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Summary: Neuroimaging has important applications in the diag-
nosis and treatment of patients with seizures and epilepsy. Having
replaced computed tomography (CT) in many situations, MRI is
the preferred imaging technique for patients with epilepsy. Ad-
vances in radionuclide-based techniques such as single-photon
emission CT/positron emission tomography and electromagnetic
source imaging with magnetoencephalography are providing new

insights into the pathophysiology of epilepsy. In addition, tech-
niques such as magnetic resonance spectroscopy are beginning to
impact treatment. In this review, I discuss how these techniques
are used in clinical practice but more importantly, how imaging
findings play an increasing role in neurotherapeutics. Key
Words: Epilepsy, MRI, PET, SPECT, functional MRI, mag-
netoencephalography, MR spectroscopy.

INTRODUCTION

Seizures may occur in up to 10% of the population,
whereas epilepsy is a chronic disease characterized by
recurrent seizures that may affect 2% of the population.
Although primarily defined by EEG abnormalities, it is
presently recognized that epilepsy is often associated
with gross or subtle structural or metabolic lesions of the
brain. Modern neuroimaging is useful in the diagnosis of
the abnormalities underlying the epilepsies, but the in-
formation provided by imaging techniques can also con-
tribute to the proper classification of certain epileptic
disorders and can delineate the genetics underlying some
syndromes. Neuroimaging is even more important for
those patients who have medically intractable seizures.1

Advances in technology to localize focal epileptogenic
substrates, especially that of high-resolution structural
imaging with magnetic resonance imaging (MRI),2 have
substantially improved the success of surgical treat-
ment.3 This review compares available imaging modal-
ities, their specific role in patients with epilepsy, and
practical applications of imaging data in the management
of patients with epilepsy.

IMAGING MODALITIES

Computed tomography
Computed tomography (CT) uses ionizing radiation

and can generate excellent hard tissue imaging contrast
with moderately good soft tissue resolution. CT has a
number of advantages, and those include lower cost, scan
speed, ready accessibility, and easy use, which provide a
relatively reliable imaging modality for most patients.4

In addition, last-generation CT scans can generate im-
ages of the brain in seconds.

Although the use of CT for patients with epilepsy has
been greatly diminished by MRI, CT is still the technique
of choice for the investigation of patients with seizures
and epilepsy under certain conditions. In the neonate and
young infant, CT is often of secondary or adjunctive
importance, but it serves as a significant backup role to
ultrasound.5,6 CT can accurately detect hemorrhage, in-
farctions, gross malformations, ventricular system pa-
thologies, and lesions with underlying calcification. In
older children and adults, CT is the technique of choice
in the perioperative state because it can rapidly detect
recent hemorrhage, hydrocephalus, and major structural
changes.

One should recognize that the sensitivity of CT in
patients with epilepsy is not higher than 30% in uns-
elected populations.7 CT has overall a low sensitivity
because of poor resolution in the temporal fossa, and thus
it is not surprising, that CT is of no use in detecting
mesial temporal sclerosis, the most common pathology
in intractable temporal lobe epilepsy.

Address correspondence and reprint requests to Ruben I. Kuzniecky,
M.D., New York University Epilepsy Center, 403 East 34th Street,
EPC, New York, NY 10016.

NeuroRx�: The Journal of the American Society for Experimental NeuroTherapeutics

Vol. 2, 384–393, April 2005 © The American Society for Experimental NeuroTherapeutics, Inc.384



The International League against Epilepsy (ILAE)
guidelines for neuroimaging studies suggest that a CT
can be the diagnostic imaging of choice in patients with
epilepsy if an MRI is not available. This recommenda-
tion should be weighed against the fact that studies have
shown that CT may fail to detect abnormalities in up to
50% of patients with epileptogenic structural lesions
such as small tumors and vascular malformations. The
ILAE also recommends that patients who have intracta-
ble seizures have an MRI study if a CT is normal. Pres-
ently, in the U.S., an MRI is considered the standard of
care for patients with epilepsy.

CT scan and epilepsy management. As stated above,
CT has a reduced role in the management of patients
with epilepsy. However, CT is still crucial in emergency
situations particularly in the acute situation and the peri-
operative period.

