) in the
dominant hemisphere, whereas the length of resection may
increase up to 5.5 to 6 cm in the nondominant hemisphere.
Another difference among surgeons is the intent to spare the
superior temporal gyrus during lateral temporal neocorti-
cal resection. Many epilepsy surgeons spare the superior
temporal gyrus partially or fully to decrease the risk of post-
operative complications. The extent of the hippocampal re-
section is also controversial. Although some find it sufficient
to remove the anterior 1.5 cm of the hippocampus, others
extend their hippocampal resection up to 3 cm by reaching
back to the posterior part of the tail. The current trend is
limiting anterior temporal neocortical resection while be-
ing more aggressive with the resection of mesial temporal
structures.'?13 The size of the resection is also related to the
patient’s age; therefore, it probably is more reasonable, es-
pecially in pediatric epilepsy surgery, to describe the extent
of temporal neocortical and hippocampal resections based
on anatomical landmarks, such as sylvian end of the central
sulcus and the quadrigeminal plate.

B Surgical Technique

Here we will describe the anteromesial temporal lobec-
tomy technique we use at the University of Massachusetts
Medical Center. In general, our temporal lobe resection in-
cludes the anterior 3.5 cm of the temporal neocortex in the
dominant hemisphere with most of the superior temporal
gyrus spared, as described by Spencer et al.3! Our resection
also includes the uncus, a large part of the amygdala, and an
approximately 3-cm length of the hippocampus/parahippo-
campus excised en bloc. The neocortical resection is extended
to 5 cm in the nondominant hemisphere. Mesial structures
are resected in the same manner in both dominant and non-
dominant hemispheres if neuropsychological assessment
and Wada test results are reassuring. This technique may
be modified depending on the patient’s age, imaging, and
electrophysiological characteristics. If there is radiologically
defined dysplastic cortex or an electrophysiologically more
extensive abnormality, our neocortical resection borders are
redefined and may be extended further. If the epileptogenic
zone is limited to a certain part of the temporal neocortex
based on the invasive monitoring data, the resection may be
tailored based on these data. In these cases, mesial structures
may be spared, especially in some lesional epilepsy cases.
Alternatively, if the radiological findings of hippocampal
sclerosis are more pronounced at the hippocampal tail, then
we extend our resection of the hippocampal tail much fur-

ther than our standard limits. The surgical plan is extensively
discussed in advance with the pediatric epilepsy team in
a multidisciplinary epilepsy surgery conference, and the
extent of resection is predetermined based on the afore-
mentioned considerations. All patients receive their regular
antiseizure medications on the day of surgery. We also give
an age-appropriate dosage of dexamethasone after induction
of anesthesia and prophylactic antibiotics before incision
and for 24 hours postoperatively. We do not use mannito-
lours routinely.

Positioning the Patient

The patient is placed in supine position, and the head is
placed in the pin head holder if the patient is older than
3 years. The horseshoe head holder is used for younger pa-
tients. A gel roll is placed under the ipsilateral shoulder, and
the head is turned to the contralateral side approximately 60
degrees. The neck is slightly extended by lowering the vertex
approximately 15 degrees downward, just enough to bring
the zygoma to the surgeon’s eyeline and to make the zygoma
the most prominent point on the midline. Lastly, the occiput
is tilted slightly toward the ipsilateral shoulder (Fig. 17.1).
This head position places the base of the temporal fossa per-
pendicular to the horizontal plane. The surface of the lateral
temporal lobe will be in a horizontal position, and the long
axis of the hippocampus will be oriented vertically relative
to the surgeon with this approach. Thus, the head position
will create a good alignment of the mesial structures to the
surgeon’s eyeline and will provide an excellent exposure to
the uncus—-amygdala complex, the whole length of hippo-
campus, and the lateral-basal temporal neocortex.

Scalp Incision

A smoothly curved, question mark-shaped scalp incision is
drawn starting just above the zygoma and approximately 10
mm anterior to tragus, based on the location of palpated su-
perficial temporal artery. Then the incision is extended up-
ward such that it makes a smooth anterior turn at the upper
point of the pinna by following the superior temporal line to-
ward the keyhole. It ends approximately 3 to 4 cm behind the
keyhole, depending on the patient’s hairline (Fig. 17.1). Then
the incision is infiltrated with 0.5% bupivacaine hydrochlo-
ride (Marcaine) diluted in 1:200.000 epinephrine solution.
The superficial temporal artery is palpated and protected
during the scalp incision. Some small branches of superficial
temporal artery may be occasionally sacrificed, but generally
the main body can be protected by dissecting and mobiliz-
ing it during the incision. Then the incision of the temporal
fascia, muscle, and periosteum is also completed sharply
by cutting these layers parallel to the scalp incision. Scalp,
temporal fascia, muscle, and underlying periosteum are dis-
sected subperiosteally to create a single musculocutaneous
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Fig. 17.1 Head positioning of the patient. (A) Neck is extended by
lowering the vertex approximately 15 degrees downward with a
slight occipital tilt toward the ipsilateral shoulder and making the
zygoma the most prominent point on the midline. (B) Head is turned
to the contralateral side approximately 60 degrees. A question mark-
shaped incision starts just above the zygoma and extends anteriorly
toward the keyhole by ending just behind the hairline.

flap. The lower part of the incision is extended down to the
zygoma. Having an exposure down to the zygomatic root
is critical for satisfactory access to the base of the tempo-
ral fossa during the neocortical resection. The other criti-
cal point at this stage is exposure of the orbital-zygomatic
ridge or the keyhole. It should be palpated, and the temporal
muscle should be cut and dissected from the keyhole by re-
tracting the scalp further and working beneath it. Then the
temporal muscle is subperiosteally dissected using sharp

periosteal elevators by keeping the periosteum attached to
the temporal muscle as much as possible to preserve muscle
innervation and vascular supply. Monopolar cautery should
not be used during this dissection for the same reason. Strict
adherence to this technique is critical to prevent future tem-
poral muscle atrophy. Although application of this technique
may be difficult in elderly patients, it is much easier to have
an excellent subperiosteal dissection that keeps the whole
periosteum intact and attached to temporal muscle in the
pediatric age group. Fish hooks are then placed to reflect the
musculocutaneous flap anterolaterally to expose the tempo-
ral bone widely.

Craniotomy

Three burr holes are placed with locations at the keyhole,
just above the zygoma and on the superior temporal line
and approximately 4 to 5 cm posterior to the burr hole on
the keyhole. A free bone flap is removed after dissecting the
dura with Penfield dissectors. The sphenoid ridge is removed
with rongeurs to create a smooth anterior-medial bony wall.
This maneuver has critical significance to have a good expo-
sure for uncus/amygdala resection. Further bone removal is
needed along the floor of the temporal fossa down to the
root of the zygoma and toward the temporal tip. This will
provide a comfortable access to the inferobasal neocortical
region and temporal pole during the resection. Dural tack-
up sutures are placed at this stage, and the epidural space
at bone edges is filled with an injectable hemostatic agent,
such as Surgifoam (Johnson & Johnson, Gateway, NJ, USA).
Then the dura is opened C-shaped, starting from the keyhole
site on frontal region and ending at temporal pole by follow-
ing the craniotomy edges. The dura is folded and tacked up
with 4-0 Nurolon sutures to the muscle flap over the sphe-
noid wing. At this stage, the exposed area in the surgical field
includes the full extent of the sylvian fissure/vein, superior
and middle temporal gyri, and the upper part of the inferior
temporal gyrus (Fig. 17.2).

Neocortical Resection

The previously planned resection length of the lateral tem-
poral neocortex is measured and marked on the cortex at
this stage. The tip of the temporal pole can be seen easily
seen with the help of a cortical ribbon placed on a Cottonoid
over the middle temporal gyrus. A predetermined 3.5- or
5-cm resection length (depends on being on the dominant
or nondominant side) from the tip of the temporal lobe is
measured along the middle temporal gyrus and marked on
the cortex with bipolar coagulation. The resection line starts
at the medial edge of the temporal pole and turns toward
the middle temporal gyrus approximately 2 cm behind the
temporal tip (Fig. 17.2). The remaining part of the incision
continues along the upper border of the middle temporal
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Fig. 17.2 Exposed surgical field includes anterior part of the infe-
rior frontal gyrus, sylvian vein, and superior and middle temporal
gyri. The blue line marks the surgical incision lines. First incision line
(A-B) stays parallel to the sylvian fissure and second incision line
(B-C) stays perpendicular to the first incision line. The first incision
line starts from the most anteromedial part of the temporal pole and
extends posteriorly approximately 2 cm by following the sylvian vein
and staying just a few millimeters below the vein. Then the incision
makes a smooth curve toward the superior temporal sulcus to pre-
serve the superior temporal gyrus and follows the sulcus until the
posterior resection line. The second incision line starts from the most
posterior point of the first incision line and extends toward the floor
of the temporal fossa by traversing the middle and inferior temporal

gyri.

gyrus to spare most of the superior temporal gyrus poste-
riorly. This resection line is marked on the pia-arachnoid
of the superior and middle temporal gyri with a fine-tip
bipolar coagulator staying parallel and 5 to 6 mm below the
sylvian vein or superior temporal sulcus. After coagulation
of the pia-arachnoid over the gyri, it is incised with micro-
scissors throughout the length of the marked incision line.
After completing the incision, the pia-arachnoid adjacent to
sylvian vein is coagulated thoroughly to create an appropri-
ate handle to hold during the subpial dissection of superior
and middle temporal gyri. Then cortex is subpially dissected
from pia of the sylvian fissure anteriorly and from the supe-
rior temporal sulcus posteriorly. Meticulous subpial dissec-
tion technique is used to avoid injury to the middle cerebral
artery (MCA) branches in the sylvian fissure (Fig. 17.3A)
and to protect the vascular supply of the unresected part
superior temporal gyrus by leaving both pial layers of the
superior temporal sulcus undisrupted on the lower bank

Fig. 17.3 (A) Temporal neocortex is subpially dissected from the syl-
vian fissure by keeping the pia intact to avoid any risk of injury to
the middle cerebral artery (MCA) branches. (B) The entire temporal
neocortex is removed en bloc by exposing the tentorium and mesial
temporal structures.

of the superior temporal gyrus. Some bleeding is generally
encountered while peeling the cortex from pia that can be
easily controlled by placing Surgifoam and Cottonoid patties.
We would like to remind the reader that subpial dissection
is much more challenging in pediatric patients than adults
because of the very thin and fragile nature of the pia at this
age. Appropriate application of this technique may not be
feasible in very young children.

