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Special Report
Diagnosis and treatment of epilepsy, once
the sole purview of the general practitioner or
neurologist, has in recent years become a team
effort. Modern management of epilepsy now
benefits from the services not only of neurolo-
gists or subspecialized epileptologists, but also
of specialized nursing personnel, surgeons,
neuropsychologists, social workers, and coun-
selors. Especially important is the input of a
neuroradiologist with expertise in epilepsy. As
will be seen below, neuroradiologic studies have
become of key importance in identifying under-
lying causes of epilepsies and in assisting the
multidisciplinary approach to locate the seizure
focus or foci in the brain. Very recent advances
also suggest that neuroradiologic studies will be
important in mapping functional regions of the
brain, which should be spared during seizure
surgery.

This article will provide an overview of epi-
lepsy for the neuroradiologist. As a new mem-
ber of the epilepsy team, the neuroradiologist
should have familiarity with the different types
of seizures, the usual causes of seizures, the
clinical approach to diagnosis and therapy of
epilepsy, and specific ways in which neurora-
diologic studies can aid these processes.

General Background

A seizure is a paroxysmal dysfunction caused
by an abnormal electrical discharge in the brain.
The seizure results in a sudden and stereotyped
alteration of sensory motor function, behavior,
memory, or consciousness. Epilepsy is the con-
dition of spontaneously recurrent seizures. Epi-
lepsy is a family of disorders, not a specific
disease.

Epilepsy is more common than generally rec-
ognized by most physicians outside of the field
and is the most prevalent serious neurologic
disorder that affects people of all ages. Between
0.5% and 1% of the world’s population has epi-
lepsy. As many as 5% to 10% of persons will
experience one or more seizures in their lives; in
most of these people, epilepsy will not develop
(1). The number of people who have other
events considered possibly to be epilepsy is
even larger, but unknown. These events include
spells of confusion, blackouts of unknown
cause, unusual movements, and episodic par-
oxysmal events.

Etiology

Seizures result from an imbalance between
excitation and inhibition in the brain (2). In
some seizure types this imbalance favors exci-
tation, in others (mainly absence or petit mal),
inhibition. During seizure discharges, neurons in
the brain fire excessively and in a disordered
fashion, reflecting abnormal synchronous burst-
ing of neurons. The zone of origin of seizures in
the brain is called the seizure focus. A hyperex-
citable seizure focus can recruit normal neurons
and circuits into the seizure pattern.

Causes of epilepsy fall into categories of gen-
eralized metabolic disturbances to brain, and
focal insults to brain. Table 1 lists the usual
etiologic factors of generalized or focal epilep-
togenic brain processes. Most instances of epi-
lepsy are idiopathic (no specific cause can be
determined) (3, 4).

Seizure Types

The manifestations of a seizure depend on
several factors, including the age of the patient,
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TABLE 1: Usual causes of generalized and focal seizures

Cause Generalized Seizures Focal Seizures

Idiopathic (genetic) Absence, myoclonic, neonatal convulsions Benign focal epilepsies of childhood
Metabolic Hypoglycemia, hypocalcemia, hypomagnesemia, hyponatremia

or hypernatremia, inborn errors of metabolism
Hyperglyemia, mitochondrial disorders

Cerebral injury Anoxic ischemic, lead poisoning Stroke, tumor, focal trauma
“Developmental”

abnormalities
Intrauterine infections, intrauterine ischemia Migration defects/heterotopias, mesial

temporal sclerosis
Drug or toxin Alcohol-related seizures, drug withdrawal (barbiturate,

benzodiazepine), drug toxicity (lidocaine, penicillin, isoniazid)

. . .

Infection . . . Meningitis, abscess, encephalitis

852 EPILEPSY AJNR: 18, May 1997
whether the patient is waking or sleeping, hor-
monal cycles in women, presence of medica-
tions, and other largely ill-understood factors.
The most important factor is the location of the
seizure focus (where in the brain the abnormal
electrical activity originates) and how far it
spreads throughout normal brain. Figure 1 illus-
trates typical symptoms of seizures originating
in various sensory-motor or association areas of
brain. The international classification of seizures
is listed in Table 2 (5, 6).

Seizures are divided into those that are ap-
parently generalized from the start and those
that start focally (partially). The yet-unproved
presumption about so-called primary general-
ized seizures is that they originate subcortically,
perhaps in the thalamus, and are projected, and
appear on electroencephalography (EEG) si-
multaneously over different regions of cortex
(7). Partial seizures, on the other hand, start in
one part of the brain and appear focally on
EEG.