In an acute seizure scenario, CT can accurately detect
major pathologies such as trauma, hemorrhage, ischemic
stroke, hydrocephalus, tumors, arterio-venous malforma-
tions, etc. In patients with any of the above pathologies,
therapy will be directed by neurosurgical intervention or
supportive care. For most patients who present with a
first seizure in the context of a normal neurologic exam-
ination, the CT scan is unrevealing. Most patients with
chronic epilepsy who have recurrent seizures with a pre-
vious normal imaging study have a normal CT scan.
However, some patients may sustain cranial trauma dur-
ing seizures, and CT scan can be helpful in ruling out
hemorrhage, subdural, epidural collections, or hemato-
mas. The role of CT in patients with acute seizures
secondary to alcohol is reflective of the overall sensitiv-
ity of CT in the management of patients in the ER. In a
large study, Earnest et al.8 showed that CT was diagnos-
tic in 6% of patients with first time alcohol seizure. For
perioperative patients, CT scan is also the imaging tech-
nique of choice since it can detect hemorrhage, hydro-
cephalus, and infarction and can be useful to assess elec-
trode placement.

MRI
MRI is the imaging procedure of choice in the inves-

tigation of patients with epilepsy. The advantages of
MRI over CT are numerous and do not need further
elaboration. Increasingly, imaging studies in epilepsy are
based on algorithms that are weighted by what is found
on MRI and other investigations. As is the case with
EEG, MRI is often not completed with one study. In
MRI, multiple sessions addressing different issues may
be needed to acquire all of the relevant imaging infor-
mation for that patient.

The sensitivity of MRI in detecting abnormalities in
patients with epilepsy is in part associated to the pathol-
ogies underlying epilepsy and by the MRI techniques
and experience of the interpreting physician. Mesial tem-

poral sclerosis (MTS), small tumors, and trauma are
more common in adults.9 In contrast, developmental
malformations constitute the most common underlying
pathology in infants and young children with epilep-
sy.10–12 MRI epilepsy protocols have been established in
may centers with the intention of improving sensitivity
and specificity (Table 1).

The most common pathologic entity encountered in
patients with intractable temporal lobe epilepsy is MTS.
MTS is pathologically characterized by the presence of a
firm, atrophic hippocampus and the presence on histol-
ogy of neuronal loss and gliosis in CA1, CA3, and CA4
of the hippocampal subfields.13 The MRI features of
hippocampal sclerosis include 1) hippocampal atrophy;
2) increased signal on T2-weighted images or FLAIR
(fluid-attenuated inversion recovery); and 3) decreased
signal on inversion recovery sequences.14–16 Volumetric
measurements may also aid in the diagnosis, but the
gains in sensitivity should be balanced by the require-
ments and experience in performing quantitative studies
(FIG. 1).17

The other major group of pathologies in which MRI
has made enormous contributions to epilepsy is in mal-
formations of cortical development (MCDs). MCDs are
common in children and should be sought in children
with epilepsy.18 MRI can accurately define diffuse mal-
formations such as lissencephaly, band heterotopia, and
periventricular nodular heterotopia (FIG. 2). It can also
define hemimegalencephaly, schizencephaly, and focal
subcortical heterotopia. Focal lesions such as focal cor-
tical dysplasia (FCD) are the most common developmen-
tal pathologies in children with extratemporal lobe sei-
zures and recognition of these lesions can have an
important bearing on the management and prognosis
(please see the next section).18 The MRI features consist
of an abnormal cortical mantle with disturbed gray-white

TABLE 1. Epilepsy Protocols and Analysis Techniques

Routine MRI Protocol for Epilepsy
FLAIR coronal
T-1W �2 mm volume acquisition (spoiled gradient

echo)
Fast spin-echo axial
Inversion recovery axial or coronal

Specialized MRI Protocol for Epilepsy
Surface coils
Diffusion tensor imaging/magnetization transfer

contrast
fMRI
MR spectroscopy

Special Analysis Techniques
Volumetry
Cortical reformatting
Gray/white matter segmentation
Texture analysis
Statistical parametric mapping
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matter architecture and thick cortex. Because these le-
sions can be small in size, the MRI examination should
be targeted to the clinically suspected regions using both
three-dimensional volume techniques and inversion re-
covery sequences. Other common pathologies in children
with epilepsy include Sturge-Weber syndrome, ischemia
and porencephaly, developmental tumors (ganglioglial),
vascular lesions, and less common neurocutaneous syn-
dromes (incontinentia pigmenti, NF I, etc.). In general,

these disorders are diagnosed on the basis of other fea-
tures and will not be discussed here.