The next critical step is finding the temporal horn. There
are several approaches for this and a close review of the
patient’s MRI, especially coronal spoiled gradient recalled
(SPGR) cuts, will be helpful to determine the best approach.
The temporal horn starts approximately 3 cm behind the
temporal tip, and the average distance between the sur-
face of superior temporal gyrus and the ventricle is ap-
proximately 31 to 34 mm.3>33 We prefer to perform our
dissection to reach the temporal horn at a point on the su-
perior temporal sulcus approximately 3.5 cm behind the
tip of the temporal pole. Frequently, the T1 sulcus (supe-
rior temporal sulcus) directly brings the surgeon into the
temporal horn. This can be done through an intrasulcal
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approach or by remaining subpial and following either the
inferior wall of the superior temporal gyrus or superior
wall of the middle temporal gyrus, which we prefer. The bot-
tom of the sulcus can be easily recognized by visualizing the
end of the pial bank at first. Then the ependyma can be ap-
preciated after deepening the same incision approximately
11 to 12 mm further.33 This distance can be measured case
by case on MRI coronal cuts easily. The ependyma can be
opened with Penfield #4 dissector (Codman, MA) and cere-
brospinal fluid will verify the intraventricular location. If the
surgeon passes the estimated distance and the temporal horn
is not in sight, the best strategy is to redirect the dissection.
The most common two reasons for not being able to find the
ventricle are either placing the entry point of the dissection
too anteriorly or directing the dissection either too medially
or too laterally. At this stage, the appropriate strategy is to
redirect the dissection toward the floor of the middle fossa
but not medially. The dissection is then deepened toward
the floor of the middle fossa until gray matter is encountered
on the adjacent occipitotemporal (or fusiform) gyrus. Then
the dissection is redirected again, this time medially into
the white matter until temporal horn is entered. Deepening
the dissection medially to search the temporal horn with-
out taking the aforementioned strategies may easily lead
the surgeon into the temporal stem and basal ganglia and
may cause significant complications. Therefore redirecting
the dissection intentionally too laterally initially is a much
safer approach, as defined very clearly by Wen et al.32 When
we enter into the ventricle, we place a tiny cottonoid patty
in it to prevent blood contamination and then subpially dis-
sect first the superior wall of the medial temporal gyrus and
then sylvian pia anteriorly to the temporal pole using micro-
suction in a low setting and a Penfield dissector. This sub-
pial dissection is performed down to the ependymal level
throughout the sulcus. Then the ependyma is easily opened
using a bipolar coagulator, the temporal horn is unroofed all
the way to its tip, and a small cotton ball is placed into the
temporal horn toward the atrium to avoid intraventricular
dissemination of blood products.

Several other approaches to the temporal horn exist. One
is to follow the collateral sulcus. This approach is only fea-
sible after completing the second cortical incision, which
will be described in the following paragraphs. Alternatively,
the temporal horn can be found after completing the resec-
tion of the anterolateral temporal lobe without locating the
temporal horn. In this case, the uncus is located first by fol-
lowing the tentorial edge anteromedially. When removal of
the uncus is completed, its posterior segment will open and
expose the tip of the temporal horn automatically. Lastly, the
use of a neuronavigation system to assist the localization of
the temporal horn is an option.

The second cortical incision line starts from the most
posterior extent of the first incision and is directed perpen-
dicularly toward the floor of temporal fossa (Fig. 17.2). The

posterior line of the neocortical resection extends inferiorly
traversing the superior, middle, inferior temporal, and fusi-
form gyri, respectively, and ends at the collateral sulcus. The
temporal horn is located generally just dorsal to the base of
the collateral sulcus and can be found by following the collat-
eral sulcus pia as described previously. The average distance
from the depth of the collateral sulcus to the temporal horn
is 3 to 6 mm.33 Thus, the posterior end of the first incision
and superior end of the second incision lines intersect at the
temporal horn. A third incision is directed to the collateral
sulcus by cutting across the temporal stem and the white
matter of the basal temporal lobe. This third incision discon-
nects the temporal neocortex from parahippocampus/hip-
pocampus and completes the lateral neocortical temporal
resection by dividing the collateral sulcus from its posterior
end to the tip of the temporal horn at rhinal sulcus level. The
entire lateral neocortex is removed as an en bloc specimen
(Fig. 17.3A,B).

Mesial Temporal Resection

For the next step, it is important to locate several anatomi-
cal landmarks and structures before proceeding to resect
the mesial temporal structures. Hippocampus, fimbria, lat-
eral ventricular sulcus, collateral eminence, choroid plexus,
choroidal fissure, inferior choroidal point, and amygdala need
to be fully exposed and can be distinctly recognized at this
stage. The hippocampus sits over the parahippocampal gyrus

Fig. 17.4 Choroidal point (*) and anterior part of the choroidal fis-
sure is exposed by peeling the fimbria. Note surrounding structures
including choroidal plexus (a), fimbria (b), hippocampus (c), and pos-
teromedial part of uncus (d).
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and has a short, wide head that continues with a gradually
narrowing body and tail. The tail makes a backward-upward
turn at the trigone level around the posterior cerebral pedun-
cle. The anterior portion of the hippocampal head blends into
the posterior uncus and amygdala (Fig. 17.4). The hippocam-
pus can be easily recognized between the collateral eminence
and choroidal fissure. The lateral ventricular sulcus lies be-
tween the hippocampus proper and the collateral eminence,
extending anteriorly toward the amygdala-hippocampal
junction. The medial border of the hippocampus is lined by
the choroid plexus over the choroidal fissure and the choroi-
dal point at the most anterior part. If the choroidal plexus
is lifted gently upward and medially, the choroidal fissure
and fimbria would be fully exposed (Fig. 17.4). Retraction

Fig. 17.5 (A) Choroidal point (*) is seen surrounded by anterior tip of
choroidal plexus (a), fimbria (b), velum terminale (c), stria terminalis
(d), head of hippocampus (e), and posteromedial part of uncus (f).
(B) The anterior part of the fimbria and stria terminalis joins to form
velum terminale (*).

of the choroid plexus laterally over the hippocampus would
expose stria terminalis. When the anterior end of the cho-
roid plexus is pulled backward, the velum terminale and
the choroidal point at the tip of the posterior uncus can be
visualized (Fig. 17.5). The anterior choroidal artery (AChA)
runs across the ambient and crural cisterns near the choroid
plexus. It pierces the arachnoid plane to supply the choroid
plexus at the inferior choroidal point by giving rise to nu-
merous branches. The anterior fimbria and stria terminalis
join to form the velum terminale and create the anterior
border of the choroidal fissure where the inferior choroidal
point is also located (Fig. 17.5). The fimbria is a narrow, flat
band covering the mesial border of the hippocampus. It is
located just above the dentate gyrus and continues as fim-
bria fornix posteriorly. The temporal horn is fully unroofed
to expose the most anterior part of the temporal horn that
includes the bulging amygdala, posterior uncus, amygdala-
hippocampal junction, and posteriorly the head and body
of the hippocampus. The uncal recess is a distinct landmark
that separates the head of the hippocampus from the amyg-
dala. Better exposure of the hippocampal tail can be provided
with the help of a tapering retractor ribbon (Fig. 17.6A).

Fig. 17.6 (A) Head and body of the hippocampus are exposed, and a
retractor (*) is placed to elevate the temporal roof for further expo-
sure of the hippocampal tail. Note choroidal sulcus (a) and surgical
resection line on collateral eminence (b). (B) Entire hippocampus is
subpially dissected as an en bloc specimen between collateral emi-
nence (a) and fimbria (b).
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The ribbon is placed on the most posterior end of the un-
roofed part of the temporal horn and the remaining part of
the roof is gently elevated laterally for this purpose. The hip-
pocampal tail can be exposed with this maneuver back to
the point where it makes a medial and upward turn. Obtain-
ing this exposure is very critical for a satisfactory resection
of mesial temporal structures.

After locating the intraventricular landmarks, resection of
mesial temporal structures starts with an incision on the lat-
eral ventricular sulcus that is the demarcation line between
the collateral eminence and hippocampus. The ependyma
of the lateral ventricular sulcus is coagulated posteroante-
riorly as an entry point to the parahippocampal gyrus. The
medial pial bank of the collateral sulcus is exposed by suc-
tioning parahippocampus intragyrally. Intragyral removal
of parahippocampus is completed along the collateral emi-
nence, starting from hippocampus proper to the amygdala-
hippocampal junction. Then the lateral wall of the parahip-
pocampus-hippocampus complex is subpially dissected by
peeling it from the collateral sulcus pia using the Penfield
dissectors (Fig. 17.6B). Then the dissection continues mesi-
ally toward the tentorial edge until the pia along the mesial
border of the parahippocampus and hippocampal sulcus is

Fig. 17.7 (A) Fimbria is lifted with a dissector to expose the hippo-
campal sulcus and hippocampal arteries. (B) Further dissection and
elevation of fimbria (a) exposes subiculum (b) and hippocampal ar-
teries extending into hippocampal sulcus. (C) Subiculum and hippo-
campal sulcus are fully exposed, and hippocampal arteries have been
coagulated.