The partial seizures are subdivided into sim-
ple seizures, in which there is no loss of con-
sciousness or awareness, and complex seizures,
in which consciousness, awareness, or memory
are impaired. Partial seizures can have motor,

Fig 1. The the typical symptoms of seizures originating in
various areas of the brain.
sensory, or psychic manifestations, including
somatosensory, auditory, visual, olfactory, or
vestibular sensation, internal visceral sensation,
autonomic symptoms, such as flushing or
sweating, psychic disturbances (deja vu, per-
ceptual distortions, fear, etc), or mixed symp-
toms. The autonomic-visceral and psychic sim-
ple partial seizures frequently progress to the
point where they affect consciousness or aware-
ness. In these instances, partial simple seizures
serve as “auras” for complex partial seizures.
Complex partial seizures, previously referred to
as psychomotor seizures, temporal lobe sei-
zures, or limbic seizures, may or may not have
auras, and may or may not be associated with
automatic behavior such as lip smacking, fum-
bling, vocalization, or persistence of ongoing
activities. A complex partial seizure with no au-
ras and no automatisms presents simply as an
interruption of behavior with loss of memory of
the event afterward. A complex partial seizure
can, as can any seizure that begins focally, sec-

TABLE 2: The International League against Epilepsy classification
of seizures, 1981 revision

Partial (focal) seizures
Simple (consciousness preserved)

Simple motor
Simpel sensory
Simple autonomic
Simple psychic
Simple mixed

Complex (consciousness altered)
With simple partial onset
With impaired consciousness from the start

Partial evolving to secondarily generalized
Generalized seizures

Absence, typical
Absence, atypical
Tonic and/or clonic
Atonic
Myoclonic

Unclassified seizures



ondarily generalize to a full-blown tonic-clonic
seizure.

Generalized seizures are subdivided into sev-
eral categories. The generalized tonic-clonic (or
tonicoclonic) seizure, previously called the
grand mal seizure, involves stiffening with im-
mediate loss of consciousness followed by a
stage of rhythmic clonic jerking. Typical ab-
sence seizures present as brief staring spells
with an immediate return to consciousness;
they usually last a few seconds. These seizures
used to be called petit mal seizures, and usually
have their onset in childhood. Atypical absence
continues for longer than a few seconds, in-
volves falling, or has more complex automa-
tisms and can be difficult to distinguish from
complex partial seizures.

Seizures can present with isolated tonic ac-
tivity or clonic activity. The tonic supplemen-
tary motor seizure, a focal seizure, is especially
common. In this instance the subject exhibits a
“fencer’s posture,” extending one arm, looking
down that arm, and flexing the opposite arm
above the head. Head turning is usually con-
tralateral but sometimes ipsilateral to the sei-
zure focus in supplementary motor area sei-
zures. Isolated clonic seizures are rare. Atonic
seizures are epileptic drop attacks, most com-
monly in children with diffuse brain disease.
Myoclonus refers to lightning-like muscle jerk-
ing typically occurring in the face and limbs,
synchronously or multifocally. If jerking contin-
ues for a period (not specified in the conven-
tional literature), then it is called a myoclonic
seizure. Seizures can also be unclassified by
virtue of poor description of the start of the
event, or because the seizure type does not fall
within the usual categories.

Classification of the seizure types is impor-
tant for several reasons. First, it provides com-
mon terminology for clinical, trial, and research
communication. Second, medications have dif-
ferent therapeutic roles for different seizure
types (see below). Third, patients with focal sei-
zures are potential candidates for epilepsy sur-
gery, whereas surgery has much less of a role
for the primary generalized seizure types, with
the exception of corpus callosum resection for
atonic seizures. Fourth, discovery of an under-
lying structural lesion is much more likely with
partial than with generalized seizures, and
therefore the neuroradiologic search is typically
more extensive in patients with partial seizures.
One caveat here is that some seizures that ap-
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pear to be generalized from the start are really
partial seizures with very rapid spread of activ-
ity, or so-called secondary bilateral synchrony
(8), which can occur especially when the foci
are in prefrontal areas or other “silent” regions
of brain.

Clinical Approach

A physician typically goes through several
stages in evaluation of a patient with possible
epilepsy. The first challenge is to secure the
diagnosis. Many conditions can imitate epilepsy
(Table 3) (9). Such imitators include syncope,
cardiac arrhythmias, hypoglycemia, vaso-
spasm as a part of complicated migraine, nar-
colepsy, cataplexy or excessive daytime sleep-
iness, transient ischemic attacks, transient
global amnesia, tics or tremors, episodic ver-

TABLE 3: Common imitators of epilepsy

Syncope
Cardiac
Vasovagal or reflex
Hypotensive

Cerebrovascular
Transient ischemic attack
Complex or classic migraine
Transient global amnesia

Sleep disorders
Narcolepsy
Sonambulism
Bruxism
Periodic movements of sleep
Cataplexy

Episodic dizziness
Benign positional vertigo
Meniere disease
Labrynthitis

Endocrine
Hypoglycemia
Pheochromocytoma
Thyroid dysfunction
Carcinoid tumors

Movement disorders
Chorea and athetosis
Tics and Tourette syndrome
Focal dystonias
Tremor
Myoclonus

In infants and children
Gastroesophageal reflux (Sandifer)
Night terrors
Breath-holding spells

Psychiatric
Nonepileptic seizures
Panic attacks
Episodic dyscontrol
Psychosis
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tigo, fluctuating delirium, panic attacks, hyper-
ventilation, psychogenic seizures, malingering,
and several other less common imitators. To
make the diagnosis of epilepsy, a clinician
needs to start with a good report of seizures. The
history of an event sounding consistent with a
seizure is more important than any of the sub-
sequent studies done for epilepsy. There should
be alteration of sensory-motor function, behav-
ior, or consciousness, with a clear start and a
finish over a few seconds to a few minutes. The
episode should be relatively stereotyped and
not triggered by behavioral or environmental
events, with the exception of occasional sei-
zures that are triggered by flashing lights or
other environmental stimuli. Since the patient is
often unaware of behavior during a seizure, re-
ports from close observers becomes of key im-
portance.