MRI and epilepsy management. Not all patients with
epilepsy are in need of neuroimaging studies, in partic-
ular MRI. Neuroimaging studies may not be necessary in
patients with well-defined idiopathic generalized epilep-
sies such as typical childhood absence epilepsy. In ad-
dition, patients with typical idiopathic benign partial ep-
ilepsy with centro-temporal spikes may not require an
imaging study. However, reports of patients with appar-
ent generalized epilepsies or benign partial seizures in
which structural abnormalities are seen on MRI have
surfaced. In general, the clinical course and the atypical
features of such patients will identify those that require
imaging studies. Similarly, children with uncomplicated
febrile convulsions and a normal neurological exam do
not require imaging studies. Despite the knowledge that
many idiopathic epilepsies are benign, for practical and
medico-legal reasons almost all patients with epilepsy in
the U.S. end up having a brain MRI.

Conversely, all patients with symptomatic generalized
or focal seizures should have a structural neuroimaging
study. Because MRI is far better than CT in the detection
of structural lesions, it is suggested that MRI should be
the imaging procedure of choice when evaluating pa-
tients with seizures, especially if focal features are
present on the neurologic exam or EEG. In addition,
MRI is indicated if seizures persist in the presence of a
previously normal CT scan or when there are progressive
neurologic changes. A repeated MRI is also indicated at
2–5 years in the context of a previously normal MRI in
a patient with persistent seizures.

The meaning of a lesion on MRI and treatment
implications. Finding an MRI abnormality in a patient
with epilepsy does not automatically mean that the lesion
is the culprit. Some lesions are epileptogenic, whereas
others are not. The distinction is difficult and often im-
possible without other information such as electrophys-
iology and clinical data. However, it is useful to analyze
lesion type and location to estimate the likelihood of a
lesion being epileptogenic. Mesial temporal lesions and
cortical malformations are more likely to be epilepto-
genic, whereas white matter cystic lesions are less likely
to be epileptogenic.

The first basic example in which MRI has a major
impact on treatment is in patients with new onset sei-
zures. Traditionally, the treatment of the first seizure has
been a contentious issue among neurologists. When the
suspected diagnosis is partial onset seizures, treatment
may be initiated if the MRI demonstrates a lesion likely
to be causative in nature because the recurrence rate
among lesional epilepsy patients reaches almost 80% by
2 years.19 If the lesion is not clearly associated to the
onset of seizures such as white matter abnormalities,
demyelinating disease, etc., the recurrence rate may be

FIG. 1. Hippocampal Sclerosis. T2-W coronal MRI shows evi-
dence of right hippocampal sclerosis. Note signal changes and
atrophy from right hippocampus. Surgical outcome: seizure free
for 3 years.

FIG. 2. Periventricular band heterotopia due to Filamin 1 (FLM)
mutation. Note periventricular gray matter nodules.
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much lower. The second most common and illustrative
example in which pathologic findings affect management
in a patient with epilepsy is MTS. Although MTS may be
found in some rare families and may be in some cases
associated with a benign course,20 it is not in most cases.
MTS is rarely found at seizure onset, except after status
epilepticus21 and it may be strongly predictive of seizure
recurrence.22 Most commonly, the presence of MTS in
the context of temporal lobe epilepsy is a strong prog-
nostic indicator for seizure intractability. Semah et al.22

reported that, among patients with MTS followed at a
tertiary center, only 11% were seizure free on anticon-
vulsant treatment. The available data suggest that detec-
tion of MTS in a given patient is likely to be associated
with failure to antiepileptic drugs (AEDs) and may lead
to intractability. Similarly, many studies have shown that
MTS is highly predictive of surgical success although no
randomized control study has been done.23,24 Long-term
studies seem to support the above findings.25 In practical
terms this means that recognition of typical MTS cou-
pled with failure to two consecutive AEDs should lead to
surgical evaluation and treatment.