Fig. 17.8 Hippocampus proper is removed en bloc for histological
examination. Further resection of the hippocampal tail is performed
with the ultrasonic aspirator.
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encountered. At this stage, the subiculum of the hippocam-
pus is peeled off toward the hippocampal sulcus. The para-
hippocampal gyrus lateral to this line is emptied further
by suctioning it anteriorly toward the entorhinal area and
uncus. At this stage, the hippocampus proper can easily be
retracted laterally into the cavity created by intragyral aspi-
ration of the parahippocampus. This maneuver provides an
excellent view of the anterior end of the hippocampal sulcus.
The hippocampal sulcus fans out at this junction between
pes hippocampi, uncus, and anterior end of the parahippo-
campus (Fig. 17.5A). This anatomy provides the surgeon with

an excellent starting point for the dissection of hippocampal
sulcus between fimbria, inferior choroidal point, and choroi-
dal fissure. The most anterior end of the fimbria can be easily
opened and peeled away from the pia of the choroidal fissure
just lateral to tela choroidea. Then the fimbria can be lifted
with Rhoton microdissectors (Codman, MA) at the inferior
choroidal point level and underlying pia and vasculature
can be exposed (Fig. 17.4). The fimbria is further opened
with Rhoton dissectors along its length all the way to the
hippocampal tail. At this stage, the hippocampus is further
retracted laterally with the suction, and the hippocampal

Fig. 17.9 (A) Uncus and amygdala are peeled from the pia are with
dissectors or low-power suction. (B) Uncus is emptied subpially. Third
nerve (a) under the pia is visible along with some residual part of amy-
gdala (b). (C) After subpial removal of amygdala and uncus, edge of
tentorium (a), third nerve (b), and posterior cerebral artery (PCA) (c)
are visible under intact pia.
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sulcus is exposed as a two-layered pial folding with several
tiny arteries running between pial layers. The hippocampal
sulcus is a very critical landmark in this procedure and should
be fully visualized. It separates the hippocampus proper and
the subiculum. The subiculum constitutes the most medial
part of the parahippocampus bulging into the middle inci-
sural space. The hippocampal arteries and arising arterioles
(Uchimura arteries) are located within the hippocampal sul-
cus (Fig. 17.7). These thin hippocampal arteries mostly form
a group of 2-6 thin vessels from the AChA and medial P2
segment of posterior cerebral artery close to the free edge
of the tentorium. After having a satisfactory exposure of the
hippocampal sulcus, hippocampal arterioles are coagulated
with fine-tipped bipolar forceps and cut with microscissors
one by one (Fig. 17.7C). Again, it should be noted that these
arteries in young pediatric patients are extremely thin and
can rupture easily with manipulation. Further, the distances
between the hippocampal arteries and the AChA and P2 seg-
ment are very short in pediatric patients. Therefore coagula-
tion of hippocampal arteries should be performed carefully
using very fine-tipped bipolars by staying close to hippo-
campus proper. Then the head of the hippocampus is fully
dissected subpially from the underling pia and lifted upward
and posteriorly. This maneuver provides a very nice subpial
plane at the base of the whole hippocampus-parahippocam-
pus complex. Then the hippocampal head is mobilized and
lifted upward and posteriorly and the remaining parahippo-
campal attachments are dissected subpially using a Penfield
# 4 dissector. This way the whole hippocampus and under-
lying part of the parahippocampus are dissected back to the
hippocampal tail. Then the tail is resected with bipolar co-
agulation at its upward turn behind the quadrigeminal plate
and the hippocampus is removed en bloc (Fig. 17.8).

The final step of the procedure is the resection of the
amygdala while emptying the content of the anterior uncus.
During this stage of the procedure, using strictly subpial dis-
section and showing the utmost respect to pial barriers are
critical to protect the underlying vasculature, third nerve,
and cerebral peduncle. The anterior amygdala blends into
the uncus, and we use a microsuction with the suction reg-
ulator at the low-suction setting and Penfield dissectors to
peel the uncal content from the pia below the incisura (Fig.
17.9A). Ultrasonic aspirator in a low setting is also a very
useful tool to empty the uncal content. After completing the
resection of uncus and anterior basal amygdala, the cerebral
peduncle and third nerve can be seen under the intact pia
(Fig. 17.9B). Although the anterior and basal borders of the
amygdala are very well defined, there are no dorsomedial
anatomical boundaries of the amygdala. Therefore, it is more
challenging to define the dorsomedial resection borders of
the amygdala. The M1 segment of the MCA, which can be
seen subpially, corresponds to the anterior-superior border
of the amygdala. The line extending from the anterior tip of
the temporal horn to the angle of the MCA at the limen in-

sula makes the anterior-superior border of the resection line
of amygdala. The dissection at the anterior-superior border
should be done very carefully because of the presence of the
small MCA branches supplying the basal ganglia here. After
completing the amygdala resection, the surgical cavity is
re-explored and all devascularized residual cortical tissues
are removed with the ultrasonic aspirator without violating
the pia. At this stage, the tentorial edge, third nerve, internal
cerebral artery (ICA), posterior cerebral artery (PCA), lateral
edge of the midbrain between cerebral peduncle, and tectum
can be seen under the pia in the ambient and crural cisterns.
After hemostasis, the surgical cavity is filled with warm sa-
line irrigation, and the dura is closed in a watertight fashion
with 4-0 Nurolon sutures. The bone flap is replaced with
microplates, and the temporal muscle, fascia, and galea are
closed as two separate layers using 3-0 and 4-0 Vicryl su-
tures. The skin is closed with 4-0 Prolene sutures.

B Complications

The complication rates in temporal lobe surgery series in
children have been reported to be between 2 and 8%.268
Mortality is a rare occurrence and is reported as lower than
0.5%.34 Postoperative complications, although rare, may be
devastating; using appropriate surgical techniques and ex-
treme caution at critical stages of the surgery are essen-
tial to avoid complications. The most commonly reported
complications are visual field defects, infection, stroke, ma-
nipulation or retraction hemiparesis, third nerve palsy, and
language disturbances. The most common visual field defect
is superior quadrantanopsia, with a reported incidence of 9%
in a Benifla et al series of 126 children with TLE.® Benifla et
al also reported a 4% incidence of homonymous hemianopia.
The overall complication rate was 14.9% in Clusmann and
colleagues’ series, but only 2.2% had permanent deficits.” The
incomplete or complete quadrantanopsia incidences were
28.2% and 3.8%, respectively. In a separate study by Kim et al,
the rate of postoperative visual field defect was 22%.3
Another common complication is dysphasia, which is
mostly transient. Transient dysphasia can be seen in approx-
imately half of the dominant site temporal resections and
frequently resolves within a few weeks.3> A possible reason
for this finding is the disconnection of the mesial and neo-
cortical temporal lobe and retraction related to physiological
disruption. Although rare, third and fourth nerve palsies can
be seen after AMTL. Using strict subpial technique and avoid-
ing cautery around the tentorium or high-power suction
application during the uncus resection may help to avoid
these complications. Partial seventh nerve palsy is another
well-known complication and occurs secondary to injury
of the facial nerve branches located within the temporalis
fascia. This injury can be easily avoided with the technique
we described here by avoiding dissection of the tempora-
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lis fascia. However, traction and monopolar cauterization
in close proximity to the facial nerve may also cause facial
palsy and should be taken into consideration during the cra-
niotomy. One of the most devastating, although rare, com-
plications in temporal lobe resection is hemiplegia. It is a
well-recognized complication, with an incidence of 1 to 2%.
It has also been termed manipulation hemiplegia and fre-
quently is related to injuries of the AChA and PCA during the
resection of the mesial temporal structures. Maintaining the
utmost respect to subpial technique, meticulous protection
of the pia throughout the surgery, coagulation and cutting
of the hippocampal arterioles strictly in hippocampal sul-
cus, and staying away from the main arteries (AChA or PCA)
decreases the risk of injury to these vessels. MCA-related
hemiplegia secondary to compression with retractors may
cause this problem as well.

B Outcome

The seizure control rate of temporal resections in children is
different than it is in adults; the main reason is the hetero-
geneity of underlying pathologies. The most common neuro-
pathological substrates in children are cortical dysplasia and
neoplasms followed by gliosis and MTS.!63¢ Temporal lobe
resection is a safe and effective surgical technique in the
management of TLE with reported seizure control rates be-
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Transsylvian Selective
Amygdalohippocampectomy

Ugur Tiire, Ahmet Hilmi Kaya, and Canan Aykut Bingol

With the introduction of microneurosurgical techniques and
extensive experience with mediobasal temporal tumors and
arteriovenous malformations, Yasargil developed the mod-
ern form of selective amygdalohippocampectomy by using
the pterional-transsylvian route.'-3> This technique is the
preferred surgical approach in our epilepsy unit and is the
focus of this chapter.

The soul of selective amygdalohippocampectomy is the
selective resection of the amygdala (except medial and cen-
tral nuclei), the piriform cortex, which includes the uncus,
the anterior two thirds of the hippocampus, and the para-
hippocampal gyrus through the pterional-transsylvian ap-
proach.’-6 A profound knowledge of the vascular supply of
this area and its possible variations, and a full understanding
of the surgical anatomy of the limbic system, are the “sine
qua non” of this approach.