The EEG remains the most important diag-
nostic test for epilepsy, but unfortunately is an
imperfect marker of the disorder. The EEG
records voltages from paired electrodes spaced
across the scalp, and characterizes signatures
of seizure disorders known as spikes, sharp
waves, spike waves, or ictal evolving rhythms.
Just as there are several seizure types, there are
several EEG patterns that mark epilepsy. The
EEG recording can be interictal (between sei-
zures), ictal (during a seizure), or postictal
(within the few minutes after a seizure). A single
EEG will be abnormal interictally in about 50%
of people with epilepsy, but EEG sensitivity can
rise to 80% with 3 or 4 recording sessions (10)
or with the use of special electrodes, sleep de-
privation, flashing lights, or hyperventilation.
Normal interictal EEG findings never rule out
epilepsy, and it is reasonable to treat people
who have a good likelihood of a seizure even if
they have normal interictal EEG findings. EEG
findings are usually abnormal during a seizure,
but a few percent of people will have false-
negative EEG findings even during an ictal
event, because of a deeply placed or very small
seizure focus. Conversely, EEG findings can
also be false-positives because some healthy
people have spikes without ever having had a
clinical seizure (numerous normal variants have
the appearance of EEG spikes). The combina-
tion of one of the imitators of epilepsy and an
overinterpreted EEG can lead to a lifetime of
inappropriate medication with antiepileptic
drugs.

Figure 2 shows an interictal EEG with spikes.
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Spikes help to confirm the impression of epi-
lepsy in the proper clinical setting, to help clas-
sify the seizures as focal if the spikes are focal,
and generalized if the spikes are widespread
and generalized, and to indicate where seizures
are likely to originate. Interictal spikes and
sharp waves, which are like spikes but not as
pointed, are markers of hyperexcitable tissue.
They do not in themselves produce clinical
manifestations, because they are briefer than a
tenth of a second. Some patients who have fre-
quent interictal spiking can, however, show
subtle neuropsychological deficits. Similarly,
interictal spiking does not significantly affect
brain energy metabolism such as that detected
with positron emission tomography, or cerebral
blood flow as seen with single-photon emission
computed tomography (CT) or functional mag-
netic resonance (MR) imaging.

Seizures assume a variety of forms, the most
common of which have several possible EEG
correlates. EEG during a seizure can show
rhythmic buildup of spiking, spikes with asso-
ciated slow waves in a rhythmic spike wave
pattern, rhythmic sharp activity evolving in fre-
quency and amplitude, or sometimes a para-
doxical flattening (electrodecremental) of EEG
activity at the site. Figure 3 illustrates an EEG
seizure beginning over the left temporal lobe.
Because most complex partial seizures origi-
nate in mesial temporal structures, there can be
a lag between onset of behavior and visible
scalp changes while the activity projects to the
surface and recruits neurons involved in gener-
ation of the scalp EEG. This lag disappears
when invasive depth electrodes are inserted into
the medial temporal lobe structures. Partial and

Fig 2. Interictal EEG with spikes arising from the mesial tem-
poral lobe as seen with subtemporal grid electrodes.
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secondary generalized seizures are associated
with significantly increased cerebral blood flow
and metabolism, detectable on studies sensitive
to these changes.

Epilepsy Monitoring

Because a routine EEG typically lasts only 20
to 30 minutes, and is therefore unlikely to cap-
ture a seizure, technologies and methods have
been developed for long-term video EEG mon-
itoring. Patients are admitted to a specially
equipped hospital room with television cameras
and digitally recorded multichannel EEG. Com-
puter algorithms are used to highlight electrical
activity that has a signature suggesting spikes
or seizurelike events for subsequent review. Be-
havior during a seizurelike event can then be
compared with EEG activity. Epilepsy monitor-
ing has two primary functions: the first is to
secure a diagnosis of epilepsy and distinguish
seizures from imitators when the clinical picture
is unclear; the second is to locate a seizure
focus in patients who might be candidates for
epilepsy surgery. Several seizures need to be
recorded to judge the consistency of onset of
the seizure (11). Medications can be withheld in
a monitoring unit in order to provoke seizures.

Magnetic recordings of brain activity have re-
cently been used to supplement electrical re-
cordings. Every time-varying electrical field is
associated with a magnetic field, and vice versa,
so the magnetic recordings are of fundamen-
tally the same activity as the EEG. Neverthe-
less, the fields are at right angles to each other,
and magnetic fields are not distorted by tissue
interfaces of different conductivity as are the
electrical fields. Therefore, magnetic recordings

Fig 3. Ictal EEG with focal seizure arising from the mesial
temporal lobe as seen with subtemporal grid electrodes.
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are sometimes more useful in locating seizure
foci (12). Problems with magnetoencephalog-
raphy include the technical difficulty of obtain-
ing a clear signal because of the extremely
small size of the relevant magnetic field, and the
need for various mathematical models, which
may or may not be accurate, to interpret the
source dipole. Magnetoencephalography at this
point remains a research technique.