Management of patients with bilateral MTS or MTS
associated with other pathologies (MTS �) is more chal-
lenging. Although patients with bilateral MTS may have
bilateral ictal origin, about 30–40% may benefit from
surgical treatment if at least 70% of seizures originate in
one lobe. Similarly, patients with MTS � may be more
difficult because the lesion location, proximity to MTS
and language and memory dominance may impact
management.

Other symptomatic epilepsies may include those asso-
ciated with tumors and MCD. In cases of tumors, the
decision-making process is expedited by the imaging
features. Any lesion that has contrast enhancement raises
the possibility of a neoplasm and thus, surgical biopsy or
resection independent of the epilepsy may take prece-
dent. Conversely, lesions with low likelihood for neo-
plastic transformation may require close observation. In-
fectious diseases are becoming more frequent
particularly in certain areas of the U.S. Neurocysticerco-
sis can be localized in the CNS in different regions
including the brain parenchyma, meninges, and intraven-
tricular space, and may have more than one location in
some patients. Almost half of the patients have intraven-
tricular cysts without associated parenchyma cysts. Pa-
renchyma cysts are most common and involve the gray-
white matter junction. Acute and chronic changes can be
observed with MRI, including treatment-related im-
provement. MRI with conventional imaging sequences
may be less sensitive than CT scan in the detection of
calcification in cysticercosis. However, using appropriate
sequences, microcalcifications can be detected.

The presence of a MCD raises a number of important
management issues that include treatment modalities,

prognosis, and genetic counseling. From a hierarchical
level, the diagnosis of a MCD on a given patient with
new onset seizures usually means that medical treatment
is necessary. Although no control data on the natural
history of untreated patients is available, most patients
with a recognizable MCD have high recurrence rates
following AED withdrawal. Although for the most part,
any AED can be of use in these patients, some specific
syndromes may respond better to certain AEDs. For
example, tuberous sclerosis children with infantile
spasms are particularly sensitive to Vigabatrin. The MRI
findings in patients with MCDs are critical for the sur-
gical decision-making process. For example, patients
with MCDs that are generalized in nature, often have
limited surgical treatment options. Conversely, a patient
with intractable seizures and a focal MCD that is ame-
nable to surgical surgery has the best chance for a cure.
Furthermore, multiple correlative studies have indicated
that surgical outcome correlates to completeness of le-
sion resection. Thus, MRI findings are crucial for surgi-
cal planning and outcome.

The MRI findings are also of particular help in patients
with MCD for prognosis and genetic counseling. For
prognostic purposes, certain imaging features have con-
siderable weight. In cases of band heterotopia, the thick-
ness of the subcortical band is directly correlated to
motor, psychological, and seizure outcome. In schizen-
cephaly, cleft size and bilaterality directly correlates with
intellectual and motor outcome. As a rule, the more
widespread the MCD, the worse developmental outcome
is expected. For genetic counseling, MRI is becoming
extremely important. The imaging findings can often
lead to the correct molecular diagnosis. Recent studies
have shown that certain imaging findings can define spe-
cific MCD syndromes and in turn, help identify the mo-
lecular defect. The best example is that of lissencephaly/

FIG. 3. MRI of a patient with lisencephaly due to DCX mutation.
Note thick gray matter smooth cortex. Genetic counseling and
testing indicated in family.
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band heterotopia syndrome in which the MRI pattern
correlates with the genotype (FIG. 3). Pilz et al.26

showed that patients with predominantly parietooccipital
agyria have LIS1 mutations, whereas frontal lobe mal-
formations are likely to be secondary to double cortin
(DCX) mutations Similarly, patients with familial
periventricular nodular heterotopia have a higher likeli-
hood of having Filamin (FLM) mutations than patients
without a family history. Thus, imaging phenotype can
define genotype and assist in the genetic counseling of
these patients