Recently, developments in neuroimaging, especially mag-
netic resonance imaging (MRI) with high resolution, have
enabled clear visualization of abnormalities in the medio-
basal temporal structures.”? In turn, this development has
facilitated surgical decision making. The availability of fiber
tractography, especially with 3-Tesla MRI, and an interest
in the white matter anatomy, especially information gained
from fiber dissection, have also contributed to our experi-
ence with this technique.®-12

The efficacy of surgery in the management of drug-
resistant temporal lobe epilepsy has been demonstrated in a
prospective randomized trial."*> However, controversy remains
regarding which resection method yields the best results for
seizure freedom and neuropsychological function. Temporal
neocortical resection by leaving the hippocampus or amyg-
dala behind can result in seizure-free rates of approximately
50%.14 Conversely, seizure control rates with selective amyg-
dalohippocampectomy are similar to those of anteromesial
temporal lobectomy, and there is considerable evidence that
the neuropsychological outcome is better in patients under-
going selective amygdalohippocampectomy.’*-17 Although,
class I evidence for seizure outcome based on the type and
extent of resection of mediobasal temporal lobe structures
is rare, selective amygdalohippocampectomy appears to pro-
vide a similar seizure outcome and a better cognitive out-
come than temporal lobe resection based on the available
data.'17 Still, it remains unclear whether larger mediobasal

resection leads to a better seizure outcome. In children, sei-
zure outcome and functional recovery are better.!>

B Patient Evaluation before Selective
Amygdalohippocampectomy

Patient selection for selective amygdalohippocampectomy is
important in terms of cognitive outcome and freedom from
seizures. Patients with mediobasal temporal lobe epilepsy
with hippocampal sclerosis and intractable seizures should
be clearly identified through a defined underlying hippo-
campal pathology shown on MR, clinical seizure types, and
electrophysiological and functional imaging techniques.
Initial precipitating incidents, including febrile seizures,
trauma, hypoxia, and intracranial infections before the age
of 5 and before the onset of habitual nonfebrile seizures are
very common.'® Habitual seizures begin earlier for medio-
basal temporal lobe epilepsy with hippocampal sclerosis,
with the majority occurring in patients between the ages
of 4 and 16 years; however, these seizures can begin ear-
lier or much later, and the patient can still show the same
pathological changes and excellent response to surgery. Fo-
cal seizures occur in more than 90% of patients but second-
ary generalized seizures are rare and may correlate with the
extent of the lesion. Auras and automotor seizures, some-
times with impaired consciousness, are characteristics of
mediobasal temporal lobe epilepsy with hippocampal scle-
rosis. Auras are mainly characterized by an ascending epi-
gastric sensation, gradual impairment of consciousness,
and are typically associated with oroalimentary automatism
in approximately 70% of patients.'® Dystonic posturing oc-
curs in 20 to 30% of patients and is contralateral to the side of
seizure onset. Specific baseline and follow-up neuropsycho-
logical testing is important. MRI is the most important inves-
tigational tool. Improvements in MRI techniques, especially
3-Tesla MRI scanners, contributes to diagnosis of hippocam-
pal sclerosis significantly. MRI volumetric investigations
and spectroscopy give more information on T1, T2 and fluid
attenuation inversion recovery (FLAIR) findings. 18F-de-
oxyglucose positron emission tomography (FDG-PET) dem-
onstrates ipsilateral hypometabolism interictally. However,
11C flumazenil PET is more sensitive than FDG-PET. Ictal
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and postictal single photon emission computed tomography
(SPECT) are preferred over interictal SPECT. In one third of
patients, interictal epileptiform anomalies are lateralized
and localized to the lesion. In the other two thirds, bilateral
dependent or independent (or both) epileptic activity is de-
tected. Sphenoid electrode recordings also disclose more
information about lateralization. The ictal onset is not al-
ways detected by scalp electroencephalography (EEG) video
recording, and seizures are lateralized in 80% of patients.!®
Invasive EEG recordings with depth and subdural electrodes
are needed in patients with discordant findings on MRI, se-
miology, functional imaging exams, and electrophysiology.

B Surgical Technique

An exact knowledge of the topographical, white matter, and
arteriovenous anatomy of the region is crucial for a suc-
cessful outcome after selective amygdalohippocampectomy
(Figs. 18.1 and 18.2).10-12.19-29

A pterional craniotomy is performed in the usual way,
and the posterior ridge of the greater wing of the sphenoid
bone is removed with a high-speed electric drill down to the
level of the superior orbital fissure.!**® The dura is opened
in a semicircular fashion above the sylvian fissure, and the
incision is arched toward the sphenoid ridge and orbit.

Chiasmatic and carotid cisterns must be explored through
the fronto-orbital aspect of the frontal lobe before opening
the sylvian fissure. The arachnoid between the optic nerve
and the internal carotid artery (ICA) must then be opened.
These procedures release large amounts of cerebrospinal
fluid, which relaxes the brain and facilitates further dissec-
tion. Next, the proximal part of the sylvian fissure is opened
medially or laterally to the superficial sylvian veins, depend-
ing on the variations in the venous anatomy. A simple spread-
ing action with fine bipolar forceps is usually adequate to
dissect the fissure. As the sylvian fissure is dissected more
deeply, longer fine-tipped forceps are needed. The thick-
ened arachnoid bands must be divided with microscissors
where necessary, and dissection continues with a fine suc-

Fig. 18.1 (A) Medial surface of the left tem-
poral operculum and mediobasal temporal
region in a cadaver brain, superomedial
view. The dotted line indicates the incision
through the collateral eminence to the col-
lateral sulcus and the incision through the
posterior limit of the hippocampus and pa-
rahippocampal gyrus via the transsylvian-
transamygdalar approach. The arrow indi-
cates the angle of the surgical approach.
(B) Coronal section of the left cerebral hem-
isphere in a cadaver through the amygdala,
anterior view. The hippocampus (h) is
shown at the tip of the temporal horn, and
the amygdala (a) is located at the antero-
superomedial side of the hippocampus.
The arrow indicates the angle of the surgi-
cal approach. a = amygdala; ac = anterior
commissure; ahg = anterior Heschl gyrus;
cc = corpus callosum; cn = caudate nucleus;
cp = cerebral peduncle; cs = collateral sul-
cus; fg = fusiform gyrus; fi = fimbria; gp =
globus pallidus; h = hippocampus; i =insula;
ic = internal capsule; ips = inferior peri-insu-
lar sulcus; li = limen insula; ot = optic tract;
p = putamen; pc = piriform cortex; pg =
parahippocampal gyrus; phg = posterior
Heschl gyrus; ppl = polar planum; s = subic-
ulum; scc = splenium of corpus callosum;
T1 = superior temporal gyrus; T2 = mid-
dle temporal gyrus; T3 = inferior temporal
gyrus; t1 =superior temporal sulcus; t2 =in-
ferior temporal sulcus; tp = temporal pole;
tpl = temporal planum; ts = temporal stem;
u = uncus. White letters denote the sulci
B and fissures.
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A

Fig.18.2 (A)Superolateral view of the left mediobasal temporal struc-
tures and internal capsule after fiber dissection in a cadaver brain. The
arrow indicates the angle of the surgical approach for the transsylvian
selective amygdalohippocampectomy. (B) Superior view of the left
mediobasal temporal region with arterial vascularization in a cadaver
brain. A1 =first segment of the anterior cerebral artery; a = amygdala;
ac = anterior commissure; af = anterior fossa; alic = anterior limb of in-
ternal capsule; alv = atrial portion of lateral ventricle; ap = ansa pedun-
cularis; ce = collateral eminence; cc = corpus callosum; cp = cerebral

tion tip on a moist Cottonoid sponge. Dissection continues
to expose the area from the bifurcation of the ICA to 10 to
15 mm beyond the bifurcation of the middle cerebral ar-
tery. It also encompasses the anterior third of the insula and
the M2 segment of the middle cerebral artery. At this point,
the arachnoid fibers between the temporal and fronto-
orbital areas are well separated, as are the vessels along the
proximal sylvian fissure down to the ICA and its branches.
These structures, as well as the position of the oculomotor
nerve, the tentorial edge, and the medial basal areas of the
temporal pole, may be inspected. The lateral branches of the
internal carotid artery (ICA) (posterior communicating ar-
tery [PCoA], anterior choroidal artery [AChA] and striocap-
sular arteries) and the cortical branches of the M1 segment
(temporopolar, anterior, and middle temporal arteries) and
its variations are identified, as are the number, position,
variation, and courses of the lenticulostriate arteries. The
limen insula and the inferior trunk of the M2 segment are
observed. The M2 segment curves slightly laterally in the

peduncle; cs = collateral sulcus; fi = fimbria; h = hippocampus; ha =
hippocampal arteries; ica = internal carotid artery; M1 = first segment
of the middle cerebral artery; on = optic nerve; ot = optic tract; P2 =
second segment of the posterior cerebral artery; pc = piriform cor-
tex; pg = parahippocampal gyrus; plic = posterior limb of the internal
capsule; s = subiculum; slic = sublentiform portion of the internal cap-
sule; tp =temporal pole; u = uncus. The asterisk indicates the anterior
choroidal artery.

inferior peri-insular sulcus and lies just over the inferior in-
sular vein.