Intracranially implanted electrodes are a
standard part of the recording armamentarium
in epilepsy centers, and have been in use since
the early 1950s (13). These electrodes com-
prise thin wires implanted stereotactically into
either mesial temporal structures, deep frontal
structures, or occasionally other lobes of the
brain. Sheets (grids) of electrodes or strips of
electrodes with disks embedded in flexible plas-
tic can be surgically implanted on the surface of
the brain or under the brain to locate a seizure
focus better (14). Grids also have the potential
advantage of serving as conduits for electrical
stimulation that can be used to map the individ-
ual anatomy of eloquent sensory, motor, or lan-
guage areas of the brain in a person about to
undergo seizure surgery (15). Figure 4 shows
examples of depth electrodes in place on plain
skull X rays. Only a small percentage of people
with epilepsy are candidates for this type of
invasive recording. One of the challenges of
neuroradiology is to develop less invasive tech-
niques for mapping seizure foci and functionally
eloquent regions of the brain.

After a clinician has decided, primarily from
the clinical history supplemented with the EEG
findings, that a patient has epilepsy and has
classified the seizure type, the next step is to
consider possible causes of the seizure. This
entails systematic consideration of the etiologic
entities listed in Table 1 above. Routine blood
tests are useful to find underlying infectious
causes or organ system failures such as renal or
hepatic failure. Meningoencephalitis, such as
herpes simplex encephalitis, can present with
fulminant seizures. Metabolic abnormalities
such as hyponatremia, hypocalcemia, hypogly-
cemia, and hypoxia can all lead to seizures.
Drug intoxication with prescription medications
such as antihistamines, aminophylline, tricy-
clics, phenothiazines, certain prescription anti-
biotics, and amphetaminelike drugs can lead to
seizures, as can cocaine or alcohol withdrawal.

Neuroradiologic studies play a key role in the
search for the structural cause of seizures. For
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Fig 4. Examples of multiple depth electrodes in
place on plain skull radiographs. Arrows indicate indi-
vidual electrical contacts on one of the depth wires.
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practical purposes, a CT scan has almost no
role in the evaluation of epilepsy when there are
adequate facilities for high-quality MR images.
CT might be useful in an emergency setting, or
where suspicion is high for subarachnoid hem-
orrhage or calcified lesions (such as tuberous
sclerosis). MR is superior for the detection of
low-grade tumors, cavernous malformations,
other vascular malformations, dysplasias and
migration abnormalities, early abscesses, and
mesial temporal sclerosis (Fig 5).

Mesial temporal sclerosis deserves special
comment because it is associated with intracta-
ble complex partial seizures in most cases. First
described by Sommer in 1880, mesial temporal
sclerosis, or Ammon’s horn sclerosis, involves
loss of select cell populations in the hippocam-
pus, with compensatory regrowth of other fiber
systems (16). The resultant hippocampus is hy-
perexcitable. There has been a longstanding ar-
gument over whether mesial temporal sclerosis
reflects disease that causes seizures, or whether
it is an epiphenomenon resulting from severe
seizures. Modern view holds that mesial tempo-
ral sclerosis can result from but also contribute
to an ongoing process of epileptogenesis (17).

Fig 5. Example of mesial temporal sclerosis on T2-weighted
MR (3700/90 [repetition time/effective echo time]) with thin cuts
through the hippocampal formations.
Numerous animal studies show that vigorous
stimulation of afferents to the hippocampus can
produce a picture much like mesial temporal
sclerosis (18). In 10% to 25% of cases, mesial
temporal sclerosis will at autopsy be found to be
bilateral (19). Mesial temporal sclerosis can be
visible on MR images with characteristic find-
ings usually best seen in thin (2 to 3 mm) coro-
nal sections. These illustrate atrophy of the
hippocampus, enlargement of the adjacent
temporal horn of the ventricle, and increased
signal on T2-weighted studies (20, 21). Analy-
sis of hippocampal volumes with computer-
aided tracing can quantify these differences
(22), but visual inspection by experienced neu-
roradiologists probably suffices (23). A finding
of mesial temporal sclerosis in an individual
with possible seizures serves to secure the di-
agnosis of epilepsy, and strongly suggests that
that temporal lobe is involved in the epileptic
process. It does not, however, rule out signifi-
cant participation of the other temporal lobe or
extratemporal regions of brain in the epilepsy.
This point is important for surgical location, be-
cause participation of other structures might
predict surgical failure.

Treatment

The next clinical step in treatment of epilepsy
is initiation of medical therapy. Seizures can
have serious consequences such as traumatic
injuries, aspiration pneumonias, rhabdomyolo-
sis, cardiac arrhythmias, and, rarely, sudden
death. Seizures that persist for more than 30
minutes are known as status epilepticus, and in
such circumstances brain cell demand hypoxia
can result in the loss of neurons. Hippocampal
pyramidal cells, cerebellar Purkinje cells, and
cortical neurons are particularly vulnerable
(24). Diagnosis of a seizure disorder does not



necessarily mandate treatment. Recurrence
rate after a single idiopathic generalized tonic-
clonic seizure is in the 30% to 50% range over
several years, and one may decide not to treat
unless a second seizure occurs (25). This deci-
sion is usually individualized based on a pa-
tient’s distress over the possibility of another
seizure versus antipathy to long-term medica-
tion and chronic side effects. Some seizures,
such as simple partial seizures, can be suffi-
ciently mild not to require treatment.