Single-photon emission CT
Single-photon emission CT (SPECT) is a nuclear med-

icine imaging method that allows for the quantitative and
qualitative evaluation of regional cerebral perfusion.27

SPECT is more readily available than positron emission
tomography (PET) and is considerably less expensive.
SPECT is not indicated for the majority of patients with
epilepsy but has an important role in the investigation of
surgical candidates. The use of SPECT in epilepsy stems
from the known association of seizures with increased
ictal regional cerebral perfusion or interictal decreases in
perfusion.28 Numerous studies using dynamic and static
SPECT have demonstrated interictal temporal hypoper-
fusion in up to 50% of patients with well-documented
temporal lobe epilepsy. However, 5–10% of patients
may demonstrate hypoperfusion in the contralateral tem-
poral region raising the possibility of false lateraliza-
tion.29 Although interictal studies may confirm lateral-
ization in patients with well-defined MRI and EEG
abnormalities, the studies tend to be redundant. How-
ever, interictal scans may be useful as baseline studies
for comparison with ictal or postictal SPECT studies in
selected patients.

In contrast to interictal studies, ictal or postictal
SPECT studies in temporal lobe and extratemporal lobe
epilepsy are accurate in the localization of the epilepto-
genic focus. Numerous studies have shown focal in-
creased perfusion in up to 90% of patients.30 Ictal
SPECT in extratemporal lobe epilepsy can also be useful
for localization of ictal onset with sensitivity ranging
between 60% and 90%.31 The yield of postictal studies
decreases with the time of injection as demonstrated in
various studies. The practice of combining an ictal with
an interictal study is useful.31–35 More recently, it has
been shown that the accuracy of this method may be
enhanced by subtraction of the interictal from the ictal
SPECT and then coregistration of the resulting images
onto MRI [substraction ictal SPECT coregistered MRI
(SISCOM)].36

SPECT and epilepsy management. Interictal or ictal
SPECT has limited value beyond the localization of ictal
onset and the study of ictal propagation patterns. From
the point of view of therapy and intervention, ictal

SPECT has no clear role. The presence of interictal hy-
poperfusion does not correlate with response to AED
treatment neither is predictive in terms of seizure out-
come. However, certain ictal SPECT patterns have been
shown to be predictive of surgical outcome in patients
with subtypes of temporal and extratemporal lobe epi-
lepsy according to one study. These findings have not been
replicated, however, in large-scale populations. However,
ictal SPECT studies appear to correlate with outcome when
there is close concordance between the area of hyperperfu-
sion and the resected area and vice versa with surgical
failure when there is poor concordance.

PET
PET neuroimaging provides a wide array of functional

and metabolic information to help understand mecha-
nisms of neurologic diseases and guide therapeutic ap-
proaches.37 PET is most useful in patients with epilepsy
who are candidates for surgery.38 Most studies have used
2-deoxy-2 (18F) fluoro-D-glucose (FDG) in the interictal
state. In temporal lobe epilepsy, interictal studies show
hypometabolic areas in the epileptogenic regions in ap-
proximately 70–80% of patients.39 The changes, how-
ever, are more extensive than the structural and EEG
abnormalities and may involve the ipsilateral suprasyl-
vian and parietal regions. When MRI is normal, PET
may be indicated to aid in localization.

In extratemporal lobe epilepsy, interictal PET-FDG is
not as sensitive, especially if the MRI is normal and the
scalp EEG is nonfocal. However, PET has been reported
to be more sensitive in neonates and infants with focal
seizures because it is likely that, in those cases, a devel-
opmental malformation is present. When a single region
of metabolic abnormality corresponding to the EEG abnor-
mality is detected, surgical treatment is effective in control-
ling seizures and improving developmental outcome.