As in many procedures using the pterional approach, the
dissection is performed medial to the sylvian vein (on the
frontal lobe side) while the surgeon opens the sylvian fis-
sure. However, anatomical variations, such as a large fronto-
orbital vein and too many major branches of this vessel,
make sacrifice necessary to carry out medial dissection. In
such cases, dissection must proceed in an epipial plane, lat-
eral to the sylvian vein along the medial surface of the su-
perior temporal gyrus, until the inferior peri-insular sulcus
and the inferior insular vein are reached. Variations of the
M1 segment and its lateral branches are also frequently en-
countered.! In such cases, the surgeon must find sufficient
space to make an incision in the piriform cortex between the
temporal arteries by mobilizing them if needed. Significant
variations exist among patients regarding the major vascular
supply to the amygdala, uncus, hippocampus, and parahip-
pocampal gyrus.!41920242527
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The resection of the piriform cortex just anterolateral
to the M1 segment and anteroinferior to the limen insula
enables the surgeon to reach the amygdala. The superior
part of the amygdala is identified a few millimeters under
the incision line by its hazelnut color in the white matter.
The amygdala must first be removed piecemeal with both
a tumor forceps (to gain histological specimens) and gentle
suction. During the removal of amygdala, the temporal horn
of the lateral ventricle must be entered, allowing a clearer
orientation of the hippocampus and the extent of the supe-
rior, posterior, and lateral aspects of the amygdala. Remov-
ing the amygdala is not usually a bloody procedure. While
approaching the ventricular wall, however, particularly in
the medial plane, the surgeon must keep in mind the pres-
ence of subependymal veins returning from the amygdala.
These vessels run subependymally to the atrial vein of the
temporal horn, which runs through the choroidal fissure
to the basal vein of Rosenthal. Any damage to these veins
and their branches may cause torrential, retrograde venous
hemorrhage from the basal vein and the vein of Galen. The
surgeon should also note that the basal vein may not run in
a semicircular fashion around the cerebral peduncle to drain
into the vein of Galen but instead may course diagonally over
the cerebral peduncle from anteromedial to posterolateral
in the direction of the tentorial incisura, draining into the
superior petrosal sinus or tentorial veins. The variations
in the venous drainage of the insular mediobasal tempo-
ral structures, cerebral peduncle, optic tract, and thalamus
to the basal vein have been described comprehensively
elsewhere.?229

At this stage of the operation, it is of utmost importance
that the optic tract is clearly identified. Thus, great caution
must be used when removing the lateral, basal, and cortical
nuclei of the amygdala. Care must also be taken not to resect
the most medial parts of the amygdala (especially medial
and central nuclei) lying superolateral to the optic tract and
projecting to the claustrum, putamen, and globus pallidus.
After these sections of the amygdala are taken out, the rest
of the piriform cortex and the anterior part of the parahip-
pocampal gyrus are removed subpially. The transparent cur-
tain of pial and arachnoidal membranes near the lateral part
of the carotid cistern and the anterior part of the crural and
ambient cisterns may be identified readily anteroinferiorly,
after subpial resection. After the pia is opened, important
anatomical details can be identified, such as the entrance
of the AChA to the choroidal fissure along the crural cistern
and the optic tract and the basal vein of Rosenthal, which lie
medial to the AChA, the cerebral peduncle, the P2 segment
of the posterior cerebral artery, and the oculomotor nerve.

To remove the uncus, hippocampus, and parahippocam-
pal gyrus, the surgical microscope must be angled postero-
inferiorly. This avenue provides access from the tip of the
temporal horn to the trigone and supplies an excellent view
of the choroid plexus and of the pes hippocampus. The tela

choroidea, the transparent membrane from which the cho-
roid plexus arises, can be isolated by displacing the choroid
plexus medially over the choroidal fissure. Through the tela
choroidea, important structures such as the AChA, the hip-
pocampal vein, and ventricular tributaries of the basal vein
of Rosenthal can be identified. Subsequently, fine forceps are
used to reflect the choroid plexus medially and open the tela
choroidea between the choroid plexus and the tenia fimbria.
At this point, the hippocampal and uncal branches of the
AChA must be coagulated and divided. However, great care
must be taken not to injure the main stem of the AChA and
its medial branches to the peduncle, optic tract, pallidum,
internal capsule, thalamus, lateral geniculate body, and cho-
roid plexus. The surgeon may encounter anatomical varia-
tions of the branches to the uncus and amygdala, which may
arise separately and proximally from the AChA or even sepa-
rately from the lateral wall of the ICA or from the M1 seg-
ment. Occasionally, these variations arise from the temporal
and anterior temporal arteries,+19.20.24.2527

As the choroidal fissure along the tenia fimbria is opened,
the medial part of the parahippocampal gyrus (subiculum)
within the lateral wing of the transverse fissure can be iden-
tified. Hippocampal and parahippocampal veins, which run
over the subiculum direction, exit the hippocampal sulcus
and drain into the basal vein of Rosenthal. They should be
isolated from the arachnoidal membranes and meticulously
preserved. The hippocampus is supplied by the hippocam-
pal arteries, which lie beneath the veins described previ-
ously and enter the hippocampus most often by penetrating
the hippocampal sulcus. They usually originate from the P2
segment just proximal to the P2-P3 junction, or from the P3
segment itself, or from branches of the P3 segment and occa-
sionally from the AChA.#192024.2527 At this stage of the opera-
tion, the hippocampal arteries are coagulated and divided.

The head of the hippocampus-parahippocampal gyrus is
transected at the level of the proximal portion of the fimbria
and en bloc resection is done. The middle and posterior por-
tions of the hippocampus and parahippocampal gyrus are
removed with suction or the ultrasonic aspirator. We pre-
fer this technique instead of en bloc resection of the whole
hippocampus-parahippocampal gyrus because it preserves
the anterior temporal stem (Figs. 18.3, 18.4, and 18.5). The
posterior limit of the resection of the hippocampal tail is
just at the level of the posterior rim of the cerebral peduncle,
some 10 to 15 mm before and inferior to the isthmus cinguli.
The resection is performed inferolaterally through the pos-
terior part of the hippocampus-parahippocampal gyrus, in
the direction of the collateral sulcus and tentorial edge. Re-
section continues with forceps and suction along the sulcus
in a semicircular fashion within the temporal horn lateral to
the hippocampus, then enters the collateral and rhinal sulci.
This semicircular resection, 4 to 5 cm long and 5 to 10 mm
deep, extends down to the free edge of the tentorium, leav-
ing the fusiform gyrus untouched laterally.
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The loops and branches of the temporooccipital trunk
arising from the P2-P3 junction can be identified within the
collateral sulcus. The branches that supply the parahippo-
campal gyrus are coagulated and divided. As the limbic areas
are resected, the hippocampal veins are again exposed and
coagulated and divided at a proper distance from the basal
vein of Rosenthal. Occasionally, bleeding may occur from
the pial bed of the resected limbic structures in the cavity;
these areas require coagulation with bipolar forceps. Gener-
ally, opening the extension of the collateral sulcus provides
access to the tentorium some 2.5 cm from its free edge and
in its anterior half. In patients with herniation of the medio-
basal temporal structures, the mediobasal dissection must
be done meticulously because of the potential for damage
to the underlying structures. In such cases, staying in the
subpial plane allows removal of the parahippocampal gyrus,
whereas the P2 segment with its branches, the superior cere-
bellar artery, third nerve, and fourth nerve (lying below the
tentorial edge) are protected by the pia and a double layer
of arachnoid.

Fig. 18.3 Coronal sections of the fluid
attenuation inversion recovery mag-
netic resonance images show left-sided
hippocampal sclerosis in a 12-year-
old child with mediobasal temporal
epilepsy (A and B). A preoperative 2-
deoxy-2[18F]fluoro-D-glucose positron
emission tomography scan show left-
sided temporal hypoactivity (C).

During this procedure, retractors should never be placed
in the small entrance and the tip of the suction tube, cov-
ered with a moist Cottonoid sponge, can be used as a gentle
temporary retractor. After careful hemostasis is achieved in
the resection cavity and around the middle cerebral artery,
the ICA, the AChA, the PCoA, and their branches, the dura is
closed with a running suture and the bone flap is replaced in
the usual fashion.

After the amygdala and uncus-hippocampus-parahippo-
campal gyrus are removed, the neighboring structures, in-
cluding the superior, middle, and inferior temporal gyri, and
the fusiform (lateral temporooccipital) and lingual (medial
temporooccipital) gyri remain undamaged. Furthermore,
removal of the anterior one third of the hippocampus-
parahippocampal gyrus enables the pathologist to carry
out scientific studies on resected structures. Because it is
less complex and allows the surgeon to preserve the ante-
rior temporal stem, piecemeal removal or subpial suction
of the rest of the hippocampus-parahippocampal gyrus is a
preferable approach compared with en bloc resection.
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B Surgical Considerations

The mediobasal temporal structures, such as the amygdala,
uncus, hippocampus, and parahippocampal gyrus, can vary
considerably in size and form.!%26 In some cases, these struc-
tures are seen to bend only gently around the cerebral pe-
duncle parallel to the optic tract, whereas in others they may
resemble a coiled shrimp. Advances in neuroradiology, par-
ticularly in MRI technology, have provided considerable help
in studying the extension, variations, and exact preoperative
and postoperative morphology of the mediobasal temporal
area.®® The MRI findings that suggest mediobasal temporal
sclerosis include the loss of hippocampal volume on coronal
thin-slice FLAIR and T2-weighted images with associated ex
vacuo enlargement of the temporal horn of the lateral ven-
tricle and the loss of gray/white matter differentiation within
the temporal tip.® The presence of small vascular malforma-
tions or gliomas is also readily identified. Concomitant MRI
angiography has established itself as a noninvasive, standard
procedure to diagnose vascular pathologies and has sup-
planted formal angiography in all but exceptional cases. It is
imperative that the surgeon review the MRI images in detail
to appreciate the mesiotemporal anatomy of the patient be-
fore proceeding the surgical intervention.

Fig. 18.4 Postoperative coronal (A and
B) and sagittal (C) sections of the fluid
attenuation inversion recovery and
T1-weighted (D) magnetic resonance
images show a left-sided selective amy-
gdalohippocampectomy in a 12-year-old
child with mediobasal temporal epilepsy.
Please note the preserved temporal
stem.