Most recurrent seizures will be treated. Figure
6 shows a timeline of antiepileptic medications
now in use or in late-stage clinical testing. De-
tails of antiepileptic drug therapy are beyond
the scope of this review. Properly controlled
comparative studies are few and far between,
with that of Mattson et al (26) being the most
definitive. For partial seizures, this study
showed similar efficacy for carbamazepine
(Tegretol), phenytoin (Dilantin), phenobarbital
(Luminal), and primidone (Mysoline). A fol-
low-up study (27) showed that valproic acid
(Depakene, Depakote) was almost as good as
carbamazepine for partial seizures. Clinicians
choose seizure medications in large part based
on side effect profiles, convenience factors such
as daily dosing regimens, cost, and familiarity.
Some of the newer medications, particularly
gabapentin (Neurontin), lamotrigine (Lamic-
tal), and vigabatrin (Sabril) appear to be better
tolerated than some of the older medications
(28).

All available seizure medications serve to
suppress abnormal epileptiform activity of the
brain, but none has yet been documented to
prevent the development of the process of epi-
lepsy after a brain injury or in a genetically

Fig 6. Timeline of approved and anticipated anticonvulsant
drug development and release.
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predisposed individual. In this sense the term
“antiepileptic” medication is really a misnomer.
Development of true antiepileptic drugs re-
mains a major target of research.

Psychosocial Issues

A large part of the practical management of
epilepsy is dealing with psychosocial issues.
Epilepsy significantly decreases quality of life
(29). Even when seizures are infrequent, there
is ongoing worry about the unpredictable emer-
gence of a seizure at a difficult moment. Chronic
antiepileptic medications often produce low-
level or even frank, toxic side effects, such as
fatigue, concentration and memory problems,
depression, blurred vision, nausea, imbalance,
weight gain, and a long list of other potential
side effects. People with epilepsy also feel stig-
matized. There are limits on their ability to work,
to drive, and to interact normally with their
peers. Children can be limited in school or suffer
from peer ridicule and misunderstanding. The
incidence of depression is much higher than
baseline in one group of people with epilepsy
(30). The true goal of therapy for people with
epilepsy is not control of seizures, but overall
improvement in their quality of life.

Epilepsy Surgery

Medical therapy for epilepsy is satisfactory in
approximately two thirds of patients. The re-
mainder can be very impaired by ongoing sei-
zures or toxic medication side effects. Some of
these persons are candidates for surgery to ab-
late the seizure focus. It has been estimated that
in the United States between 70 000 and
100 000 people are candidates for epilepsy sur-
gery; the operation is therefore substantially un-
derused (31). Table 4 shows surgeries that have
been used to treat epilepsy, pioneered by Pen-
field, Jasper, Rasmussen, and colleagues in
Montreal, the Falconer group in London, Baily,
Green, and several other early neurologists and
neurosurgeons. These operations include re-
moval of a regional seizure focus, removal of a
lobe of the brain, interruption of pathways for
seizure spread, corpus callosal resection, and
hemispherectomy. The most useful and most
commonly performed operation is anterior-
mesial partial temporal lobectomy in treatment
of unilateral intractable complex partial epi-
lepsy. Surgery can be performed only on one
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TABLE 4: Epilepsy surgeries: types and considerations

Surgery Applicable Cases Special Considerations

Anterior/medial
temporal lobectomy

Intractable partial seizures with or without
secondary generalization

Usually in patients with mesial temporal sclerosis (the most
common cause of intractable partial complex seizures)

Multiple subpial cortical
transection

Intractable partial seizures originating
from areas of eloquent cortex

Leaves vertically oriented input and output tracts intact;
useful for limiting lateral spread of seizures

Focal cortical resection Partial seizures with or without secondary
generalization

Requires focal cortical lesion identified with either imaging
or EEG mapping

Corpus callosum
resection

Generalized atonic (astatic) seizures or
multifocal seizures with secondary
generalization

Useful in preventing secondary generalization of seizures
via spread to opposite hemisphere; used most commonly
in patients with severe atonic (astatic) seizures in which
head trauma is frequent complication because of abrupt
nature of fall

Hemispherectomy Severe multifocal unilateral seizures or
patients with Rasmussen encephalitis

Used primarily for control of seizures in patients with
Rasmussen encephalitis (a progressive unilateral
destructive encephalitis in children)
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side, because bilateral temporal lobectomy pro-
duces the Kluver-Bucy syndrome, including
severe and lasting memory registration impair-
ments. Presurgical evaluation must locate a
seizure focus in either the left or the right tem-
poral lobe, but not both, in order for surgery
to be a good option. Distinction must also be
made between the more common mesial tem-
poral epilepsy arising in hippocampus, amyg-
dala, or perihippocampal gyrus, versus the less
common temporal neocortical seizure focus.
Table 5 lists methods commonly used to locate
a seizure focus. Clinical semiology, or careful
observation of behavior during a seizure, is
part of every preoperative evaluation, but
unfortunately turns out to be unhelpful in
most cases. There is no pathognomonic physi-
cal sign to indicate whether seizures come from
the left or the right temporal region. Localizing
signs such as rhythmic twitching of face or limb