In contrast to FDG PET, ligand/neuroreceptor PET
studies can improve sensitivity and specificity for tem-
poral versus extratemporal lobe epilepsy and for partic-
ular clinical conditions. Unlike FDG, which shows de-
creased uptake in the epileptogenic region interictally,
neuroreceptor tracers show increased or decreased up-
take in epileptogenic brain regions in the interictal state.
This represents a clear advantage over other imaging
studies, especially when multiple structural lesions are
present and potentially confound detection of the epilep-
togenic zone. The development of AMT ([11C]methyl-L-
tryptophan) PET has had an impact on the differentiation
between epileptogenic and nonepileptogenic lesions in
the interictal state in children with tuberous sclerosis.40

Recent studies in nontuberous sclerosis patients have
shown that AMT PET can occasionally detect epileptic
cortex in patients with normal MRI,41 although further
studies are needed. In addition, benzodiazepine-labeling
studies with 11C-flumazenil, a central benzodiazepine
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receptor antagonist, have shown reduced binding in the
epileptogenic focus. Flumazenil-labeled PET studies are
more specific than FDG studies,42 but the findings may
be modified by ictal/interictal interactions. Lastly, opiate,
histamine, and N-methyl-D-aspartate receptor studies
have been applied to epilepsy with preliminary results
being difficult to estimate at this point. [11C]carfentanil
studies, a �-opiate agonist, have shown a reduction in
binding in temporal lobe epilepsy (TLE). However, other
opiate ligands such as [11C]methylnaltrindole show dif-
ferent patterns of activation.43

PET and epilepsy management. Similar to SPECT,
PET data either using FDG or receptor ligands have not
been used in the pharmacological management of pa-
tients. PET remains a diagnostic modality for presurgical
localization but potentially can be helpful in cases where
there are diagnostic uncertainties. For example, the pres-
ence of focal hypermetabolism in the absence of EEG
abnormalities may suggest ongoing epileptic activity and
may indicate the need for intervention. Because PET is
sensitive to certain AEDs (phenobarbital can cause dif-
fuse hypometabolism), it is likely that the PET findings
can be dynamically coupled to multiple factors making
therapeutic decisions more difficult. It is unclear at the
present time, whether receptor PET can provide infor-
mation that may modify pharmacologic decisions.

NEW IMAGING TECHNIQUES AND
THERAPEUTIC IMPLICATIONS

New imaging techniques include magnetic resonance
spectroscopy (MRS), functional magnetic resonance im-
aging (fMRI), and magnetic source imaging (MSI). It
should be noted, however, that clinical therapeutic data
on these techniques are preliminary at present.

MRS
MRS can provide noninvasive biochemical measure-

ments of specific brain metabolites.44 31P MRS or phos-
phorous spectroscopy is designed to measure phospho-
lipid metabolism and high-energy phosphate compounds.
Studies have demonstrated a consistent abnormality in
the epileptogenic region characterized by abnormal
phosphocreatine/inorganic phosphate ratios. 31P, how-
ever, is less sensitive than proton studies for localization,
but whole brain studies are possible, albeit at a lower
resolution, and therefore, 31P MRS can be potentially
useful for therapy.45

1H spectroscopy has demonstrated abnormalities of
N-acetyl-aspartate (NAA) a mitochondrial neuronal
compound, creatine (Cr) and choline (Cho) in patients
with epilepsy.46–49 The abnormalities typically consist
of reduced NAA signal and increased choline, creatine
and myoinositol signals.50 These MRS findings are con-
sistent with the histopathological characteristics of re-

duced neuron cell counts with neuronal dysfunction and
increased glial cellularity. In contrast, MRS shows normal
metabolic function in primary generalized epilepsies.51

Clinical correlative studies suggest that proton MRS
may be extremely sensitive in detecting metabolic
changes in dysfunctional epileptogenic regions. In a
large series of consecutive patients with TLE, Cendes et
al.52 reported abnormal NAA/Cr values in at least one
temporal lobe in all but one patient and were low bilat-
erally in 54%. Another study by Kuzniecky et al.53

showed similar findings with a high degree of lateraliza-
tion and low level of negative findings patients who had
pathologic confirmation of MTS.