The term selective amygdalohippocampectomy is mislead-
ing for several reasons. Approximately 10 to 20% of the most
medial part of the amygdala, where it abuts the basal gan-
glia, anterior commissure, and tail of the caudate nucleus,
remains intact. Thus, the amygdala is not totally removed.
Furthermore, posterior transection of the hippocampus-
parahippocampal gyrus is generally done at the level of the
posterior margin of the cerebral peduncle, where the P2-P3
segment junction is located, at the level of the ascending tail
of the hippocampus and 10 to 15 mm before the isthmus
cinguli, where the anterior portion of the lingual gyrus lies.
If this dissection is carried too far posteromedially, there is
a risk of damaging the lateral geniculate body or Meyer’s
loop.>12

Selective amygdalohippocampectomy can be regarded
as safe because it does not damage the neocortical part of
the temporal lobe (apart from the piriform cortex, amyg-
dala, uncus, hippocampus, and parahippocampal gyrus).
After selective amygdalohippocampectomy, the remaining
structures of the temporal lobe, namely the superior, mid-
dle, and inferior temporal gyri, and the fusiform and lingual
gyri remain surgically untouched. Although subpial resec-
tion of the amygdala and the anterior portion of the para-
hippocampal gyrus compromise the connecting areas of
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the superior, middle, and inferior temporal gyri within the
mediobasal temporal pole, postoperative imaging does little
to show such damage. In addition, because the adjacent pre-
served basal gyri, such as the fusiform and lingual gyri, mi-
grate and occupy the surgically created space, postoperative
volumetric studies may reveal conflicting results. This situ-
ation necessitates careful examination of the postoperative
triplane MRIs.830 Our results suggest that the transsylvian—
transamygdalar approach prevents injury to the temporal
stem compared with a standard temporal lobectomy. This
is demonstrated by postoperative fiber tractography (Fig.
18.5). Available data imply that preserving more functional
temporal lobe tissue is critical for improved preservation of
a patient’s neurocognitive function postoperatively, partic-
ularly in high-functioning patients with dominant temporal
lobe epilepsy.

Possible complications such as hemiparesis and hom-
onymous field defects can be minimized if care is taken to

Fig. 18.5 Postoperative fiber tractography
shows the preserved uncinate fasciculus
(uf), occipitofrontal fasciculus (of), and pos-
terior thalamic peduncle (pt), which in-
cludes the optic radiation (A and B). The
postoperative 2-deoxy-2[18F]fluoro-D-
glucose positron emission tomograph scan
show ametabolic activity in the left medio-
basal temporal region.

prevent damage to the branches of the AChA and branches
of the P2 segment. Visual field defects seen in this approach
are more likely to result from injury or vasospasm of ves-
sels supplying the optic tract than from direct damage to
Meyer’s loop. Because of their close anatomical relation-
ship, iatrogenic injury to the optic tract while attempting to
radically resect the medial and central nuclei of the amyg-
dala is another possible cause of postoperative visual field
defects.

B Outcome

We believe it is most helpful to review the outcome data
gathered by the medical/surgical team of the institute
where this technique was developed.*!®¢ They assessed
postoperative seizure outcome in their series using the
criteria recommended by the International League Against
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Epilepsy Commission for Neurosurgery for Epilepsy as fol-
lows: I, seizure free; II, rare seizures (not more than one or
two per year); III, worthwhile improvement, that is, more
than 90% reduction in seizure frequency and improvement
in quality of life; IV, unchanged; and V, worse. According
to this classification, the seizure outcome at 1-year follow-
up in more than 100 patients was as follows: 59% of the
patients were in category I, 13% in I, 12% in III, and 16% in
IV, and none of the patients’ seizure patterns were worse
than the preoperative pattern. The histopathological as-
sessment of the surgical specimens obtained from the
patients who had no neoplastic or vascular pathology re-
vealed, in decreasing order of frequency, gliosis, sclerosis,
hamartoma, scar, dysplasia, and microinfarct. Gliosis was
present in half of patients. Selective amygdalohippocam-
pectomy resulted in a much better neuropsychological and
psychosocial outcome compared with the standard ante-
rior temporal lobe resection. Furthermore, verbal learning
scores, verbal memory at 30 minutes, visual learning, and
visual memory at 30 minutes were all statistically signifi-
cantly better in postoperative assessment of the patients
who had a selective procedure compared with the domi-
nant temporal lobectomy group. Although not statistically
significant, the percentage of seizure-free patients was also
greater in the group having undergone selective amygda-
lohippocampectomy compared with standard temporal
lobectomy.

B Conclusion

The comparison of the most commonly used surgical
techniques in the management of temporal lobe epilepsy
(selective amygdalohippocampectomy and anteromesial
temporal lobectomy) is still an unresolved issue.!* Accord-
ing to a recently published review, “selective amygdalohip-
pocampectomy appears to have similar seizure outcome
and possibly a better cognitive outcome than temporal lo-
bectomy.” If the patient data that are obtained using appro-
priate preoperative tests strictly show that the origin of the
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Techniques

Jeffrey G. Ojemann

Temporal lobe epilepsy is a common cause of intractable
epilepsy. In adults, temporal lobectomy is the most com-
mon surgery and has been proven effective with class I
evidence for its efficacy.! The disease in children has some
features different from adults. In particular, the finding of
mesial temporal (hippocampal) sclerosis is less common
in children than in adults.2? Further, even when present in
histopathology, sclerosis is evident on magnetic resonance
imaging (MRI) in only approximately half the instances.*
The increased incidence of dual pathology>% and dysplasia,
which can involve medial, anterolateral, or basal temporal
structures, argues for an electrophysiological approach to
temporal lobectomy that combines anatomical boundaries
with electrophysiological information. Thus, a wide range of
temporal lobectomy may be indicated—from highly selective
hippocampal/basal temporal resections to full temporal lo-
bectomy? (Fig. 19.1).

A tailored resection can refer to modification of the resec-
tion (larger, smaller, or different location from a standard an-
terior temporal lobectomy or amygdalohippocampectomy)
based on interictal measurements or modification based on
functional information, in particular language mapping.3-1

Tailored Temporal Lobectomy

In adults with mesial temporal abnormalities, intraoperative
electrocorticography (ECoG) has been used to guide the ex-
tent of hippocampal resection,'>'3 and the presence or ab-
sence of residual epileptiform activity (e.g., spikes) has been
associated with postoperative seizure control.’® Postopera-
tive spikes outside the medial temporal lobe may be of less
value,'? although some reports have found better outcome
when neocortical spikes are eliminated with resection.!41>
Tailoring occurs de facto when invasive monitoring is used.
The prolonged observation of interictal abnormalities and ic-
tal onset will determine the resective strategy. This informa-
tion can be augmented by intraoperative recordings. In this
chapter, the strategies for using intraoperative ECoG are dis-
cussed, methods for hippocampal recordings are described,
and approaches to functional considerations are reviewed.

B Strategies

The advantages to tailoring a resection are seen in sev-
eral circumstances. First, in the case of a clear lesion, intra-
operative ECoG can identify particularly epileptogenic areas

Fig. 19.1 Two different temporal lobectomies. (A) A selective resec-
tion through very inferior approach was used for selective pathol-
ogy. This may minimize cognitive deficits, especially on the dominant
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side.” (B) A more aggressive temporal lobectomy was appropriate for
ayounger patient with more diffuse temporal lobe pathology (corti-
cal dysplasia).
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Fig. 19.2 Coronal magnetic resonance imaging (T2 weighted) of a
6-year-old with intractable seizures. The basal temporal abnormal-
ity (arrows) and the abnormal architecture of the right hippocampus
(arrowhead) are both possible foci. Scalp electroencephalography
findings were concordant with right temporal onset. Intraopera-
tively, the extent of the interictal abnormality included medial and
basal temporal cortex. Histopathology of the lesion in basal temporal
lobe and of the hippocampus was consistent with cortical dysplasia.

of cortex surrounding the lesion, and such an approach has
been associated with excellent outcomes.!>-19 A lesion can
co-exist with functional cortex, even if grossly abnormal,202!
and adjacent brain is, of course, vulnerable to functional
loss; therefore, particularly in suspected language areas, a
functional map is needed as well.

Other situations in which tailoring is useful are cases of
suspected dual pathology. Two approaches can be taken. One
option is to perform invasive monitoring, with electrodes

covering both the suspected or evident lesion and other elec-
trodes covering the medial temporal lesion. Either subtem-
poral electrodes placed medially or depth electrodes into
the hippocampus should give similar results.? Alternatively,
if the lesions are in the same functional-anatomical region
(e.g., basal and medial temporal lobes or anterior temporal
lobe), intraoperative recordings can guide the relevant ex-
tents. Areas outside the hippocampus have been implicated
in the genesis of anterior temporal lobe seizures,?* and their
interictal abnormalities can be identified during intraopera-
tive recordings (Fig. 19.2).

B Functional Considerations

Another role for tailoring is in the setting of minimizing re-
section to avoid postoperative deficits. In lateral temporal
cortex, this may involve mapping language and avoiding,
by at least 1 cm, areas where stimulation disrupts naming
tasks.?* In dominant temporal lobe, this may involve map-
ping language?® and even memory,? because lateral temporal
cortex resection has been associated with memory difficul-
ties,?> although the presence of a normal hippocampus on
MRI and good preoperative memory are very strong risk fac-
tors for postoperative memory decline?® that may be impos-
sible to escape.

Functional information can often be determined with-
out direct cortical mapping. The location of language areas
is similar in adults and children, although younger children
may have a more limited distribution of language sites than
adults.?’ Thus, a preoperative assessment of the risk to lan-
guage can be judged. Functional MRI (fMRI) continues to
hold promise as a method to determine language sites non-
invasively, but it remains a challenging tool.282° We have
found language fMRI can be, with practice, performed to as
young as age 6. Silent action generation from both pictures

Fig. 19.3 Language functional magnetic resonance imaging. A 12-
year-old girl with temporal lobe epilepsy performed a silent verb
generation task to visually presented words. The left inferior frontal

and posterior superior temporal gyri were strongly activated (white
pixels) compared with a fixation point control.