TABLE 5: Methods to locate seizure onset

Surface EEG
Invasive EEG

Depth wires
Grid implantation
Corticography at time of resection

Standard imaging
MR with or without special protocols

Thin-section mesial temporal images
Fluid-attenuated inversion-recovery, diffusion

Angiogram in appropriate patients
Nuclear medicine

Ictal and/or interictal single-photon emission CT
Interictal positron emission tomography

Other
Functional MR (blood oxygen level–dependent)
MR spectroscopy
Magnetoencephalography
or pointing to the contralateral motor cortex
occur later in complex partial seizures, when
spread might have become contralateral. Head
and eye turning and various types of posturing
correlate only approximately with side of sei-
zure onset. Speech arrest early in a seizure can
be a nonspecific part of general arrest of activ-
ities, but sometimes points to a seizure focus
near the speech areas of the dominant hemi-
sphere.

EEG interictal spikes, as discussed above,
are predictive markers of sites of epilepsy, but
they are not as reliable as ictal onset from vid-
eo-EEG monitoring during a seizure. Every
modern epilepsy surgery center would obtain an
MR study of patients who are possible surgical
candidates for epilepsy. MR would be part of a
search for underlying structural causes and for
detection of mesial temporal sclerosis. The role
of fluid-attenuated inversion-recovery and other
special pulse sequences remains to be deter-
mined. Neuropsychological testing is useful to
indicate lateralized deficits with language, word
memory, picture memory, block design, frontal
lobe executive function, or other deficits that
might point to a focal area of cerebral distur-
bance (32). Neuropsychological testing also
can show the psychological characteristics of
the patients, which might be important for de-
tection of depression or epilepsy-associated
psychosis or adjustment disorders.

Core evaluation of presurgical patients at al-
most all centers includes clinical semiology, in-
terictal EEG, and MR imaging. Most centers
also perform ictal video-EEG recording, but an
argument can be made that with clear-cut me-
sial temporal sclerosis and interictal spikes



most patients will do well with surgery. Unfor-
tunately, a few of these patients have bilateral
seizure onset, which would not be detected
without ictal recording. Further evaluation is
highly variable among different epilepsy cen-
ters. Based on the experience of the University
of California Los Angeles epilepsy center, many
programs, including ours, divide patients into
noninvasive and invasive candidates. An ideal
candidate for surgery with a noninvasive
workup has lateralized interictal spikes, ictal
seizure onset to one temporal lobe, and mesial
temporal sclerosis on that same side. Neuro-
psychological test dysfunction should also lat-
eralize to the side with mesial sclerosis. Such
candidates have over an 70% chance of a sur-
gical cure with anterior mesial temporal lobec-
tomy. If there is discord or absence of mesial
temporal sclerosis on MR, then additional test-
ing is of value, but the patient is less likely to be
cured by surgery (33). This additional testing
can include invasive depth wires, which are
fairly definitive for location of seizures to mesial
temporal structures if that is where they origi-
nate. Wires can be placed stereotactically by a
variety of approaches, and typically are inserted
into the amygdala, hippocampus, superior fron-
tal/supplementary motor area, and orbitofrontal
cortex.

Following the lead studies of the UCLA group
(34), positron emission tomography (PET) has
become part of the presurgical evaluation in
many epilepsy centers. The central finding is
that the temporal lobe is hypometabolic for up-
take of glucose on the side of the seizure focus
during the interictal period (34, 35). The region
of hypometabolism can be both medial and lat-
eral, and commonly exceeds the size of tissue
that needs to be removed for cure of seizures.
PET can be useful in eliminating the need for
invasive studies. In one series of 37 patents with
intractable complex partial epilepsy who had
concordance of data between noninvasive EEG
testing and PET scans, depth wire encephalog-
raphy added no new important information in
any case (36). The usual radioisotope for PET
studies is fludeoxyglucose F 18, which is taken
up in proportion to the rate of glucose metabo-
lism in neurons and trapped because it cannot
be metabolized by phosphokinase. The radio-
active decay emits a positron that travels a
short distance through brain tissue and decays
to two photons with opposite directions. Scintil-
lation counters detect the simultaneous arrival

AJNR: 18, May 1997
of two photons, and use algorithms to mark the
likely place of origin of the positron. Figure 7
shows a hypometabolic area in the left temporal
lobe in a patient with left temporal epilepsy. If a
complex partial seizure occurs during the early
uptake phase of fludeoxyglucose, then the in-
volved structures are hypermetabolic. With the
aid of expert radiochemists, ligands other than
fludeoxyglucose can be used for PET scanning.
Oxygen 15 is useful for marking cerebral activ-
ity over spans of several minutes because it has
a short radioactive half-life. Analogues of neu-
rotransmitters can be used to mark numbers of
available neurotransmitter receptor binding
sites in relation to seizure foci. Neuroreceptor
studies have indicated that opiate-mu receptors
are increased in neocortex adjacent to a mesial
temporal lobe seizure focus (37), possibly as a
homeostatic mechanism to attempt to contain
the seizure spread. Benzodiazepine receptors,
labeled by flumazenil, are decreased in mesial
temporal structures near a seizure focus, and
cholinergic markers are similarly decreased
(38). Neuroreceptor mapping is not in general
clinical use, but might give some supplemen-
tary information in cases where fludeoxyglu-
cose PET scans are negative. The primary value
of neuroreceptor mapping is insight into the
neurochemical mechanisms of chronic epilepsy
in humans.