MRS and epilepsy management. Proton MRS has
proven to be a sensitive measure to detect metabolic
dysfunction in patients with TLE. However, it remains to
be clarified whether this additional information adds to
the overall management of the patients. With its high
sensitivity, metabolite abnormalities can be detected in
brain regions distinct from the seizure focus and it re-
mains difficult to disentangle which abnormalities cause
seizures or are their consequences. Some indication can
be taken from a large study performed in 82 patients with
refractory TLE that found in both the ipsilateral and
contralateral temporal lobe a low NAA/Cr ratio that was
negatively correlated with the duration of epilepsy.54

Patients with frequent generalized tonic-clonic seizures
had lower NA/Cr than patients with no or rare general-
ized tonic-clonic seizures. Independent but supportive
are the findings of reversibility of metabolic dysfunction
in homotopic brain areas after successful surgery.55 This
suggests that ongoing seizures may induce additional
neuronal damage, which will progress in parallel to the
duration of the epilepsy. If this is the case, MRS may be
important in providing a metabolic marker for disease
progression. One can speculate whether, in future years,
MRS evidence of disease progression may modify
treatment.

Another area with potential therapeutic impact is that
of neurotransmitter MRS studies. Glutamate and �-ami-
no-butyric-acid (GABA) can be measured using MRS
editing techniques. Research suggests that intracellular
glutamate concentrations are elevated in the epilepto-
genic human hippocampus and neocortex.56 The high
glutamate content may contribute to the epileptic state by
increasing cellular excitability.

Studies have also shown that cellular glutamate con-
tent is abnormal in patients treated with antiepileptic
drugs. MRS measurements have shown that cellular glu-
tamate levels measured in occipital cortex are increased
in patients with refractory complex partial seizures.57–59

Occipital lobe glutamate levels are below normal in over
40% of patients treated with carbamazepine, phenytoin,
or valproate. Whether a decrease in brain glutamate is
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associated with improved seizure control requires serial
measurements in a larger sample of patients.

GABA is the major inhibitory neurotransmitter in hu-
man cortex. MRS development has resulted in tech-
niques for the measurement of intracellular GABA and
other metabolites such as homocarnosine noninvasively,
and safely in the brain of healthy human subjects.60–64

Studies support a key role for GABA levels and, in
turn, GABA release in the regulation of cortical excit-
ability and epilepsy. Primate models of photosensitive
epilepsy have low GABA levels and seizures improve
with GABAergic drugs.65,66 Similarly, AEDs that in-
crease GABA or enhance GABAergic inhibition block
the photoparoxysmal response in photosensitivity epilep-
sies.67,68 Petroff et al.59 showed that up to two-thirds of
patients with refractory focal epilepsy treated with tradi-
tional AEDs have below normal occipital lobe GABA
levels. The use of the traditional AEDs do not appear to
have a major effect on intracellular GABA levels mea-
sured in the visual cortex.58,59,69 In patients with refrac-
tory localization-related epilepsies treated with carbam-
azepine, phenytoin, phenobarbital, primidone, valproate,
or combinations of these drugs, cortical GABA levels are
low. However, vigabatrin, topiramate, gabapentin, or
zonisamide appears to be associated with increased cel-
lular GABA. Topiramate and gabapentin clearly raise
GABA in human brain but have no clear-cut effect in
rodent models.70–73

In healthy controls without epilepsy, topiramate, gaba-
pentin, and lamotrigine may increase intracellular brain
GABA within 3 h of the first oral dose.72,74 In patients
with refractory localization-related epilepsies, acute oral
doses of gabapentin, topiramate, or vigabatrin increase
intracellular GABA levels in the visual cortex within 1–2
h.70,71,75 Using GABA and glutamate imaging may help
tailor AED selection to individualize therapy for the
neurotransmitter/neurometabolic condition of the patient.
An epilepsy patient with low GABA levels may benefit
from an AED that increases cellular GABA or perhaps
lowers cellular glutamate. Thus, it is possible that MRS
may provide biochemical information useful when treat-
ing epilepsy in the near future.

fMRI
fMRI utilizes very rapid scanning techniques that the-

oretically can demonstrate alterations in blood oxygen-
ation.2,76 fMRI has also been applied to the study of
patients with epilepsy.76,77 The technique has been ap-
plied to the study of patients with epilepsy such as before
cranial surgery to map with high accuracy functional
areas such as language, motor, and visual cortices. A
large number of fMRI studies have demonstrated pri-
mary sensorimotor cortex activation along the central
sulcus during movement,77 including demonstration of
the somatotopic organization of this region.