157



158

IIA  Resective Surgical Techniques in Temporal Lobe Epilepsy

and words can be effective (Fig. 19.3). The cerebral amytal
(Wada) test may be necessary when features are present
such as left-handedness, seizure semiology, or incongruent
neuropsychological testing or when a proposed resection
would be more radical if atypical dominance were con-
firmed. The Wada test is difficult in younger patients, and
only very skilled teams are likely to be successful with chil-
dren younger than age 12.

When direct cortical mapping is desired intraoperatively,
preoperative practice is all the more critical in younger chil-
dren. Below age 12 in the operating room may be impractical,
but the use of dexmedetomidine has been described in very
young children3 and appears to have minimal effect on the
ECoG.2! Any anesthetic agent will influence the ECoG; benzo-
diazepines in particular should be avoided, if possible. Propo-
fol is extensively used because of its effects on the depth of
suppression of cortical activity, potentially masking epilepti-
form activity in the ECoG, can usually be titrated rapidly.3?

B Technique

In the case of a cortical lesion, ECoG can often be obtained
simply with surface electrodes. These can be conventional
arrays of platinum/iridium electrodes as commonly used
for long-term monitoring, or an electrode array of carbon-

tipped electrodes distributed around areas of concern can
monitor and be used to guide electrical stimulation thresh-
old for functional mapping.'! The array is held in place by a
skull clamp, which can be modified to allow for frameless
stereotaxy without placing the patient in pins.?3

For involvement of the hippocampus and medial tempo-
ral structures, the first step is to identify the temporal horn,
thus visualizing the hippocampus, amygdala, and roof of the
ventricle. The roof of the lateral ventricle, the anterior as-
pect of the choroidal fissure (found by following the choroid
plexus anteriorly), and the lateral amygdala (that portion of
the amygdala visible from the temporal horn, are several key
landmarks (Figs. 19.4A and 19.4B). Resecting tissue anterior
to the choroidal point can be safely performed in a subpial
manner, leaving the pial membrane over the carotid, third
nerve, and brainstem and thus keeping these structures safe.
Above the roof of the ventricle, there is no such pial plane,
and a resection in this direction will soon come on descend-
ing motor fibers with significant potential consequences.

ECoG in the basal and medial temporal lobe is primarily
performed with strip electrode arrays. These may be placed
over inferior, fusiform, and parahippocampal regions in a lat-
eral to medial direction and another can be placed over the
tip of the temporal lobe. Once the ventricle is open, a very
useful method is to place a four-contact (1-cm interelectrode
distance) array over the ependyma of the hippocampus

Fig. 19.4 Electrocorticography of the hippocampus. All frames are
from a left medial temporal lobectomy, with anterior to the right
and inferior to the top of each image. (A) The hippocampus is opened
widely, demonstrating its extent within the lateral ventricle. The head
of the hippocampus (arrow) is found opposite the amygdala (asterisk)
at the anterior aspect of the temporal horn. (B) With a much more

limited opening of the lateral ventricle, the hippocampal head (ar-
rowhead) is exposed and the amygdala visualized (asterisk). (C) The
electrode array (xx) is directed over the hippocampus, aimed poste-
riorly, without significant medial direction until (D) the hippocampus
is covered by the electrodes (xx) allowing for an assessment of the
epileptic properties, if any, of the medial temporal complex.
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(Figs. 19.4C and 19.4D). This requires placing the tip of
the array into the ventricle, which will run more superior-
posteriorly than might be expected. The array should be
roughly parasagittal in direction because the lateral genicu-
late and rest of the thalamus will be vulnerable if the elec-
trode array is forced medially.

The hippocampus may look irregular. In the setting of
hydrocephalus, choroidal cysts, or severe hippocampal at-
rophy, landmarks may be distorted. In some cases, the basal
temporal gyri may be irregular,?* and, anecdotally, a very
prominent sulcus just lateral to the head of the hippocampus
can create a confusing view from the lateral approach.

When hippocampal electrodes are in place, the interictal
activity can be quite robust (Fig. 19.5). When the abnormal
physiology is more focal, a limited hippocampal resection
can be performed and the electrodes reapplied over the
surgical margins. Typically, resection is taken back to the
limits of hippocampal epileptiform activity. The parahippo-
campus is included with the resection, although posterior
to the brainstem, this is no longer taken all the way to the
medial pia because this dives well medial toward occipital
lobe, whereas the hippocampus remains more lateral as it
travels superior-posterior. At the very posterior aspect of a
residual recording, the recording electrodes may be into the
occipital horn. Occasionally, fast activity can be seen in these
electrodes, which, contrary to the polymorphic fast activity
seen over dysplasia, does not appear to be pathological and
certainly should not be pursued without other evidence for
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more posterior temporal-occipital pathology.

Although a highly active, epileptogenic region is likely to
be the location of ictal onset as well, not all interictal ab-
normalities will indicate the epileptopenic zone. Occasional
spikes on the resection margin do not have to be chased, and
certainly not at the expense of additional functional deficit.
Fast activity can be seen over the posterior temporal horn
electrodes within the occipital horn. This should not be con-
fused with the continuous spiking and bursts of spikes sug-
gestive of an area of dysplasia.3> The occipital changes do not
have to be pursued. The bursting activity often seen with
dysplasia can be a very useful marker.

B Conclusion

Most neurosurgical resections are tailored in some sense be-
cause a surgery is adjusted to the particulars of individual
anatomy, pathology, patient and family concepts of risk-ben-
efit trade-offs, presurgical workup (such as positron emis-
sion tomography [PET], single photon emission computed
tomography [SPECT], EEG, neuropsychological testing), and
direct cortical electrophysiology. The varied nature of epi-
lepsy makes direct proof of the validity of any of these steps
difficult, however the ambiguities inherent in many cases of
pediatric temporal lobe epilepsy may particularly benefit
from the additional information gained from ECoG and a
physiological assessment of function and disease.
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Surgical Management of Lesional
Temporal Lobe Epilepsy

Oguz Cataltepe and G. Rees Cosgrove

Temporal lobe lesions constitute 30 to 70% of surgical speci-
mens obtained from children with intractable temporal
lobe epilepsy (TLE).!-® Developmental brain tumors and
low-grade neoplasms are the most common causes of TLE in
children. Although hippocampal sclerosis is the most com-
mon lesion in adults with TLE, it is much less frequent in the
pediatric patient population. In this chapter, we will discuss
the surgical strategies in children with lesional temporal
epilepsy, mainly focusing on tumors and vascular malforma-
tions, because they are the most common neuropathologi-
cal substrates in children after cortical dysplasia and mesial
temporal sclerosis (MTS).

The goal in neuro-oncological surgery is always total resec-
tion of the tumor when it is feasible. This is also relevant for
tumor-related epilepsy cases with one significant difference:
there is an equally important additional surgical target—the
epileptogenic zone. Therefore, surgical interventions for le-
sional TLE in children have dual therapeutic goals: stopping
the seizures and removing the lesion while preserving corti-
cal function. These dual therapeutic goals can be achieved by
determining both the causative relationship between the le-
sion and the seizures and the spatial relationship between the
lesion and the epileptogenic zone. Although the epileptogenic
zone frequently corresponds to the cortex immediately adja-
cent to the lesion, it may also stretch far beyond the anatomical
boundaries of the lesion. Therefore, determining the extent of

resection in lesional epilepsy patients is critical to optimizing
surgical outcome but also quite challenging at times. Further-
more, reaching these goals may not always be feasible, and
certain compromises may be required in some cases.

Here we will discuss the surgical management of lesional
TLE patients based on published data and our own clinical
experience. There is very limited published data specifically
obtained from children with TLE, and there are even smaller
numbers of reports addressing lesional TLE in children. The real
frequency of lesional TLE cases is not clear, and reported rates
show wide variations in large surgical series (Table 20.1).!-8

B Pathological Substrate

The most common pathological substrates in medically refrac-
tory epilepsy patients are MTS, tumors, vascular abnormalities,
gliosis, and developmental disorders.? We will review lesional
TLE in childhood by focusing on neoplasms and vascular abnor-
malities and refer the reader to related chapters in this book for
details regarding the surgical management of MTS and cortical
dysplasia. Published series describing pathological substrates
in TLE patients mostly include mixed patient populations, both
adultsand children. Only a few reports exclusively cover the pedi-
atric age group.'-8 As we can see in Table 20.1, published data are
heterogeneous and most likely heavily biased by referral pat-

Table 20.1 Pathological Substrates in Pediatric Lesional TLE Series
Number Tumor MTS (a)] Vasc. Dual Pathology
Sinclair! 42 33% 19% 9% — 11%
Clusmann? 89 46% 31% 1% - —
Mittal et al® 109 35% 45% 35% 5% 25%
Benifla et al*>* 126 52% 13% 7% 3% 8%
Kan et al® 33 28% 28% 22% 9% 5%
Kim et al® 59 54% 23% 18% - —
Maton et al’ 20 40% 20% 30% — —

Sources: Mittal S, Montes JL, Farmer |P, et al. Long-term outcome after surgical treatment of temporal lobe epilepsy in children. | Neurosurg 2005; 103
(5, suppl)401-412; Benifla M, Otsubo H, Ochi A, et al. Temporal lobe surgery for intractable epilepsy in children: an analysis of outcomes in 126 chil-
dren. Neurosurgery 2006;59(6):1203-1213, discussion 1213-1214; Kan P, Van Orman C, Kestle |RW. Outcomes after surgery for focal epilepsy in children.
Childs Nerv Syst 2008;24(5):587-591; Kim SK, Wang KC, Hwang YS, et al. Epilepsy surgery in children: outcomes and complications. ] Neurosurg Pediatr
2008;1(4):277-283; Maton B, Jayakar P, Resnick T, Morrison G, Ragheb ], Duchowny M. Surgery for medically intractable temporal lobe epilepsy during early

life. Epilepsia 2008;49(1):80-87.