Use of MR spectroscopy to elucidate prob-
lems in epilepsy is relatively new. MR spectros-
copy can measure pH, concentrations of high-
energy phosphates, and proton spectra in
defined volumes of brain tissue. Interictal in-
creased pH in the temporal lobe ipsilateral to
the seizure onset has been demonstrated in sev-

Fig 7. Hypometabolic interictal PET scan with fludeoxyglu-
cose shows marked left temporal hypometabolism.
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eral studies (39). Reduced levels of N-acetyl-
aspartate have also been identified in the tem-
poral lobes ipsilateral to the seizure focus (40);
however, in vitro studies of surgically extricated
tissue from seizure foci have not confirmed this
finding (41). MR spectroscopy, therefore, is
promising for locating seizure focus, but at
present remains investigational.

The more information obtained from various
methods, the more secure the clinician can be
in locating a seizure focus or in determining that
the epilepsy is in fact multifocal and not ame-
nable to surgical cure. Balanced against this
increasing diagnostic certainty is economic fac-
tors, since these tests are costly. Staged evalu-
ations should be performed, with costly studies
reserved for potential surgical candidates
whose focus location is not clear from clinical
semiology, EEG, and MR. The marginal value of
various tests remains to be determined, and
provides a moving target as new tests and better
accuracy of old tests changes on a frequent
basis.

Functional Location of Eloquent Regions of
Brain

The goal of the surgeon is to separate the
“good brain” from the “bad brain.” The bad
brain is presumptively that which is intermin-
gled with the seizure focus. Good brain is that
which must be left intact or risk significant post-
operative deficit. Motor, sensory, and speech
areas might be at risk in extratemporal surgery,
but language function is primarily at risk with
temporal surgery.

The first issue is whether temporal lobectomy
is to be on the speech-dominant side or not.
More than 95% of right-handed subjects have
speech lateralized to the left hemisphere. Left-
handers, particularly those with a family history
of left-handedness and no forced change in
handedness in their youth, usually have speech
in the right hemisphere, but might have mixed
speech dominance or ipsilateral speech domi-
nance. Because surgical resection can be more
aggressive in the nondominant hemisphere,
without fear of encroaching on Wernicke’s re-
ceptive speech area, it is important to lateralize
speech before seizure surgery. This is presently
done with the Wada intracarotid amobarbital
test. Via standard angiographic techniques, a
catheter is placed at the cervical II level of the
internal carotid artery, and sodium amobarbital
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is injected over a few seconds. The barbiturate
transfers in a first pass into brain tissue and
essentially “anesthetizes” the internal carotid
distribution. The effect of the drug can be veri-
fied by concurrent EEG testing (which also con-
trols for confounding seizures during the
testing) and observation of a contralateral
hemiparesis. Doses ranging from 100 to 300
mg of amobarbital are used in different centers.
During the time of hemiparesis, receptive and
expressive speech are tested. Aphasia is taken
as evidence that that side is dominant for lan-
guage or at least participates with the other side
in language functions.

In the early 1960s, Brenda Milner at the Mon-
treal Neurological Institute extended the Wada
test to evaluation of modality-specific memory
as well as language (42). This was done be-
cause a few patients experienced debilitating
amnesia after resection of one temporal lobe,
because the remaining temporal lobe could not
support memory. The Wada test for memory is
empirical. Much of the hippocampal anatomy is
not perfused with internal carotid injection (43),
but isolation of mesial temporal structures, and
effects on neocortical temporal memory centers
appear to be sufficient after internal carotid in-
jections to make some reliable predictions
about postoperative memory function. Selec-
tive injections of smaller vessels such as the
posterior cerebral artery (44) and anterior cho-
roidal artery (45) have been useful, but are in-
frequently used because of the risk of stroke
with instrumentation of these smaller vessels.
The central positive finding in a Wada memory
test is global amnesia for all modalities of mem-
ory. Such an outcome suggests that the patient
is at very high risk for postoperative severe
memory deficits. Expected during the Wada test
are modality-specific memory problems such
as word memory difficulty for the dominant
hemisphere and shape, picture, or face memory
problems for the nondominant hemisphere.
Passing a Wada test does not mean that there
will be no postoperative memory deficits, only
that the memory deficits are likely to be modal-
ity specific and rarely catastrophic. Hermann et
al (46) have shown that the presence of mesial
temporal sclerosis in resected tissue is a good
predictor of minimal postoperative memory
deficit after anterior temporal lobectomy. This is
probably because little functional tissue is lost
since the resected hippocampus is dysfunc-
tional before surgery.
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The Wada test also can be used to predict
postoperative success rates for seizure control.
Injection of the nonepileptic side should result in
a memory deficit, since the sclerotic hippocam-
pus often cannot support memory on its own.
Therefore the presence of a memory deficit after
injection of the “healthy” side is a reassuring
observation (47).

Interpretation of Wada testing is difficult be-
cause virtually every epilepsy center has its own
protocol and methods for applying the findings.
Randomized control studies of the value of the
tests are lacking. Methodological issues and
controversies are reviewed in detail in an article
by Rausch et al (48).