The clinical utility of such maps is in functional local-
ization before surgery in this region for tumor or seizure
focus resection. When the lesion is in close proximity to
primary sensorimotor cortex along the central sulcus,
precise localization of the activated region relative to the
lesion can help predict whether a sensorimotor deficit is
likely to occur from lesion resection. fMRI information
is particularly useful when anatomical structures are dis-
torted by mass effects, making it difficult to ascertain the
location of the central sulcus with certainty.

fMRI can be of use in localizing language functions
preoperatively to minimize postoperative language defi-
cits.78 Several studies have found good correlation be-
tween Wada test and fMRI.79–81 Recent experience sug-
gests that with simple paradigms and training, even
children down to age 5–7 years are able to perform
reliable task for fMRI. More recently, fMRI has been
applied to study memory using improved stimulating par-
adigms and better imaging techniques. However, the tech-
nique has not been validated in a prospective manner.

fMRI and epilepsy management. As stated above,
fMRI has a role in the pre-surgical investigation of pa-
tients with epilepsy and particularly in those with lesions.
There is no clear role for fMRI in the medical manage-
ment of patients with epilepsy.

MSI
Magnetoencephalography (MEG), also commonly re-

ferred to as MSI when it is combined with structural
imaging, provides a new noninvasive tool for epilepsy
localization.82 MEG is similar to EEG, however, unlike
electrical potentials measured with EEG, which are at-
tenuated in strength and spatially blurred by tissues be-
tween brain and scalp surface, magnetic fields are min-
imally affected by intervening tissue layers.83 The
potential advantage of MEG over EEG is based on
greater accuracy of the observed signal at the scalp such
that it allows cerebral sources to be modeled more sim-
ply; and this in turn allows for more clinically usable and
reliable localization of brain activity.84 The clinical ap-
plications of MEG depend mostly on the ability to esti-
mate the dipole source, which provides noninvasive in-
formation on the normal or abnormal function of discrete
cortical areas. MSI is useful for presurgical localization
of epilepsy and for localization of stimulus-induced nor-
mal neuronal function. This latter application is used for
mapping the location of somatosensory and motor func-
tion in the presurgical planning of tumor or other lesion
resection. Mapping of language and other cognitive func-
tions is in development and preliminary results appear
quite promising.

MEG is reliable for localization of spike sources in
patients with no lesion visible on MRI, cystic lesions
(post-traumatic encephalomalacia with prior surgical re-
section) in which MRI localization is ambiguous, and in
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patients with lesions of undetermined significance. The
most important difference between MEG and EEG is the
accuracy of source localization. Because MEG is more
accurate than EEG for source localization, it may be
useful in patients with bilateral synchronous spikes or
those with multifocal spike discharges on EEG. The
detection of cryptogenic lesions is one of the main goals
of functional epilepsy imaging with PET or SPECT.
MEG may have a similar, but even more important role
by directly revealing the source of the epileptiform dis-
turbance in relation to the cryptic pathology, tying to-
gether the epileptogenic significance of focal abnormal-
ities on PET or SPECT. A recent large study85

demonstrated a sensitivity of 89% for lobar localization
with critical information in 10% of surgical candidates.

MSI and epilepsy management. MSI is increasingly
useful in surgical planning for tumors or other epilepto-
genic lesions, such that costly invasive procedures and
postoperative neurological deficits can be minimized.
The management and outcome of a patient with a lesion
near eloquent cortex is mostly dependent on the totality
of resection of the epileptogenic area. MSI can provide
noninvasively vital information about the possibility for
complete resection. This information in conjunction with
the location of the epileptogenic region can be critical to
predict outcome. A critical question is whether MSI is
predictive of outcome in the presence of a lesion. Recent
data suggest that epilepsy outcome may be better if the
identified dipole fit area is resected regardless of the
lesion.86 Genow reported that, in five patients, four were
seizure free when resection included the dipole area.
Further studies are indicated.
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