Abbreviations: TLE, temporal lobe epilepsy, MTS, mesial temporal sclerosis; CD, cortical displasia; Vasc., vascular lesion.
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Table 20.2 Tumor Types in Pediatric TLE Series

Number DNET GG LGA Oligo
Sinclair? 14 14% 57% 21% —
Clusmann? 41 17% 56% 7% 7%
Mittal et al® 38 13% 55% 13% 7%
Cataltepe et al'® 29 52% 13% 21% 10%
Benifla et al*>4 65 15% 24% 24% —
Kim et al® 32 37% 40% - 9%
Maton et al’ 8 25% 25% 50% —

Abbreviations: TLE, temporal lobe epilepsy, DNET, dysembryoplastic neuroepithelial tumors; GG, ganglioplioma; LGA, low grade astrocytoma; Oligo,

oligodendroglioma.

terns to the related epilepsy centers. However, it is still fair to
state that neoplasms are the most common pathological sub-
strates seen in children with lesional TLE followed by MTS, cor-
tical dysplasia, and vascular lesions. MTS constitutes, at least in
some series, a substantial percentage of the cases, but the true
frequency of MTS in children with TLE is still not clear.

Tumors

The exact frequency of tumors in children with intractable
TLE is not well established yet because of the limited number
of studies focusing exclusively on the pediatric population.
Cataltepe et al'® reported that temporal-tumor-related epi-
lepsy patients constituted 40% of pediatric epilepsy surgery
cases in their series. Published data imply that the most com-
mon neoplasms in TLE patients are developmental tumors,
such as dysembryoplastic neuroepithelial tumor (DNET),
or slowly growing low-grade glial tumors and oligodendro-
gliomas.!3->13 However, the frequencies of the neoplasms
seen in epilepsy patients are quite different among published
series. Although ganglioglioma is the most common neo-
plasm in some series, low-grade astrocytoma or DNET is the
most common neoplasm in other studies (Table 20.2). The
vast majority of the patients with temporal lobe tumor-re-
lated epilepsy have some common distinctive characteristics,
and some authors even define them as a distinct clinico-
pathological group. These characteristics include a well-
differentiated histological pattern, cortical localization of
the tumors (69-91%), frequent involvement of mesial struc-
tures (48%), indolent biological nature, young age, seizures
frequently as the only symptom, long-standing history of
seizure disorder, normal neurological exam, and favorable
outcome after surgery.!012.13

Vascular Malformations

Most common vascular malformations causing epilepsy are
arteriovenous malformations (AVM) and cavernous heman-
giomas. The most common presenting symptoms of AVM
are hemorrhage and seizures. Hemorrhage is by far the com-
monest initial manifestation of AVM in children, whereas 10
to 25% of the patients present with seizures.!4-17 Seizures in

AVM patients most likely originate from gliotic, nonfunc-
tional brain parenchyma interspersed in and around the
AVM nidus. These gliotic changes develop secondary to fo-
cal ischemia induced by “steal” phenomena and possibly
constitute the main reason for seizures in AVM patients. In
Yasargil’s series of 414 operated cerebral AVM patients that
included both children and adults, initial manifestations
were hemorrhage and seizures in 77.8% and 14.7% of the pa-
tients, respectively.'® Yasargil’s series includes 74 children
(17.8%) younger then 15 years old, and approximately 11%
of them had temporal lobe AVMs (6.8% extramesial and 4.1%
hippocampal AVM). In the same series, seizure as an initial
manifestation was found in 40% of the patients when the
AVM was located in the temporal lobe and in 10.6% of the
children overall in this series.

Cavernous hemangiomas are relatively common congeni-
tal lesions that occur in 0.4 to 0.5% of the general population
and constitute 5 to 13% of all intracerebral vascular malforma-
tions.'?-2! Cavernous hemangiomas occur mostly in the supra-
tentorial region, 15 to 20% of them being in temporal lobe,20-23
In a large series, temporal lobe location in cavernous heman-
gioma patients was found to be significantly higher (48%), and
40% were located in mesiobasal structures.?* Epilepsy inci-
dence in symptomatic patients with cavernous hemangioma
has been reported between 35 and 79%.19212225-27 Cavernous
hemangiomas that are located in the temporal lobe have a
much higher tendency to be associated with intractable epi-
lepsy, and they are far more likely than AVM to be medically
refractory.’®27.28 In children, seizures are the most common
manifestation of cavernous malformations (45-54%).23:2529.30
The estimated risk for seizure development was reported as
1.5%/year/patient in single lesions and 2.5%/lesion/year in pa-
tients with multiple lesions.?42%

B Mechanism of Seizures

The epileptogenic mechanisms involved in lesion-related
epilepsy are not clear. Several mechanisms, including direct
pressure and irritation of the cortical tissue, gliotic changes
and disruption of vascular structures of the surrounding cor-
tex, morphological alterations at the cellular level, changes
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in inhibitory and excitatory neurotransmitter levels, and
denervation hypersensitivity have been proposed to play
a role.!3132 Chronic changes in surrounding brain tissue
either by mechanical or vascular mechanisms can also be
responsible for seizures induced by slowly growing low-
grade tumors. Developmental tumors may even have intrin-
sic epileptogenicity because they are frequently associated
with cortical dysplasia and contain cells with a rich array of
neurochemical properties, including altered inhibitory and
excitatory local circuits.!’3! The location of the lesion is also
a critical factor. Brain tumors associated with epilepsy are
often located in the cortex or in gray-white matter junction.
When the lesion is located in the temporal lobe, its direct or
indirect effects on hippocampus may cause seizures. The le-
sion location may interfere with cortical afferents and effer-
ents and lead to relative deafferentation of a certain cortical
area that has intrinsic epileptogenicity. Small hemorrhages
in and around the tumors also cause hemosiderin deposits,
which are highly epileptogenic.!' Secondary epileptogenesis
might also be responsible for seizures in some patients. It
has been shown with intracranial electroencephalography
(EEG) recording that approximately one half of the patients
with neocortical temporal tumors have independent epilep-
togenic areas in ipsilateral mesial structures.?3 The proposed
mechanisms for seizures in patients with AVMs include
vascular steal phenomenon, focal ischemia of the adjacent
cortex secondary to A-V shunting, progressive intralesional
and perilesional gliosis, demyelination, hemosiderin lining
in AVM bed, and secondary epileptogenesis in the temporal
lobe.!416.28 It has also been suggested that mass effect on the
surrounding brain, cortical irritation, presence of calcifica-
tion, gliosis in the surrounding brain tissue, and accumu-
lation of iron-containing substances in hemosiderin fringe
are responsible for the seizures in cavernous hemangioma
patients.!9-22

B Surgical Strategy

Although the histological subtype of the lesion is always
the major factor influencing clinical outcome in any given
patient, the determinants of the seizure-related outcome in
lesional epilepsy are more complicated. The factors effecting
good outcome in epilepsy patients are not only dependent
on the type of the lesion but also related to the location of
the lesion as well as the extent of the epileptogenic zone and
the area of resection.32-34 Therefore, the surgical strategy in
lesional epilepsy patients is a multifaceted topic. It should
be defined based on the location, extent of both the lesion
and the epileptogenic zone, as well as the histopathologi-
cal diagnosis. Determining the optimal surgical strategy in
these cases is a challenging task and still involves some con-
troversy. Lesionectomy alone, lesionectomy with resection
of the epileptogenic zone, or lesionectomy with resection

of the ipsilateral mesial structures all have their advocates
in discussions about the appropriate surgical approaches in
these cases. However, there is limited clinical evidence to
support specific resective strategies in lesional-TLE cases.3?
Therefore, until more data are available, the surgical strategy
for each patient should be determined on an individual basis
by considering histological type and location of the lesion,
extent of the epileptogenic zone, and the spatial relation be-
tween the lesion and the epileptogenic zone.

Extent of Resection

The spatial relationship between the epileptogenic zone and
the lesion is the most critical factor to determine the extent
of surgical resection in lesional epilepsy patients. There are
several conditions for optimizing seizure control in children
with lesional epilepsy. First, the lesion should be completely
identified and resected. Second, the epileptogenic zone
should be contained within the resected area, and finally the
remaining cortical and subcortical areas should not develop
independent seizures after surgery. Unsuccessful results in
lesional epilepsy surgery are frequently related to incomplete
resection of the lesion/epileptogenic zone or the presence of
additional or secondary epileptogenic foci.3> Another rea-
son may be having an extensive epileptogenic zone beyond
the boundaries of the lesion. Some well-known examples
of this include the presence of surrounding gliosis in AVM,
hemosiderosis rim associated with cavernous hemangioma,
dysplastic areas associated with developmental tumors, and
dual pathology.

Lesion

Lesionectomy alone is probably the most commonly used
surgical approach in lesional epilepsy cases. Although there
is wide consensus regarding the significance of total tumor
resection for good seizure control, the results of this surgical
approach in the published epilepsy series are quite different.
Khajavi et al¢ reported that seizure-free outcome was only
correlated with the extent of tumor resection but not with
additional resection of the surrounding cortex. Conversely,
Jooma et al®’ reported that epilepsy patients who under-
went lesionectomy procedure alone had a significantly lower
seizure-free outcome rate compared with patients who had
additional cortical resections of the adjacent epileptogenic
zone. Sugano et al3® re