The Wada intracarotid amobarbital test is of
course of particular interest to neuroradiolo-
gists, since it is in large part a neuroradiologic
study. Alternative, less-invasive methods are
now available for lateralization of speech. These
include PET with oxygen 15 or other isotopes
during speech and nonspeech tasks and func-
tional MR during verbal tasks and transcranial
magnetic stimulation to disrupt speech on the
speech-dominant side (49). Unfortunately, no
substitute is yet available for the memory por-
tion of the Wada test. The study therefore still
has a role in the preoperative evaluation of sei-
zure patients.

If a decision is made to operate on a speech-
dominant side, then the epilepsy team has a
choice between standard resection of a fixed
amount of tissue or tailored resection based on
location of the seizure focus and precise loca-
tion of Wernicke’s speech area. For usual ante-
rior mesial temporal lobe epilepsy, individual-
ized mapping probably does not add a great
deal to outcome and vastly increases the ex-
pense and procedural risk to the patient. The
reverse might be the case with posterior seizure
foci in the temporal lobe or in other cases in
which there is reason to believe that the focus is
near speech areas. Mapping procedures are
also used in extratemporal epilepsy where the
extent of the seizure focus is less clear than in
temporal lobe epilepsy and sensory motor areas
might be near the focus.

Mapping of eloquent areas of cortex can be
done during surgery with the patient under local
anesthesia, or it can be done in a two-stage
procedure with implantation of electrodes on
the surface of the brain, followed by a second-
stage removal of electrodes and resection. Fig-
ure 8 portrays a grid on the surface of the brain
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that can be used for recording and stimulation.
The advantage of the grid over intraoperative
mapping is much greater detail over time of
functional areas of brain and less risk of an
untestable patient because of anxiety, anesthe-
sia reaction, or a seizure during surgery. The
grid also can record ictal events unlikely to oc-
cur during surgery. The grid, however, has the
disadvantages of extra expense, introduction of
an additional craniotomy, and a complication
rate of its own. Approximately 4% of patients
undergoing grids have serious infections, and a
few have major cerebral edema and microin-
farcts because of the grid (50).

There is a major need for neuroradiologic
studies to map eloquent regions of the brain.
Functional MR is a new technique that shows
promise in this regard. Traditionally, H2

15O PET
has been used to map eloquent cerebral cortex.
Recently, functional MR that makes use of
changes in the paramagnetic effects of deoxy-
hemoglobin has evolved as a new technique for
cortical mapping. The blood oxygen level–de-
pendent (BOLD) technique relies on the de-
crease in paramagnetic T2 signal loss that oc-
curs with increasing blood oxygenation. The
paramagnetic effects of deoxygenated hemo-
globin result in regional decreases in bulk T2
value. By contrast, oxygenated hemoglobin has
minimal paramagnetic effect and therefore does
not result in T2 signal loss. Areas of cortical
brain activation receive increased cortical per-
fusion and secondarily increased blood oxygen-
ation. The associated local decrease in para-

Fig 8. Grid on surface of brain for EEG seizure mapping and
for mapping of eloquent cortex with electrical stimulation as seen
on plain lateral skull radiograph.
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magnetic effects results in a regional increase in
signal on T2 weighted images. Therefore, the
BOLD technique defines regions of cortical ac-
tivation by measuring the increase in MR signal
on T2 weighted images that occur in conjunc-
tion with increased blood oxygenation in areas
of cortical activation.

The signal increase of the BOLD technique is
subtle and statistical image generation is used
to generate high quality maps of cortical func-
tion. Activation of the visual cortex at 1.5 T
results in only a 1% to 5% increase in regional
signal intensity (51). Multiple rapid T2-
weighted gradient-echo or echo planar images
are therefore obtained with and without the pa-
tient performing a cortical stimulation para-
digm. The resulting two image sets are then
compared on a pixel-by-pixel basis with either a
paired t test or an analysis of variance (ANOVA)
test to generate an image of cortical activation.
The resulting statistical image is then typically
overlaid on a conventional anatomic MR image
for presentation.

Investigators are currently using the BOLD
technique to locate the visual and motor cortex,
show brain plasticity, show the relationship of
surgical lesions to eloquent cortex, and locate
Broca’s area. Jackson et al (52) have reported
a patient with Rasmussen encephalitis who
while sedated in the magnet was observed to
show the patient’s typical ictal activity without
significant head motion. BOLD images were ob-
tained and increased cortical activation (seizure
activity) was located in the left frontotemporal
region. Functional MR techniques hold promise
as a new cost-effective mode in the physiologic
assessment of the epileptic patient.

Conclusion

Epilepsy is a highly prevalent and serious
neurologic disorder. Diagnosis and treatment
remain problematic, despite an array of medical
and surgical treatment options. Neuroradiology
has made a major contribution to diagnosis of
epilepsy by showing underlying lesions, identi-
fying sclerotic hippocampus, and locating re-
gions of hypometabolism and spectroscopically
detected chemical changes. The Wada intraca-
rotid amobarbital test is the mainstay of the
presurgical workup to locate speech and mem-
ory. Functional MR might someday replace or
supplement more invasive methods for map-
ping eloquent areas of brain in relation to the
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seizure focus. Epilepsy treatment is now done
by team approach and the neuroradiologist is
becoming an increasingly important member of
this team.
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